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 Bis-(Pentamethylcyclopentadienyl) Ytterbium
as an Electron Transfer Reagent Toward

Organic and Organo-Transition Metal Compounds

Abstract

The complex (Csﬁes)sz'OEtz reduces dimeric, metal-metal bonded
transition metal cafbonyl complexes to form.complexes which contain
(CSMeS)ZYB(III) groups and transition metal carbonyl anions as contact
ion-pairs. When the products of these.reactions are isolated from
noncoordinating solvents, they have dimeric structures in which two
transition metaliffagments are liﬁked to two (CSMeS)zYB(III).groqps by

1H NMR and crossover

way of four Yb-0C-M, bridges. Variable teﬁperature
reaction studies indicate that the Yb-0 bonds of the Yb-0C-M, bridges
rare laﬁile in hydrocarbon solution.

| The mononuclear complexes (CSHAR)M(CO)Z (M=Co, R=Me, SiMe;, H; M=Rh;
R=H) react with (CSMeS)ZYb'OEtz to give the novel éluster compound
[(CSMeS)ZYb(III)]ZI(u3-OC)4M3(C5H4R)2]. Each u3—OC group in this
complex is bound to (CSMeS)ZYb(III) via 0 and two M, atoms via C. The
trinuclear transition metal dianion contains the first example of a six
coordinate planar ;ransition metal atom. More electron rich complexés
such as (CSHS)CO(CO)PMe3 5ehavé as Lewils bases toward (CSMes)sz‘OEtz
and form coordinat#on complexes such as-[(CSMeS)ZYb(II)][(uz-
OC)CAPMe3(C5H5)]2.

Reaction of (CSMeS)ZYb'OEtz with 2,2'-bipyr1dine’or 2,2'-

bipyrimidine gives the complexes (CsMes)sz(biPY) and

[(CsMes),¥Yb],bipm. These materials are best formulated as complexes
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which contain (CSMeS)ZYb(III) and the hetérocyclic radical anion.
Variable temperature magnetic suééeptibility studies show that the
Yb(iII) ions énd the radical anions are antiferromagnetically coupled,
and that the bipm complex contains a Yb(III) ion and a Yb(II) ion.
Phenylacetylene reacts with (CSMeS)ZM’OEtZ (M=Eu, Yb) to form the
complexes (CgMes),Yby (u,~CZCPh), and (CgMeg),Eu, (u,~CZCPh),(THF),.
The Yb complex i1s a mixed valence (Yb(III)-Yb(II)-Yb(III) complex. The
Eu complex remaips divalent, a reflection of the weaker reducing power
of Eu(II) relative to Yb(II). |

Some reaction chemistry of‘[(Me3Si)2N]2Yb(0Et2)2 was also
explored. The ether may be removed from [(Me3Si)2N]2YS(OEt2)2 by
evaporating a toluene soluion at 80°C. Tﬁe base-free complex, V
{[(Me3Si)2N]2Yb}2, reacts with two equivalents of HCgMeg to glve thé
complex (CSMeS)ZYb[HN(SiMe3)2]. Toluene displaces-HN(SiMe3)2 from
(CgMeg),Yb[HN(SIMe3),] to form the base-free metallécene (CgMeg),Yh.
The complex {[(MQSSi)ZNIZYb}Z also reacts with Lewis acids such as AlMey
to give [(Me3S51),N],¥b(AlMe4), in which the Al atoms are bound fo the N

atoms, and methyl groups bridge between the two metals.

TRGCondisre
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Introduction

The first organometallic complexes of the lanthanide elements that
were synthesized were the trivalent complexes (C5H5)3Ln.la Since this
original preparation, mosf research in this area has focused on
compounds in the trivalent oxidation state;‘ Verf little chemistry of
divalent lanthanide complexes has been published despitevthe fact that
the divalent oxidation states of éuropium, ytterbium and samarium are
all s;able enough to form isolable compounds.

For many years, the stability of the divalent oxidation states of
lanthanide ions has beeh attributed to the presence or approach to
either a half-filled or filled 4f valence shell in the 2% oxidation

state.2 Table (I) contains a list of lanthanide elements whose divalent

Table I.) Isolable Molecular Dihalides of the Lanthanide Elements.>

Atomic Config. ) _ 3rd
of 2% oxida- MX2 E°(V) Ionization
z 3+, - 2+
Element tion State X = M7 +e M Pot. (EV)

Nd £4 C1,Br.I - 22,09
Sm £6 F,C1,Br,I  ~-1.5 ©23.40
Eu ' £7 F.Cl,Br,I -0.35 24.91
Dy £10 Cl1,Br,I - 22.93
Tm £13 Cl.Br,I -2.3 . 23.68
Yb gl4 F,Cl,Br,I -1.1 25.02

halides have been isolated as discrete molecular compounds. The class
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of conducting diiodides and monohalides have been omitted since they are
better described as M3+(e—12_) or M3+(e_2X-). As can be seen from Table

2+

(I) the old explanation very nicely explains the stability of Eu

24

Yb2+, Sm2+, and Tm as well as their relative stabilities (as judged by

their oxidation potential) {.e., Eu2+>Sm2+ and Yb2+>Tm2+. The existence
‘of Ndz+ and Dy2+ compounds does not follow from this explanation.

A new explanation of the stabilities of divalent lanthanide atoms
has been ptdbosed bf Johnson3_5 which accounts for the stabilities of
all the divalent lanthanide ions. The meaéufed crystal field splittings
for lanthanide complexes are sﬁall'(sgf hundreds of_cm-l) indicating
that the 4f electrohs of these ions do not interact s;rongly with the
ligands surrounding them. Thus, unlike transition metal ions the
stability of the divalent oxidation state should correlate rather well
with the third.ionizatioﬁ potential (I3)»of the metals, and it dogs,3
Iﬁ the lanthanide series, I3 increases as expected from La to Eu, then
drops sharply at Gd and.increases again to Yb. The increase in I, is
due to the increésing nuclear charge, and the drop at Gd is due to the
loss of exchange energy at the f7(Eu2+) vS. f8(¢d2+) electronic

2+ and a

configurations.5 There is also a drop in I3 from Dy2+ to Er

2+ 2+ 1 3
leveling off of Iy from Pr®" to Pm“ . The drop in Iy at the /4 and °/,
filled shell are surprising, but are explained by considering the my
values of the electrons being ionized. Electron-electron repulsion is
largef for electrons which have opposite signs of m1.3'6 Thus ionizing
an electron from an fon for which the remaining electrons have the same
sign will give a larger ionization energy than if the remaining

electrons are of opposite sign. For example Pr2+ (f3) has m; = 3, 2,

and 1 while Pu’* (£°) has m; = 3, 2, 0, -1. The fonization of Pri* will
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- 2+ 24
be higher in energy than that of Pm” because Pm“" loses the electron

with M, = -1, and therefore Prz+ is more stable. A similar argument

1
follows for the ions Dy2+, H02+ and Er2+.3 It must be stréssed oﬁce
again that the above argument holds because.the ligand field associated
with lanthanide complexes is Qery small.
The explanation proposed by Johnsén not only explains the observed

2+ ions, but also suggests that the

vstabilitigs of the various Ln
chemistry of the lanthanide ions may differ from one element to the
next. Thus, if reactions which involve a chaﬁge in the oxidation state
of the metal ion are considered, the chemistry of the lanthanide

_ elements should differ markedly from one to another. This is in stark
contrast to conventional thinking abbut lanthanide ions which éayS'that'
the chemical properties of these ions do not change much from one
element to the next. It is therefore the goal of this research to
explore some of the redox chemistry associated with divalent lanthanide

complexes in order to define whatever differences exist between

different elements.

b2+ 2+

Complexes of Y and Eu

have been considered during this research
because they are the most readily prepared divalent lanthanide ioné._'
The preparation of the diiodides of Eu and Yb‘is easily accomplished by
mixing liquid ammonia solutions of the metals witﬁ NHAI.' Removal of
excess ammonia then provides base free MI, complexes which are
convenient starting materials for the preparation of all the complexes
preparéd in this research.

The firét divalent organolanthanide complexes to be prepared were
(CSHS)ZM (M=Yb, Eu) which were prepared Sy reacting the diene CgHg with

the metal dissolved in liquid ammonia.7 The complex (CSHS)ZYb‘THF was



first synthesized by reduction of (CSHS)ZYbCI using sodium metal.’

Ot her divalent‘complexes of the type (RCSH4)ML2 are listed in

Table (II).

Table I1.) Some Divalent Cyclopentadienyl Lanthanide Complexes.

Compound

(MeCgHg) ,YbL,

(Me 3S1CgH, ) YbLy

(CSHS)ZYb
(Me 3SiC5H4)2Yb

(CSHS)ZEu

Ligand

THF,L2=DME
TﬁF
THF,L,=TMED
a

a

THF

Reference

7b, 8, 9
10
11
7a,b
11

12

DME=1,2-dimet hoxyethane; TMED=N,N' ,N'' ,N'''—tetramethylethylenedi-

amine, a.) Isolated base free.

All of the Yb complexes in Table (II) are diamagnetic having

gla

electronic configurations as expected for Yb(II) complexes.

One reason why the chemistry of these molecules has not been studied

in much detail 1{s because with the exceﬁtion of (Me3SiC5H4)2Yb'L2 they

are all insoluble in hydrocarbon solvents.

Evidently, they lose L via

the equilibrium in eqn (1), (page 5) and form the inéoluble base free

materials. The insolubility of these complexes is due to their



RCgH,, ), YbL (RCH,),¥b + L (1)

polymeric nature. Bis(cyclopentadienyl)ytterbium has been shown to be

isostructural with (CSHS)ZCa and (C5H5)28r7; Ca(C5H5)2 has a polymeric

structure in which the CgHg groups undergo ns, n3 and nl bonding to the

Ca fon. Similarly, the structure of (MeCSHA)ZYb(THF)2 is polymeric with

5

CsH,Me groups bridging two ytterbium atoms by n~ bonding to both atoms.

The problem with solubility has been solved by replacing the CSHS

groups with CSMe5 groups. Table(III) contains a list of various

divalent (CSMeS)ZML complexeé which have been described more recently.

Table III.) Some Divalent Pentamethylcyclopentadienyl Lanthanide.

Complexes.
Cbmgound v Ligand ’ ‘ Reference
(CgMe ), YbL, | py,THF ,dmpm, DME 14,15,16
(CgMe) ,Eul THF | .13
(CgMeg)5EuL, L2=(THF,Et20),pr 13
(CgMe'5) oSmL Et,0 o 17
(CSMeS)ZSmLZ' THF 18

py=§yridine: dmpm=1,2-bis(dimethylphosphino)methane; pr=2,2'-

bipyridine

One advantage that the CSMeS ligand has over the CsHg ligand is that it
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imparts hydrocafbon solubility and crystallizability to 1its comﬁlexes,"
All fhe complexes listed in Table (III) are hydrocarboﬁ soluble, and
because of the steric bulk of the CcMeg ligands, they do not form
polymers.

Although no quantitative studies on the relétive binding strengths
of the ligands in Table(III) have been done, qualitatively the
(CSMeS)ZYb'L.complexes behave as hard Lewis acids as do all lanthanide
complexes, and the relative ligand affinity for (CSMeS)ZYb is
Py>>THF>Et20=dmpm.19- There 1is no evidence for the binding of CO,
olefins, or acetylenes to (CSMeS)sz.l Likewise, (C5M¢5)2Yb-OEt2 does
not react with molecular hydrogen.19

Another bulky ligand which has been successfully employed to
stabilize divalent ytterbium complexes, and one that affords hydrocarbon‘
soluble complexes, is the hexamethyldisilylamido ligand (Me3Si)2N-.
Reaction of two equivalents of NaN(SiMe3)2 with one equivalent of YbI,
in diethyl ether affords the complex [(Me3Si)2N]2Yb(0Et2)2.20 The
diethyl ether in this comblexvmay be displaced by dmpm, dmpe (l,2—!
bis(dimethylphosphino) ethane), and diphos (1,2-bis(dipheﬂylphosphino)—
ethane).21 If the complex is dissolved in pentane in the presence of
Nal, the anionic complex NaYb[N(SiMe3)2]3 is the only product
1solated.20 ﬁhen the parent [(Me3Si)2N]2Yb(OEt2)2 is dissol§ed in
hydrocarbons, the orange solid gives red solutions. Thps, both divalent .
complexes (CSMeS)sz‘OEtZ and [(Me3Si)2N]2YbfL have their coordinated
ether molecules displaced by other donor ligands L. The coordination
chemistry of the bis(hexamethyldisilylamido)ytterbium complexes
"indicates that they also behave as'cla§s A22 or hard?3 Lewls acids.

Of the complexes found in Table(III) (CSMeS)ZYb'OEtz has been



studied rather éxtensively with regard to reactiénS'iniwhich it 1is
oxidized.2? Reaction of (CSMeS)sz'OEtZ-with Agl or_AgOOCCF3 results in
formation of the trivalent (CSMeS)ZYbX (where X=1" or CF3COO;). |
Similarly, the complexes (CsMeS)szX‘L can be prepared by reaction of
(CsMes)sz‘L with alkyl halides or YbC13.' Experimentally, it 1is easy to
determine if the Aivalent ytterbium comﬁlex hasbbeen'oxidized since
Yb(II) has an flA electronic configuration and all of its complexes are
diamagnetic, while those of Yb(III) are f13.and paramagnetic.‘ Proton
NMR spectroscopy is useful in.distinguishing between Yb(II) and Yb(III)
complexes because of the line widths‘and chemical shifts of the Yb(III)
qomplexes.

The amount of structural information which may be ébfained ffom the
Iy R spectra of Yb(III) complexes is severely limited due to the line
Vidths. The ability of (CSMeS)ZYb(III) complexes to crystallize well is
extremely important, since single qrystél X-ray diffraction studies are
the prime method of structural characterization for these paramagnetic
molecules. It has been shown that because the bonding in lanthanide
complexes is primarily ionic in nature, and changes in the averaged _
metal-carbon bond lengths of (C5R5)2Ln éomplexes are due solely to
changes in the ionic radius of the metal ion.ZA Table (IV) shows the

results of several structural studies which have been carried out on

.some di- and trivalent (CSMeS)ZYb complexes.



Table IV.) Bonding Parameters of Some Di- and Trivalent (CgMeg),Yb

Complexes.
M-Cave Ef fective
" Bond Lgth Metal Ion CSMS
Compound A Radius A Radius A Ref.
(CsMe ), Yb(PyY), 2.74(4) 1.14 1.60 14
(CsMe ) Yb( THF) | 2.66(2) © 1.08 1.58 13
(CsMes),Yb(S,CNEL,) 2.63(3) .985 1.64 32
[(CgMes),Yb],[Fe4(CO)y ;) 2.57(1) .985 1.59 28
(L1(0Et,),]1[(CgMes),¥bCL,]  2.611(4) .985 1.63 33
[(CgMeg),¥b][ALCY, ] - 2.584(5) " .985 1.60 33

Examination of the table clearly shows that di- aﬁd trivalent yﬁterbium.
complexés are easily distinguished by crystallographic methods.

The ability of divalent ytterbium complexes to function as
hydrbcarbon soluble one électron reducing agents and hard Lewis. acids is
a unique property of these complexes. It was shown some years ago that
hard Lewis acids will form complexes with binuclear metal carbonyl
comflexes by bonding to the oxygen atom of a bridging CO'group.Zsa_f
Trivaleﬁt lanthanide complexes have been shown to form similar

26 One of the best known reactions of transition metal

complexes.
carbonyl dimers is their reductive cleavage with alkali metals to form
the monomeric transition metal carbonyl anions. The complex

(CSMeS)ZYb'OEtZ has been shown to behave as both a reducing agent and a



Lewls acid toward transition metal carbonyl dimers. -Whén
(CsMeg),Yb*OEt, 1s mixed with Co,(CO)g or'Fe3(C0)12, Fhe p:oducts which
result are contact ion pairs of the formula [(CSMeS)sz(III)(ﬁzf |
OC)M(CO)x] which contain Yb-0-C-M bridging groups.27’28

Other work has shown that lanthanide metal powders which have been
activatéd with HgCi2 also reduce transition meﬁal carbonyl dimers to
form the complexes [Ln(III)(THF)x][(uZ—OC)M(CO)x]3.29 These complexes
also contain Ln-O—C-M.interactions. Other complexes which are not aé
well characterized which have Ln-0-C-M interactiéns resﬁlt from the
interaction of'tranéition metalvcarbonyl anions and (C5H5)2LnC13o_or
.Hg[M(CO)X]Z with Ln metal powders.31 |

Complexes which have Ln-0-C-M interactions might serve aé modéls for
the activation of carbon monoxide. Therefore, the chemis;ry of the
complexes which result from the reaction of (CSMés)éYb'OEtz and metal
carbonyl complexes will be studied. In addition, it is useful to define
the effect which substitution of ca;bonyl ligands for othe; ligands will
have on the ability of (CSMeS)ZYb‘OEtZ to behave as a reductant. .The
observation that alkyl halides oxidize,(CSMes)sz’OEtz suggests that it
might be possible to transfer elecfrons into reducible organic |
molecules.v Finally, the bewlldering array of Lewls acid-base equilibria
which are observed in the chemistry of [(Me3Si)2N]2Yb'(OEt2)2 must be
more fully understood if the redox chemistry of this specles is tp be .

understood.
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Chapter 1

Reactions of Bis(pentamethylcyclopentadienyl)ytterbium with

Transition Metal Carbonyl Complexes

Reactions with Transition Metal Carbonyl Dimers

It has been shown fhat (CSMeS)ZXb‘OEtz can be‘employed as a single
electroﬁ transfer reagent toward the transition metél carbonyi complexes
Co,(C0)g and Fe3(CO)12.la’b Since both of these molecules contain CO
- groups which bridge between both metal centers, and are strong enough
Lewlis bases to coofdinate to AlR5 compounds, it was of interest to sée
if these electron.transfer reactions could be extended to complexes
which do not contain CO bridginé}groups. It was also of interest to see
what effect substitu;ion of some of the CO groués by other groupé such
as cyclopentadienyl, and trialkylphosphines would have on thése
reactioﬁs. .

Reaction of two equivalents of (CSMes)sz’OE;Z with one equivalent
of the transition metal carbonyl dimers MZ(CO)lo (M=Mn, Re) or
CPZMZ(CO)x (M=Fe, Ru, x=4; M=Mo, x=6) results in reductive cleavage of
the metal-metal bond and formation of complexes having the
stoichiometries [(CsMes),Yb(III)][M(CO)g] (M=Mn, Re) and
[(CSMeS)ZYb(III)][CpM(CO)x] (M=Fe, Ru, x=2; M=Mo, x=3), respectively.
These reactions are rapid at room temperature and in most cases the
reaction is complete within minutes. The notable exception is the

reaction between (CSMeS)ZYb’OEt2 and (CSMeS)ZFeZ(CO)A which is not



Table I. Iy NMR Data For [(CSMeS)sz(III)][M(CO)xL] Compounds at 30°C.

'n_NR

Compound Color
.[(CSMeS)ZYb(III)jIMn(C0)5] Blue
© [(CgMeg),Yb(III) ] [Re(CO)] | Red

{[(CsMe ), YB(ITI) ] [(Me4S1CsH,)M0(CO)4]1}, ‘Blue

{[(CsMeg),YB(IIT) ] [(CsHgIMO(CO) 4]}, Blue

{[(CsMes)sz(III)][(CSH5)MO(CO)3]}2 at ‘_716°C |

{[(CgMeg),Yb(TII) [ (CsHg)Fe(CO)yll, - Black

68.75(v 1/2=47Hz)
§9.56 =110H
(v 1/2 z)

67.55(v1/2=34Hz, 13.2H);
68.27(\)1/2--'3&112,' 30H);
68.98(v1/2=34Hz,13.2H); _
§25.30(9H); 425.58(7.92H);
632.05(v 1;=21Hz, 2.0H);

'633.50(v14?21nz, 1.76H);
634.63(2.0H); 634.80(1.76H)

68.16(v1/=62Hz, 30H);
632.85(v 1/=10Hz, SH)

612.21(v1£;100“z, 30H);
8§46.57(v 1/2-—-28Hz , 2H):

§48.43(v 1/2=28Hz, 3H)

§8.09(v 1/2--36Hz, 30H);

. 635.23(v 1/2=13Hz, 5H)

Reference

this work

this work

- this work

this work

this work

this work

£l



Table I (cont.)

Compound

{{(CgMeq)HYb(III)][(MeCgH,)Fe(CO),]l,

({(CgMe5)YB(III)][(Me351CeH,)Fe(CO),) ]},

[(CSMeS)ZYb(III)py] [ (Me3SIC5H4)Fe(CO)2]

{[(CSMeS?ZYb(III)][(Me351C5H4)Ru(CO)2]}2

Color

1y nMR

Black

Black

Red

Purple

c7.91(v14;45nz; 30H);
638.52(v1/2=7.8ﬂz, 3H);
640.3l(v1/2==8.6Hz, 2H);
664.19(\)1/2=1le, 2H)

68.01(\)1/2‘-"37112, 30H);
619.45(\:1/;10}12, 9H);
632.33(v1/2=12ﬂz, 2H);
650.21(v1/2==3Hz, 2H)

64.46(\)1/2=20Hz, 30H);
66.30(v1/2=6.5Hz, 9H);
69.92(\)1/2=7.0Hz, 2H);
610.24(\)1/237.4“2, 24)

68.27(\)1/2'—'41}12, 30H);

© 619.55(v 1/2-'-7.4Hz, 9H);

§31.87(v 1/2=10Hz, 2H);

Reference

this work

this wo.rk

this work

‘this work

71
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complete after several days. The Mn and Re compoundé areIOniy sparingly
soluble in aromatic hydrocarbons and virtuaily 1nsolub1é in alipha;ic |
hydrocarbons. The solubility of the Fe, Ru and Mo complexes is
dependent upon the substituents on the cyclopent%dienyl ring bound to
the transition metal. The Me,SiCqH, derivatives are the most soluble,
and readiiy crystalliée in all cases. | |

All of the complexes are paramagnetic as judged by the chemical
shifts and line widths of the peaks in their Iy NMR spectra. Their H
‘NMR spectra are given in Table (I). Figures 1 and’2 show plots of 1/yy
vs. T for>the ytterbiuﬁ—manganese and ytterbium-iron compounds,
respectively. Both of these complexes follow Curie-Weiss béhavior from
5 to ca. 20K and from ca. 100 to 300K. The effective magnetic momeﬁts
Table (I1) for these complexes are consistent with the complexes
containing trivalent ytterbium. The reason that two linear regions in
the l/xM vs. T curves are observed is because ytterbium(III) is an f;3
‘ion which has a 2F7/2 ground state. This energy level is split into at
most three levels by the crystal field (P6,f7,P8) which for lanthanide
ions is usually on the order of hundreds of em 128D Ar 10w
temperature, only the ground state is populated. At higher temperatures
thermal population of the first excited state causeé curvature of the
plot until kT is larger than the separation of the two levels. Once
this occurs, a second linear region is observed. A third linear region
is predicted, and evidently thermal population of this 1e§e1 does not
occur to 3OOK and hence it is not observed. The qualitative resulf that
the ytterbium cenfer has transferred an electron to the metal carbonyl
substrate 1is indispu;able.

The infrared spectra in the wCO region for the set of complexes
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Figure 1. Plot of 1/xy vs. T for [(CsMeg),Yb(III)][Mn(CO)5] ° Y, PhMe
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Table 11. Magnetic Data for [(CSMes)sz(II)][Mn(CO)S] and {[(CSMeS)ZYb(III)][(MeCSHA)Fe(CO)Z]}2

Fit to x, = Cy(T-0)7!
Compound
[(CsMe ), YB(III) ] [Mn(CO)s]
{[(CSMeS)ZYb(III)][(MéCSHA)Fe(CO)Z]}Z

Temp Range(K)

5-20
80-300

5-25
90-290

5-30
100-300

ol

N e

N s

W N

+58(2)

<225(5) -

.28(1)
.267(4)

.64(2)
.067(6)

8(X)

-0.69(18)
-13.46(51)

-0.50(10)
-33.78(39)

-1.05(16)
-14.50(46)

3.57(2)
4.237(5)

3.21(2)
4.276(4)

4.61(2)
4.973(5)

8T



Table III.) v-CO for f(CSMeS)szM(CO)xLIZ Compounds

Compound

- [(CgMes),Yb(III)] [Mn(CO)5])

[(CqMes),Yb(III)][Re(CO)s)

[(CSMeS)ZYb(III)THF][Co(Cb)A]

(1(CMes) ,YB(ITI) ][ (Me4S1CsH, IMo(COY4]),

Medium

THF

Nujol
cyclohexane
Nujol

THF

met hyl cyclohexane

cyclohexane
PhMe

THF

Obsd Bands

2030w,2010m,1934s,1903s,

1770s

19655,19378h,19288h,1882m,
1840s8,1775s

1984m,19625,19558,1945m,
1778m,17628,1750m,1728m

1982sh,19728,19508,1945sh,
1785sh,1770sh,17508Br,s

2025m,1935s8,1885w,1736s

2015s,1975s,1960sh, 1945s,
1930s,1825sh, 1810s,
I7805,17158r,s
1944s,1730s,1680s,
1935s,1730s,1685s,

19273,1828s5,1625s

Reference

this work

this work

this work

this work

61



Table III. (cont.)

Compound

{I(CSMeS)sz(III)l[(CSHS)MO(CO)3]}2

{[(CsMes),¥b(IIT) ] [(CsHg)Fe(CO), ),y

{[(CSMeS)ZYb(III)][(MeCSHA)Fe(CO)Zl}é

{[(CsMe5),Yb(III) ] [MeS1CsH, )Fe(CO)y1),
[(CSMeS)sz(III)py] [ (Me3SIC5H4)Fe(CO)2]
{[(CgMeg),Yb( 1 1 {(Caeg)Fe(cO 11,
{[(csnes)sz(III)][(Me351CSH4)Ru(co)2]}2

LiMn(CO)S

Medium

cyclohexane

Nujol

Nujol

cyclohexane
Nujol
cyglohexane
Nujol

Nujol

Nujol

THF

Obsd Bands

19408,1729s8,1680s

1940s,17258,1680s

1800s,1740s

1787s,1723s
1784s8,1723s
17959,17329
1970s,1678s
17603,16953
1815s8,1730s

1895s,1861s

Reference

this work

this work

this work

this work

this work

this work

0¢



Table III. (cont.)

Compound | Medium Obsd Bands | : Reference
NaMn(CO) g . THF 1902s,1897s,18758,1862s, 3
. ' ’ 1829s .
~ KMn(CO) ‘ o THF - 1896s,1862s,1830m : 4
Mg(py), [Mn(CO)s), PhMe - 2031w,1928s,1904s,1721s . 5
"(n-Bu,N)(CqHs)Fe(CO), - " THF . 1865s,1788s 4
(Et ,N) (CH, )Fe(CO),(A1Phy) Nujol 2012w,1960w,1940s,1920wsh, 6
| : © 1871s,1843w
L1(C5Hs)Fe(CO), THF : 1884s,1869s,1812s,1788w, 7
| 1750s :
Na(CgHg)Fe(CO), THF 1877s,1862m,1806s,1786m, 8
- y 1770m » - |
K(CgHs)Fe(CO), | THF 1868s,1792s,1772s | | 7
Mgl (C5Hg)Fe(CO), 1, | | THF 2010w,1941w,1916s, 1883s 5, 7, 9
| 1852s,1712s

12



Table III. (cont.)

.Na(CSHS)Mo(CO)3
K(CSHS)MO(C0)3
PPn(CSHS)Mo(CO)3

Mg (THF),, [ (C5H5IMo(CO)4) ],
Mg(py)l,[(c’:sns)ﬁo(c0)312

Mn(py),[(C5HgIM0(CO)4],

Med{ium
THF
THF.
THF
THF
Nﬁ1ol

Nujol

_Qpéd Bands
18993,1?965,1743m
1897s,1798s,1748m
18965,17803
1912¢,18158,1680s
1918s,1828s8,1667s

1905s,1808s,1650s

Reference

10

10

10

11

A4
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obtained from the reaction of (CSMgS)ZYb‘OEt2 and transition metal
carbonyl dimers are summarized in Table (III). One common feature of
the spectra of all the ytterbium comppunds is that they contain at least
one low energy v-CO bond. It is well known that when group 3B compounds
such as A1R3 form acid-base complexes with metal carbonyls the
stretching freqﬁency of the CO which bridges between‘the thAmetals in
thgse complexes is lowered in energy by approximately 1_00cm-1.22 The
low energy v-CO bands in the complexes stu&ied here indicate that they
all contain Yb—O;C-M linkages. Closeriinspection of Table (III) reveals
that fhé spectra of all the complexes are dependent upon the medium in
which they are measured. In parﬁicular, the spectra of the éomplexes'
[(CSMeS)sz(III)][M(Co)x] (M=Co, x=4; M=Mn, x=5) in THF have ony one low
v-CO band and either three or four bands in the terminal v-CO region.

The infrared spectrum of the ytterbium-ménganese complex 1s similar
to that of NaMn(CO)S in THF (Table 1II). The infrared spectruﬁ of
NaMn(CO)5 in THF has been 1nter£reted as arising from either an
equilibrium between solvent-separated and coﬁtac: ion-pairs or a éingle‘
contaét ion-pair with local C,, symmetry. The five line pattern for the
ytterbium complex suggests a similar explanation. We cannot rigorously
rule out an equilibrium between a solvent-separated and a contact ion;
pair, but it is extremely unlikely since it requires that no THF be
coordinated to the ytterbium atom in the contact ion pair, and also
requires that the solvent-separated ionfpair have two of its three
infrared active bands accidently degenerate with two of the bands of the
contact ion-pair. Strong support for the existence of an ytterbium;
manganese contact ifon-pair having Cs symmetry is found by examining the

infrared sbectrum of the related complex [(CSMéS)ZYb(III)‘THF][(uz—



24

0C)Co(C0)4] in THF (Table ITI). 1In the solid state, this molecule is a
contact ion-pair in which the ytterbium atom is bonded to a ;arbonyl
oxygen and tetrahydrofuraﬁ molecule as in I below. The infrared
spectrum of this complex in THF has four absorptions with one in the
bridging region as is expected for a‘Structure of local Cs symmetry.

The infrared spectrum of the ytterbium-manganese complex suggests an

analogous structure as in II.

HE Siid

N
N RS

1 11

The infrared spectra of thg ytterbium-manganese complex as well as
the ytterbium—-cobalt complex in non-polar solvents or in the solid are
much more complex than in tetrahydrofuran. The large number of v-CO
bands cannot be rationalized unless other species are present in
solution or in the solid. This is confirmed by the crystal and
molecular structure of the manganese complex as will be discussed later.

- The infrared spectra of the complexes [(CSMeS)ZYb(III)]
[(RC5H4)M(CO)X] (M=Fe, Ru, x=2; M=Mo, x=3), though less complex tﬁan the
spectra of the Mn, Re and Co complexes, also change depending upon the
medium in which they are measured. The spectrum of the ytterbium-
molybdenum complex in THF has three bands, one of which is in the v—=CO

bridging region. This spectrum is similar to the spectra observed for
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the complexes Mg(L)AI(CSHSMo(CO)3]2 or [(CSHS)Mo(CO)3] (M=Na¥, Kf) which
have gtructures which are crystallographicaily determined to have.one
Mo-CO-Mg interaction per molybdenum atom (Table IIi). This suggests a 
structure for the ytterbium-molybdenum complex whicﬁ is similar to the
others we have seen for cobalt and manganese as in III. The sﬁectrum of

~ this complex, either dissolved in cyclohexane, or in toluene, also

\\'\THF_ S |
Yb"\ - _7 Yb. .
4 ‘\'t) | . //<E>ﬂo"'-""' ‘\~.~...N4§
| C o’ \Yb/ >/

Mo(CO)2CD

III v

contains three vCO bands. The difference is that two of tﬁese bands
lie in the bridging v-CO region whilst only one lies in the terminal
region. This spectrum is consistent with a dimeric complei having the
structure shown in IV for which it is predicted that the complex will
have two bridging and.one terminal v-CO band under C,, symmetry.

Since tetrahydrofuran solutions of the iron and ruthenium compoundg‘
were too air sensitive to obtain infrared spectra, a pyridine.complex
was synthesized and isolated. Addition of two equivalents ofvpyridine
to the complex {[(CSMes)sz(iII)][(Me3SiC5H4)Fe(CO)Z]}2 results in
cleavage of the dimeric structure and formation of a complex having the
stoichiometry [(CSMeS)ZYb(III)py][(Me331C5H4)Fe(CO)2]. These bands are
consistent>vith a structure in which one carbonyl grqup bridges the two

metals and this complex has one terminal and one bridging v-CO band
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(Table I111). This suggests once again that the complex has a structure
in which the ytterbium 1s bound to one carbonyl oxygen atom and one
pyridine molecule as in V. va the spectra of the iron-ytterbium
complexes are measured in cyclohexane solution, or as Nujol mulls, two
v-CO bands in the bridging region are observed suggesting a centro-
QPY
. N
Yb'\ /
¥ -~.......

C
FeCp
OC

N
v

symmetric dimeric structure shown in VI,

In general, when the &tterBium compounds_in Table (III) are
dissolved in a polar solvent such as THF an infrared spectrum results
which is consistent ﬁith a gtructure'which contains one CO group that
bridges the ytterbium and transition metal atoms and the other
coordination site on ytterbium is occupied by the THF molecule. Wheﬁ
there 1s no base to coordinate to the ytterbium, the structure that
résuits is a dimeric one in which two coordination sites on ytterbium

are occupied by u-CO groups.

Chemical Reactivity

One of the reactions molecules with p—-CO linking two metals in a

linear fashion might be expected to undergo is reaction with hydrogen
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resulting in CO Bond cleavage. The complexés which result ffoﬁ réacting
(CSMeS)ZYb'OEtz and transition metal carbonyl dimers containing lineaf
p—-CO groups, but do not react with Hy and/or carbon monoxide at
’ pressures of 18atm and room temperature. They do, howevér, reéct with
acids and hydride sources such as LiEt3BH, but these reaction products

have not been investigated since they could not be isolated.

One reaction which transition metal carbonyl anions uﬁdergo is the
reaction with alkyl halides to give transition metal alkyl compléxes.
When the'ytterbiuﬁ-manganeseAcomplex, the ytterbium-molybdenum complex,
and the ytterbium-iron complexes are reacted with methyl iodide in
toluene three distinct modes of reactivity are observed. The ytterbium—.
manganese (or rheﬁium) complexes react with CH3I to give MeM(CO)S and
(CSMeS)ZYbI (by infrared and mass spectrometry, respectively). The
ytterbium—molybdenum complex reacts with CH3I to give a mixture of
CSHSMO(CO)3Me and CSHSMO(CO)3I by'infrared spectroscopy. The ytterbium-
iron complex teécts with CH3I to give [CSHSFe(CO)Z]Z and fCSMeS)ZYbI'as

‘the only observéble products by 1nfraréd and mass spectrometry.

The observed reactivity of CH3I indicates that there is an
increasing amount of eleétton transfer character in.the reaction in the
series Mn, Mo, Fe. This is precisely the order which is observed in‘
these anions when the counter-ion is an alkali metal such as sodiﬁmlz;
however, the difference between alkall metal ions as counter ions and
(CSMeS)ZYb(III) is_thatethe reaction always produces the metal alkyl 1h.
the alkali metal case, and this is not so in the Yb case.

- One possible explanation for the observatiqn-thap no metal alk&l
product is observed in the (CSHS)Fe(CO)z- case is that because ﬁhg

complexes. are dimeric any electron transfer from the Fe center to give
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(CSHS)Fe(CO)Z. causes immediate coupling to the adjacent iron center to
give [(CSHS)Fe(CO)ZIZL which then transfers another electron to give the

observed products.

X-Ray Crystallographic Studies

‘The infrared spectrum of the manganese-ytterbium complex in the
solid state and in non-coordihating solvents indicated the possibility
of either more than one species being present in the solid, or a very
complicated solid state structure. In ordef to fully characterize the
molecule, a single crystal X-ray diffraction study was performed.
Figure 3 shows a stereopair view of a portion of the unit cell oblique
to the ac plane. Only half of the b axié is shown. A full layer of the
structure from 0 to 0.25 in y is shown. A portion of the y=0.5 layer
shows how these layers pack in the unit cell. |

Inspection of Figure 3 shows that the structure consists of layers
of infinite, planar, polymerié sheets of the stoichiometry
[(CgMeg),YB(III) (uy=0C)3Mn(CO),] . Dimeric molecules of the formula
_[(CSMeS)ZYb(III)(uZ—OC)ZMn(CO)3]2 are packgd between the polymeric
sheets. The solvating toluene molecules fili regularly spaced voids in
the network of dimers and polymer sheets.

ACIOSe 1ns§ectioﬁ of the polymeric sheet reveals that 1t consists of
- essentially trigonél-bipyramidal Mn(CO)S groups that are each
coordinated to three different (MeSCS)ZYb groups through their
equatorial carbonyls. Each (MeSCS)ZXb cation is in turn coordinated
only to thé equatorial carbonyls of the Mn(CO)S units, and all the Mn

and Yb atoms in the polymer are essentially coplanar. The largest
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Figure 3. ORTEP Packing Diagram for [(CSMeS)QYb(III)][Mn(CO)S] ;1/4 PhMe
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deviation of a metal atom from the least-squares plane through them is
0.065A by Ybl.

The dimeric [(CSMeS)sz(III)(uz—OC)ZMn(CO)3]2 units are disposed
about the mirror plane a; y=0 such that two ytterbium atoms lie in the
mirror plane and the manganese atoms lie above and below the mirror
plane. In addition, all four MeSCS rings in the dimer are bisected by
the mirror plane and are normal to it. The dimers pack in the ac plane
at y=0 with the disordered toluene molecule filling the voids such that
the overall composition of the cfystal is [(CSMeS)ZYan(C055]4[PhMe].
The crystal structure, then, consists of altérnate planar, polymeric

sheets normal to b with dimers at O,%@ , 1 etc. and the polymer at Uz,

The very complex, though regular, érystal structure rationalizes in
a general, though not in an analytic, fashion with the large number of
C-0 stretching frequeﬁcies observed in the spectrum 6f the solid. It
also offers a rationalization for the complexity of the infrared
spectrum in the vCO region in'nonpolér solvents. The presence of
oligomers and Con dimers, or dimers that do not have CZh point symmetry
in solution, is consistent with the observed spectra. The formation of
dimers or other higher oligomers by the compound
[(CSMeS)ZYb(III)THF][(uz—OC)Co(CO)3] is consistent with the complexity
of 1ts v-CO IR spectrum in noncoordinating solvents (see Table III).

In the discussion that fdliows, the discrete dimeric and polymeric
units will be described with respect to their individual
stereochemistry. An ORTEP view of the dimeric units is shown in Figure
4, and a portion of the polymeric unit in Figure 5. Bond lengths and

angles are found in Tables (IV) and (V), respectively. As alluded to
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Figure 4. ORTEP of Dimeric Portion of [(CSMe

5)2Yb(III)][Mn(CO)5] * PhMe




Figure 5. ORTEP of a Portibn of the Polymer in [(CSMeS)ZYb(III)]

[Mn(CO)g] * 1/, PhMe
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Table 1V. Selected Bond Lengths (A) for [(CsMeg),Yb(III)][Mn(CO)g]4/, Phe

Yb1-011
Yb1-012
Yb1-013
Ybl-C101
Yb1-C102
Yb1-C103
Yb1-C104
Yb1-C105
Ybl-Cpl12
Yb1-C111
Yb1-C112
Yb1-C113
Ybl-Cl14
Ybl-C115

Ybl-Cpl22.

Yb2-021
Yb2-C201
Yb2-C202
Yb2-C203
Yb2-Cp21P
Yb2-C211
Yb2-C212
Yb2-C213
Yb2-Cp22
Yb3-022
Yb3-C301
Yb3-C302
Yb3-C303
Yb3-Cp31P
Yb3-C311
Yb3-C312
Yb3-C313
Yb3-Cp32P

3 Centroid of the five carbons above.
pentadiene ring generated by the three carbons above.

2.401(5)
2.349(4)
2.417(5)
2.607(6)
2.584(6)
2.578(6)
2.599(6)
2.590(6)
2.304

2.610(7)
2.612(7)

2.564(7)
2.577(7)
2.305

2.268(4)
2.551(7)
2.576(5)
2.599(5)
2.279

2.560(9)
2.565(6)
2.563(5)
2.283
2.273(4)
2.582(8)
2.582(5)

2.590(5) -

2.292
2.554(7)
2.572(5)
2.591(5)
2.280

Mnl-Cl1l
Mnl-Cl2
Mnl1-Cl3
Mnl-Cl4
Mnl-Cl5
Mnl1-011
Mn1-012

. Mnl-0l13

Mnl1-014
Mnl-015
Mn2-C21
Mn2-C22
Mn2-C23
Mn2-C24
Mn2-C25
Mn2-021
Mn2-022
Mn2-023
Mn2-024
Mn2-026
Cl1-011
Cl12-012
C13-013
Cl4-014
Cl15-015
C21-021

C22-022

C23-023
C24-024
C25-025

1.796(7)
1.771(8)
1.805(8)
1.825(7)
1.814(7)
2.957(5)
2.968(5)
2.963(5)
2.974(5)
2.959(5)
1.735(6)
1.761(6)
1.823(8)

1.839(8)

1.838(8)
2.924(4)
2.940(4)

- 2.962(6)

2.964(6)
2.972(6)
1.161(7)
1.197(8)
1.159(8)
1.149(7)
1.145(7)

- 1.190(6)

1.181(6)
1.139(8)
1.125(8)
1.135(8)

b Centroid of cyclo-
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Table V. Selected Bond Angles (deg) for [(CsMes)sz(III)][Mn(CO)sldﬁgPhMe

Mnl1-C11-011 178.2(5) C21-Mn2-C23 - 118.6(3)
Mn1-C12-012 179.4(6) C21-Mn2-C24 91.7(3)
Mn1-C13-013 179.1(5) C21-Mn2-C25 91.9(3)
Mn1-C14-014 177.9(6) C22-Mn2-C23 125.5(3)
Mnl1-C15-015 178.6(6) C22-Mn2-C24 90.4(3)
Mn2-C21-021 176.7(5) C22-Mn2-C25 90.0(3)
Mn2-C22-022 175.9(5) C23-Mn2-C24 . 87.8(4)
Mn2-C23-023 178.6(9) : C23-Mn2-C25 - 88.5(4)

- Mn2-C24-024 178.6(6) : C24-Mn2-C25 175.7(3)
Mn2-C25-025 177.8(7) 011-Yb1-012- 69.20(18)
Ybl-011-Cl1l 160.4(5) 011-Yb1-013 138.85(17)
Yb1-012-C12 -~ 169.1(5) 012-Yb1-013 69.65(18)
Yb1-013-C13 173.7(5) Cpl13-Yb1-011 95.8
Yb2-021-C21 170.6(4) Cpl1-Yb1-012 107.9
Yb3-022-C22 - 172.5(4) Cpll-Yb1-013 96.7
Cl1-Mn1-C12 119.0(3) Cpl2-Ybl-011 97.5
Cll-Mn1-C13 115.2(3) : Cpl2-Yb1-012 108.7
Cl1-Mnl-Cl4 - 92.2(3) Cpl2-Yb1-013 95.4
Cl1-Mn1-Cl5 91.5(3) Cpll-Ybl-Cpl2 143.4
Cl12-Mn1-Cl13 125.8(3) 021-Yb2-021 - 85.41(24)
Cl2-Mn1-Cl4 87.4(3) 021-Yb2-Cp21 - 103.5
Cl12-Mnl1-Cl5 87.8(3) 021-Yb2-Cp22 102.9
Cl3-Mnl1-Clé 89.8(3) Cp21-Yb2-Cp22 143.8
C13-Mn1-Cl15 91.7(3) 022-Yb3-022 85.85(22)
Cl4Mn1-Cl5 S 174.9(3) - 022-Yb3-Cp31 103.1
C21-Mn2-C22 116.0(3) 022-Yb3-Cp32 103.2

: ‘ » Cp31-Yb3-Cp32 143.8

2 cpll, Cpl2, etc. are the cehtroids of the ring carbons of the
pentamethylcyclopentadiene ligands.
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earlier, the Mn,Yb, unit is not planar. The angle between the normals
of the two planes defined by Yb2-Yb3-Mn2 and Yb2-Yb3-Mn2' is 15.2°. The
plane defined by Yb2-Yb3-Mn2' 1is essentially coplanar with the
equatorial carbonyl ligands on Mn2. The distortion of the dimeric unit
from planarity may also be described by reference to the Mn2-Yb2-Mn2'
and Mn2-Yb3-Mn2' planes, which form a dihedral angle of 11.8°. ‘In
adaition; the. dihedral angles formed by extension of the centroids of
t he MeSCS rings CP21-CP31 and'CPZZ—CPBZ (see Table (IV) for the
definition of‘theSe symbols) are 17.5° and 51.6°, respectively.

The average ytterbium—carbon length in the dimer is 2.574#0.013A and
. the average ytterbium-centroid distance is 2.281%0.002A. »The centroid-

Yb-centfoid angle 1is 143.8°. These bond lengths are in the range found

la,b,13 and

for other Yb(III) complexes in eight-coordination
sigﬁificantly shorter (0.17 A) than those found for a Yb(II) ion in

14 The average ytterbium-oxygen bond length is

eight-coordination.
2.2.71:0;002A, and the average 0-Yb-O angle is 85.63:0.22°. The bond
parameters in the dimer are very similar to those found in the polymer,
even though the coordination number of ytterbium is nine in the latter,
the'ohiy difference being their ytterbium—oxygen bond lengths. 1In the
polymer the average ytterbium-carbon bond length is 2.589#0.015A, the
ytterb;um-centroid distance is 2.304A, the yttetbiuﬁ-oxygen bond length
is 2.389%0.027A, and the average O-Yb-O angle is 69.43+0.006°.
The'coordiﬁation geometries of the pentacarbonylmanganate fragment
in the dimer and polymer are very similar, both being related to 5
trigonal bipyramia as f0uqd in [Ni(phen)3][Mn(C0)5J2.lsa The most

important feature, perhaps, of the ytterbium—manganese complex is the

carbonyl groups that bridge the ytterbium and manganese atoms. In the
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dimer two equatorial carbonyl gréups are bonded to two different
ytterbium atoms, and in the polymer all three equatorial carbonyl groups
are bonded to three ytterbium atoms. 1In the dimer the average Yb-0-C
and Mn~C-0 angles are 171.6 %+ 0.9 and 176.3 % 0.4°, respectively. In
the polymer; these average anglesvare 167.7 £ 0.5 and 178.9 ¢ 0.3°.

_The average terminal_mangaﬁese—carbon bond lengths in the dimer and
ﬁolymer are 1.833 + 0.007 and 1.820#0.005A, respectively, whereas the
bridging manganese-carbon distances are 1.748 + 0.013 and 1.791#0.0134,
respeétively. These distances may be compared with the average terminal
manganése to carboh-(equatorial) distance in an(CO)lo of 1.85620.005416
and in a number of anionic Mn(CO)S fragmehts that rangé from 1.78 to
1.82A. 1In the ytterbium—manganese complex the shortened bridging
mangaﬁese-carbon distance, relative to the terminal distance, is
consistent with the view that electron transfer into a neutral Mn(CO)s
frangment puts electron density into molecular orbitals that are C—Ob
aﬂﬁi-bdnding and Mn~-C bonding. The ﬁarboh-oxygen bond lengths are also
consiéteht with this view (Table IV),_though these distances are not
detetminéd with high Accuracy. The variations of the manganese-carbon

and carbon-oxygen bond lengths suggest that the resonance structures VII

ﬁ /Yb (lll) /Yb

T/C//o | T /0
O—=—C=——M e O—C— éé?

N N

g \o\ | c o

o Yb A \Yb

VII : o ' VIII



37
and VIII are important in the bonding in the contact ion-pair. Further,
strucfures VII and VIII emphasize that contact ion-pair formation tends
to localize electron density into the manganese-carbon bonds that are
part of the Mn-CO-Yb interaction.

In order to confirm the postulate that the complex
{[(MeSCS)sz(III)][(RCSHA)Fe(CO)Z]}2 is indeed a dimer as indicaﬁed by
its infrared spectrum, a single crystal X-ray diffraction study was
performed on the complex. An ORTEP drawing of [(CSMéS)ZYb(III)(uZ-
OC)ZFG(M9C534)12 is shown in Figure 6. As can be seen, the MeCgH, and
the MegCq ligands are undergoing substantial thermal motion, which
contributes to the large spread in the carbon-carbon bond lengths and
angles{. The szFeZCAO4.core, however, does hét seem to be undergoing
substantial thermal motion. Tables (VI) and (VII) list the bond lengths
and bond angles. | |

The complex is a dimer, similar to.thaé found in the dimeric portion
. of theHelectronically equivalent [(MeSCS)ZYb(III)(u-OC)ZMn(CO)3]2. Each
of the carbonyl groups in the (MeCSHA)Fe(CO)Z units is connected to the
ytterbium atoms by way of an essentially linear Fe-CO-Yb interaction.
The averaged Fe-C-0 and Yb-0-C angles are 176.410.1° and 170.310.3°,
respectively. The Yb,Fe, unit is planar since the molecule has a
crystallographic‘1nversion center. The dihedral angle formed by the
| intersection of the Yb,Fe, and Yb0(1')0(2) planes is 6.1°, and between
ﬁhe Yb,Fe, and FeC(1)C(2) planes is 5.5°. The plane defined by the FeC,
atoms passes only 0.08A froh the inversion center at Ué, 0,0 but tﬁe
YbO, plane is 0.3?A from the inversion center. Therefore, the bending
direction for both plgnes is approximately parallel to the Fe-Fe

vector. The angles formed by the MeCgH, plane with the FeC, and Yb,Fe,



Figure 6. ORTEP of {(CSMe5)2Yb(III)[uz-OC)zFe(CSHAMe)}Z
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Table VI. Selected Bond Lengths (A) for {[(CgMeg),Yb(III)]
{ (uy-0C),Fe(CgH Me) ]},

Yb-01 2.228(4) c3-C7 1.501(11)
Yb-02 2.230(4) C3-C4 1.374(13)
Yb-Cl1 , 2.565(5) , C4~C5 1.387(17)
Yb-C12 2.598(5) C5-C6 1.353(17)
Yb-C13 2.609(5) . C6-C7 1.332(13)
Yb-Cl4 2.572(5) C7-C8 ' 1.415(11)
Yb-C15 2.545(5) ci1-C12 1.381(8)
Yb-Cp2* 2.290 c12~-C13 _ 1.409(8)
Yb-C21. ' 2.577(6) C13-Cl4 1.385(8)
Yb-C22 2.590(6) Cl4-C15 1.414(9)
Yb-C23 2.590(5) c15-C11 1.373(8)
Yb-C24 2.559(6) Cl11-Cl6 1.547(9)
Yb-C25 2.567(6) c12-c17 - 1.530(8)
Yb-Cp3* 2.296 Cl3-C18 1.540(9)
Fe-Cl 1.669(6) C14-C19 - 1.498(9)
Fe-C2 1.673(5) C15-C20 1.549(8)
Fe-C3 ' 2.106(7) C21-C22 1.412(10)
Fe-C4 2.086(8) c22-C23 1.358(9)
Fe-C5 - ©2.089(8) C23-C24 1.352(10)
Fe-C6b 2.083(8) C24-C25 1.336(11)
Fe-C7 2.120(6) €25-C21 1.412(11)
Fe-Cpl* - 1.733 ~ C21-C26 1.466(10)
c1-01 1.201(6) €22-C27 1.521(9)
C2-02 1.199(6) C23-C28 - 1.488(9)
: : C24-C29 1.517(11)
€25-C30 1.519(10)

* Cpl, Cp2, and Cp3 are the centroids of the rings c3-Cc7,
Cl1-Cl5, and C21-C25, respectively.



40

Table VII. Selected Bond Angles (deg) for {[(CSMeS)ZYb(III)]

01'-Yb-02 - 87.92(15) Cl6-Cl1-Cl2 127.0(7)
0l1'-Yb-Cp2* 105.0 Cl16-Cl1-Cl15 125.3(7)
0l'-Yb-Cp3* 103.0 Cl7-Ci12-Cll 124.9(6)
02-Yb-Cp2 104.9 C17-C12-C13 125.1(7)
02-Yb-Cp3 104.2 C18-C13-Cl12 126.3(7)
Cp2-Yb-Cp3 140.0 C18-Cl13-Cl4 125.6(7)
Cl-Fe-C2 87.80(23) C19-Cl4-C13 123.3(8)
Cl-Fe-Cpl* 135.5 C19-Cl4-Cl15 129.1(8)
C2-Fe~Cpl 136.7 C20-Cl15-Cl1 126.3(7)
Yb'-01-Cl 169.7(4) C20-C15-Cl4 124.7(7)
Yb-02-C2 170.8(4) C25-C21-C22 105.0(6)
Fe-C1-01 176.6(5) C21-C22-C23 107.4(6)
Fe-C2-02 176.2(4) - C22-C23-C24 109.7(6)
C7-C3-C4 106.1(9) C23-C24-~C25 108.7(7)
C3-C4-C5 107.5(11) C24-C25-C21 109.1(7)
C4-C5-Cb 109.9(12) C26-C21-C22 125.5(11)
C5-C6-C7 110.7(13) C26—€21-C25 129.3(11)
C6-C7-C3 105.7(9) C27~-C22-C21 125.2(8)
C3-C7-C8 131.9(13) C27-C22-C23 127.1(8)
C6-C7-C8 122.2(14) C28-C23-C22 124.9(8)
Ci15-Ci1-Cl2 107.6(5) C28-C23-C24 125.3(8)
Cl1-C12-C13 108.9(5) C29-C24-C23 126.0(11)
C12-C13-Cl4 107.3(5) C29-C24-C25 125.2(11)
Cl13-Cl4-Cl5 107.2(5) C30-C25-C21 122.6(12)
Cl4-Cl15-Cl1 109.0(5) C30-C25-C24 127.6(12)

* Cpl, Cp2, and Cp3 are the centfoids of the rings C3-C7, Cl11-Cl5, and
C21-C25, respectively.

' Primed atoms are related to atoms in the asymmetric unit by the inversion
center at 1/2 , 0, O.
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planes are 89.6° and 88.0°, respectively. The MeCgH,-rings are
orientated so that C(7)C(8) are gauche relative to Fe-C(2), the
C(2)FeCp(1)C(7) torsional angle being 34.3°. The Cp(l) and C(4) are
eclipséd relative to Fe-C(1), the torsional angle being -0.5°. The
MeSCS-fings are essentially staggered with respect to each other.

The coordination geometry about the ytterbium atom is pseudo-
tetraﬁedral; defining the midpoint of thevMeSCS-group as occupying one
coordination site. The centroid-Yb¥centroid and O—Yb-d.angles are 146°
and 87.92(15)°, respectively. The averaged Yb-O bond length of
2.229#0.001A is similar to that found in the ytterbium-manganese complex
of 2.277%0.002A. The averaged Yb-C distance of 2.57720.0164 gnd the
| averagedeb—centroid distance is 2.2934, again'similar to that found in
the ytterbium-manganese complex.

In the discussion that.follows'we will compare the metrical
1 parameters of [(MeSCS)ZYb(III)(u—OC)ZFe(MeCSHZ‘)]2 with the related anion
[Et4N][CpFe(CO)2A1Ph3], which contains a direct Fe-Al bond, and with the
electronically equivalent [(MeSCS)ZYb(IiI)(u—OC)ZMn(CO)3]2. The
‘averaged Fe-C(MeCSHA)bond length in the Yb-Fe complex of 2.097%0.0134
is identiéal within experimentél error to that found in the Fe-Al
compound of 2.09720.003A. These bond lengths are also identical to
those found in trans- and cis- szFeZ(u—CO)Z(CO)z. The averaged Fe-
C(CO)»distance in the Yb-Fe compound of 1.671%20.0028 is shorter than
that found in the Fe-Al compound (1.73120.001A) and the C-O bond length
1s longer, 1.20020.001A vs. 1.158#0.001A, than that found in the Fe-Ai
compound. Thus, the carbon mpnoxide ligands in the Yb-Fe compound
carries significantly more negative charge, relative to the Fe-Al

compound, as suggested by the carbon monoxide stretching frequencies
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(Table III). The bond length data suggest that the electronic structure
of the Yb-Fe complex may be represented by the two resonance forms IX

and X, and the Al-Fe complex by XI.

- . O O
a 4 z
CpFe/ CpFel CpFel
\\C . \\C ] \\C'
| Ph_ AlT "\
\\O _ \O_ 3 A\

X o X X1

The averaged, bridging Fe-C(CO) bond length of 1.67120.002A& in the
Yb-Fe coﬁplex is shorter (1.784%0.002A) than that found for the Mn-C(CO)
.bond distance in the Yb-Mn complex. Thié is expected since the radius
of iron is ca. 0.6A smaller than that of manganese. Thus, the Yb-Fe and
Yb~Mn dimers are very similar in a‘geometrical and electronic sense.

Examination of the lH NMR spectrum of
{[(MeSCS)ZYb(III)][Me351C5H4Mo(CO)3]}2 (see Table I) reveals that there
are two types of Me38105H4 and CSMeS resonances. This is inconsistent
with the CZh structure which was pfoposed from thé IR épectrum of the
complex. In order to at least define the solid state structﬁre of the
complex a sinéle crystal X-ray diffraction study was pefformed. The
crystal structure of {[(MéSCS)ZYb(III)][Me3SiCSHAMo(CO)3]}2 consists of
~erystallographically centfosymmettic dimers (see Figure 7 for an ORTEP
drawing). The bénd distances and angles for this compound can be found
in Tables (VIII) and (IX), while the crystal data is found in the

Experimental Section and tables of positional and thermal parameters are
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Table VIII.

Ybl-01
Yb1-02
Ybl=-Cl0
Ybl-Cl1l
Ybl-Cl2
Ybl~-Cl3
Ybl-Cl4
Ybl-Cl11*
Ybl1-C20
Yb1-C21
Ybl-C22
Yb1-C23
Yb1-C24
Ybi1-Cl12*
Mol-Cl
Mo1-C2
Mol-C3

Mo 1-C4
Mol-C5
Mol1-Cl01*
Mo1-C30
Mo 1-C31
Mol1-~C32
C30-01
C31-02
C32-03
Cl-C2
Cl-C5

Selected Bond Lengths (A)for {[(CSMeS)ZYb(III)]
[(uszC)ZMO(CO)(C5H4SiMe3)]}2

2.245(3)
2.245(3)
2.581(4)
2.596(4)
- 2.597(4)
2.581(4)

2.565(4) -

2.295(1)
2.565(4)
2.578(4)
2.592(4)
2.587(4)
2.600(4)
2.296(1)
2.369(4)
2.377(4)
2.383(4)
2.377(6)
2.387(5)
2.054(1)

1.890(4) -

1.880(4)
1.928(5)

1.185(4)

1.196(4)
1.169(5)
1.412(6)

1.434(7)

Cc2-C3
C3-C4
C4-C5
sil-Cc2
Si1-Cé6
si1-c7

- Si1-C8

Cl0-Cl11
Cl10-Cl4
Cl1-Cl2
Cl12-C13
C13-Cl4
Cl10-C15
Cl1-Clé
Cl2-C17
C13-Cl18
Cl4-Cl19
C20-C21
C20-C24
c21-C22
C22-C23
C23-C24
C20-C25
C21-C26
C22-C27
C23-C28
C24-C29

1.426(6)
1.383(9)
1.387(9)
1.858(4)
1.821(6)
1.834(6)
1.831(5)
1.369(5)
1.391(5)
1.409(5)
1.403(6)
1.410(6)
1.517(5)

1.504(6) .

1.494(6)
1.500(6)
1.512(6)
1.385(6)
1.385(6)
1.376(6)
1.405(6)
1.417(6)
1.490(6)
1.508(6)
1.511(6)
1.507(6)
1.475(6)
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* Cl111, Cl112, and Cl10l1 are the centroids of the rings C10-Cl4, C20-C24,
" and Cl-C5, respectively.



Table IX..

[(uZMo(co)(c53431Me3)]}2

c2-511-C6
C2-511-C7
C2-511-C8
C6-S11-C7
C6-S11-C8
C7-s11-C8
Si1-C2-Cl
S$11-C2-C3
Cl-Cc2-C3

. C2-C3-C4
C3-C4-C5
C4-C5-Cl
C5-Cl1-C2
Cl4-Cl10-Cl11
Cl10-C11-Cl12
Cl1-C12-C13
- C12-C13-Cl4

C13-Cl14-C10
C15-C10-Cl11

C15-C10-Cl4
Cl16-Cl1-Cl0
Cl6-Cl1-Cl12
Cl7-Cl12-Cl1
Cl17-C12-C13
C18-<Cl13-Cl2
- C18-Cl13-Cl4
Cl9-Cl14~C10
Cl19-C14-Cl13
c20-C21-C22
C21-C22-C23

110.2(3)
109.71(23)
109.12(23)
110.0(4)
109.8(3)
108.0(3)
126.6(4)
127.6(4)
105.7(5)
109.6(6)
108.9(6)
107.3(6)
108.6(5)
109.1(4)
108.4(4)
107.3(4)
107.6(4)
107.6(4) -
123.5(5)
127.2(5)
125.1(5)
125.6(5)
127.7(5)
124.4(5)
127.6(5)
124.4(5)
125.8(5)
126.6(5)
108.6(4)
108.5(4)

Selected Bond Angles (deg) {[(CSMes)sz(III)]

C22-C23-C24

-C23-C24-C20

C24-C20-C21
C24-C20-C25

C21-C20-C25

C20-C21-C26
C22-C21-C26
C21-C22-C27
€23-C22-C27
€22-C23-C28
C24-C23-C28
C23-C24-C29
C20-C24-C29
01-Yb1-02

0l1-Ybl-Cl11*
0l1-Ybl-Cl12*

02-Yb1-Cll1
02-Yb1-Cl12

Cl11-Ybl-Cl12

C30-Mo1-C31
C30-Mo1-C32

C30-Mol-C101*
C31-Mol-C32.
C31-Mol-Cl101
C32-Mo1-Cl101

Yb1-01-C30
Ybl-02-C31
Mo1-C30-01
Mo 1-C31-02
Mol-C32-O3

106.6(4)
107.8(4)
108.5(4)
125.0(5)
126.3(5)
127.6(5)
123.6(5)
127.5(6)
123.7(5)
126.6(6)
126.3(6)
124.9(6)
126.5(6)
88.26(10)
105.02(6)
104.89(6)
102.55(6)
103.47(6)
140.56(1)
83.21(15)
89.33(17)
129.53(10)
88.43(17)
128.81(11)
123.84(13)
178.8(3)
166.8(3)
177.8(3)
177.3(3)
179.9(3)

* Cll11, Cl12, and ClOl are the centroids of the rings Cl10-Cl4, C20-C24,
and C1-C5, respectively.
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found in Appendix (I).

The four metal atoms of this dimer are coplanar as imposed by the
inversion center. The'Me3SiC5H4 rings are trans with respect to the
plane defined by the metal atoms confirming the C,, structure proposed
from the ir.of fhe complex. The four metal atoms are bridged by four CO
groups by way of Mo-C-0-Yb interactions. The Yb-0-C bond angles are
166° and 178°, respectively, while the Mo-C-0 bond angles are 178° and
177°. Thus, the carbonyl groups bridge the metal atoms in a linear
- fashion aé.in the Mn—Yﬁ and Fe-Yb compounds.

The dihedral angle'fbrmed by the intersection of the Yb,Mo, and
Yb0(1)0(2) ﬁlanes is 1.6°, and between the Yb,Mo, and MoC(3')C(3) planes
is 1.9°. Thus the Moszz(CO)A core is very nearly planar. The angle
between the Me3SiCgH, ring and the Mo,Yb, plane is 56°. The Me,SiCgH,
rings are canted so that the Me3Si group fits into the slot between the
two CgMeg rings bound to ytfepbiuﬁ, and the MegCs rings are staggered
‘with :espeét to one aﬁother. |

The coordinatidn geometry about ytterbium is pseudo-tetrahedral if
’thé centroids of éach of the'CSMeS rings are defined as occupying one
coordination site. The oxygen atoms.of the bridging carbonyl groups
occupy the other coordination sites. The centroid-Yb-centroid angle and
0(1)-Yb-0(2) gngles of 140° and 88.3° are unexceptional. The Yb-C(ring)
averaged boﬁd length is 2.58420.012A and in the range féund for | |

(CSMeS)ZYb(III) cémplexés.j The Yb-0(1,2) distances are 2.245(3)A and
‘are slightly shor;er (0.034) than those found in the Fe-Yb on Mn-Yb
complexes. Overall, tﬁe coordination geométry about ytterbium is
identical to that in the Fe-Yb complek.

Comparison of the geometry of thé-complex [nBu4N+][CpMo(CO)3°]17
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with [(MeSCS)ZYb(II)(uZ-OC)ZMo(CO)(Me3SiCSH4)]2 is revealing. The
averagedeo;C (Cp) distances are identical at 2.371+0.0094 in the
ammonium salt and 2.379#0.007A in the Yb complex. The Mo-C(ave)
distance of 1.909#0.009A in the ammonium complex is longer than the Mo-C
Bridging distance of 1.885%0.005A in the Yb complex, and shorter than
the terminal distance of 1.928(4)A. The averaged C-0 (bridging)
distance éf 1.19120.005A is longer than the C_O(ave) distance in the
ammonium complex 1:176:0.006A. The C-0 terminal distance iﬁ the Yb
complex is shorter a;v1.169(5)A. This pattern of bond length variations:
is similar to those observed in the complexes [(CSMeS)ZYb(III)'THF][uz-
(OC)CO(CQ)3], [(MeSCS)sz(III)uz-(CO)ZMn(CO)3]2] and
[ (MeCg),Yb(III) 1y (0C),FeCsH,Mel,. |

Some conclusions can be formed from the structural studies of the
Mn-Yb, Fe-Yb, and Mo-Yb complexes. The complexes tend to form dimeric
stfuctures giving the ytterbium atom a formal coordinafion number of
_eight. 1In the structure of the manganese complei, the ytterbium atom
élso increases its coordination number to nine by forming an infinite
poiymer. The polymerizétion is prevented in the case of molydenum and
iron becauSe'bf the presence of the cyclopentadienyl groups.

Coordination of the CO ligands to the ytterbium atom causes
systematic chgnges in thé metal carbon and carbon oxygen bond lengths.
When‘compared to terminal CO groups, the bridging CO groups have shorter
metal carbon and longer carbon oxygen bond lengths. A cautionary note
must be added here, however. The data for all these structures was |
collected to a scattering angle of 45° in 26. This means that the CO
bond lengths are close to the inherent resolution of the structure, and

may not be meaningful. The metal carbon bond lengths are, however, more
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trustworthy.

The observed distortions in the M-CO bonds as well as the lowered ir
‘stretching frequencies would indicate that the C-O bond has been
- weakened. The lack of reactivity of these complexes with H, indicates
that the weakening of the CO bond is not large enough to cause a drastic
change in the observed chemical properties of the complexes. Although
the chemical reactivities of these complexes have proven a-
disappointment, the iron and molybdenum complexes have shown some

unexpected solution properties as are discussed below.

Variable Temperature NMR Studies

Variable temperature proton NMR studies of all the complexes
reported here reveal that the proton chemical shifts follow a linear
dependence of chemical shift vs.-l/T(K) as is_expected for paramagnetic
lanthanide coinplexes.18 ‘The lH MR spectra of the iron complexes
-consist of resoqanées assignable to one type of RCSHA resonance and one
A tYpe.of CsMeg group in a-l:é ratio from 100° to -80°C.

.At room temperature the proton NMR spectrum of the complex
{[(MeSCS)ZYb(III)][Me3SiC5H4Mo(C0)3]}2 has resonances assignable to two
different kinds qf Me3SiC5H4 environménts. These two sets of resonance;
have an area ratio of 0;88:1 (relative to one another). This complei
also has three différent CSMgs environments which have an area ratio of
0;6&:1.0:0.44 relative to one another (see Figures 8 and 9). When the
-Mo complex is heated to témperatures greater than 135°C resonances

assignable to only one type of RCqH, environment, and one type of MegCq

" environment are observed.
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Figure 8. 250MHz 1H NMR Spectrum of the CSMe5 Protons of

{(CsMe 5),Yb( ITT) (1y=0C) Mo(CO) (CH, SiMe )},
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Figure 9. 250MHz !H NMR Spectrum of the Me,SiCgH, Protons of
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The Mo complexes exist in the solid state as centrosymmetric dimers

lH NMR of such a complex should

having structure XIi (see below). The
have one type of cyclopentadienyl group, and one type of
pentamethylcyclopentadienyl group. We assign the larger area set of
cyclopentadienyl resonances as well as the larger area single CSMeS
resonance to this complex. We assign the remaining resénances in the
spectrum to XIII (see below) an isomer of,compouﬁd XII. Isomer XIII

differs from isomer XII in that the cyclopentadieynyl rings bonded to Mo

are cis relative to the MoMo'YbYb' plane rather than trans.

M
P Mo
O/

~

XI1 XIII

| . Yb | S /< ~Yb | >\

, cisC2v-45%
trans C2h~- 55%

Integration of the areas of the peaks for the two compounds gives a
value of ca. 55% trans to 45% cis in solution at any given time.
Lowering the temperature does not change the cis-trans ratio. Raising
t he temperature fo 135°C causes the cis-trans equilibrium to become fast
on the NMR time eéale, and only resonances due to one Me3SiCqH,
environment énd one CSMeS environment are observed.

The simple two site exchange equation which is usedvto calculate the

activation energy for this equiiibrium is given by equation (1)19 '
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AGE (1)

RTC

1n( \f2" R/ 7 ﬁh) + ln(Tc/Gv)

where N is Avogadro's number, Tc is the temperature of coalescence, and
_ 8v is the chemical shift difference of the two resonances in Hz at
coalescence. The equation does not accounf for a difference in
population of the two species which give rise to the coalesﬁing peaks.

In this case, the difference in population is 55:45 and disregarding

this difference does not have a large effect on the calculated AG*'
Measﬁrement of 6v at T, for paramagnetic complexes is accomplishédlby
plotting the chemical shift vs. 1/T(K) at temperatures where the
exchange is slow on the NMR timescale and extrapolating to the
coalescence temperature.20 Tﬁis'is shown in Figure 10 for one of the
Me3SiCSH4 proton resonances. -

Unfortunately, the'AG* for the equilibrium could only'be.calculatéd
from one set of Me35iCgH, proton resonances. The reason for‘this is
tﬁa; the temperature debendence of the chemical shift for all of the
other resonances in the coﬁplex causes the difference in chemical shift
between each set of peaks to bécome smaller as the teﬁperature is
raised. Eventually, the difference in chemical shift in each pair
becomes unobservable, and the resonances overlap before théy'can broaden
and coalesce due to the exchange phenomenon. The two résonances which
do broaden and coale#ce due to the equilibriuﬁ between isomers, do so
only because the difference.in chemical shift.between them becomes
lérger as thé_temperature is raised allowing them to broaden and
coalesce at high temperafqreé. The AG# calculated using equation (1), a

§v of 137Hz and T, = 404K is found to be 19.3(1.0) keal mol™). The large
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Figure 10. Plot of § vs. 1/T for One Set of CgH,SiMeq Protons of

{(CqMe ), Yb(ITI) (1u,~0C) ,Mo(CO) (H,CsSiMe )},

1T X 10°
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value for AG* is not inconsistent with a bond breaking process occurring
during the isomerization reaction.

It is interesting to note that the infrared spectrum of the complex
giQes no indication of the preseﬂce of more than one isomer in
cyclohexane or toiuene solution at room temperature (see Table III).
Isomer XII has CZh symmetry while iéomer XIII.has sz symmetry. It is
predicted by group theory that the Con isomer (XI1) should havé three
infrared active v-CO bands; and that the sz isomer XII should have six
infrared active v-CO bands. A reasonable explanation for observing only

-three bénds is that the CO vibrations do not couple well through the O-
Yb-0 bonds, and.therefore ﬁhe energy differences.between the bands for
- the two isomers are small and are not resolved in the infrared |
spectrum. The net result is that 6nly three bands are observed which
are really a composite of the nine bands predicted'for the two isomers.

In order to test whether or not the isomerization is an inter- or
intra-molecular process, the following crossover reaction was
performed. Equimolar quantities of {[(MeSCS)ZYb(III)][(CSHS)MO(CO)3]}2
and {[(MeSCS)ZYb(III)][(Me3SiC5H4)Mo(C0)3]}2 were reacted with one
another at room temperature. Thé Iy NMR spectrum of the reaction
mixture (Figure 11) shows resonances due to both starting materials as
well as another set of resonances which are due to the mixed Cp ring

‘product f.e., [(MesCs),Yb(ITI)],[(C5HgIM0(CO) ][ (Me4S1CsH,IM0(CO)5].
Unfof:unately, the ratio of the mono-ring to miiéd-ring pfoducts cannot

be measured accurately because each compound exists as cis and trans

isomers in solution giving a total of six compounds in solution.
Examination of Figure 11 shows that these cannot possibly be integrated

to give a believable product ratio.
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Figure 11. 250MHz I NMR Spectrum of a 1:1 Mixture of
{(CSMeS)sz(III)(uz—OC)ZMo(CO)(CSHS)}2 and

{(CgMe ), YB(ITT) (uy=0C),Mo(CO) (CsH,SiMe3) )y
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The fact that we obsefve a crossover reaction means that the dimeric
molecules are dissociating in some fashion in solution. The most
probable bond to break is a Yb-O bond which would allow the complex to
open up and react with another molecule of itself causing cross-over, or
by breaking apart into.monomeric complexes, which wiil also lead to
créssover. We cannot determine if the isomerization occurs by the same’
" mechanism as the crosserr reaction or not, since we cannot separate g
NMR resonances from one another.

In order to &gtermine whether the non-rigidity of the Mo compound
was a general phenomenon, andvtb see 1f we could quantitatively
understand the crossover in absence of isomerization, a crossover
experiment was pgrformed with the {[(MeSCS)ZYb(III))(RCSHAFe(CO)Z)]}2
éompounds. These compounds offer the advantage that they cannot exiét
as isomers 1in solution, and only three compounds can be formed in a
crossover reaction involving them..When the Me,SiCgH,Fe derivative and
the MgCSHAFe derivative are mixed at room teﬁperature, the 1H NMR of the
mixture reveals a m;xture of the two starting materials and the mixed:
ring prodﬁct in a 1:1:2 statis:iéal ratio as shown in Figure 12. When
the mixture of products from the_crossove; reaction.is heated to 164°C
only one MeCSHA and one Me351C5H4 environment is observed. This means
that the crossover equilibtium has become fast on the NMR time scale at
’164°C. The AG* fof this prdcess can be estimated using the twﬁ_site'
~exchange equation (a plof of § vs; 1/T(K) is shown in Figures 13a-c).

As can‘be seen in the plots shown in Figures 13a-c, the coalescence
temperature and peak separatiéns at coalescence differ from peak to
peak. The average value of AC¥ calculated from all six plots is

19.4(£0.4)kcal mol~l. The range of calculaﬁéd values 1s 19.0 to
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Figure 12. 1y MR Spectrum of a 1:1 Mixture of {(CgMeg),YB(III)
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Figure 13a. Plot of & vs. 1/T for the MeySi Protons of the Yb-Fe

Crossover Reaction
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Figure 13b.

59

Plot of § vs.‘l/T for the Fe-Yb Crossover Reaction = one
set of ﬁe3SiCp Ring Protons; A = One set of MeCp Ring

Protons; B= the Other Set of Me;SiCp Ring Protons
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Figure 13c. Plot of & vs. 1/T for the Fe-Yb Crossover Reaction. A = one

Set of MeCp Ring Protons; = Me Protons
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19.8%kcal mol—l. The Fe and Ru‘compounds undergo a similar crossover
reaction whichlproduces a statistical mixture of products as well.

The éimilarity'of the activation energies of the Mo isomerization
process and the Fe-crossover reaction suggests to us that they proceed
through a common mechanism.. Two of the most plausible mechanisms are
shown in Scheme I. In pathway (a) in Scheme I the complexes dissociate
completely to form monomeric intermediates (FeYb and Fe'Yb), and these
then combine to give the mixed‘product. Using the method of initial

rates, the reaction rate of path (a) is given in equation (2) below.

kykyek ‘
1%11 X2
rate = ————— [Fe,Yb f/Z[Fe' Yb ]1/2 (2)
21P2 210y
k_y k_yo o

Thus, initially the reaction is half order in starting material.

In pathway (b) in Scheme I, one Yb-O0 bond of the dimers breaks to
give an intermediate which is an opened‘dimer (FeszFe, Fe'szFe'). Two
of these intermediates t hen reactvto give the crossover product. Unde;

+

the initial conditions of the reaction the rate is given by eqn 3, and

rate = — [FeszZ][Fe'ZYbZ] : (3)

_thé reaction will be first order in starting materials. Unfortunately,

we have been unable to obtain meaningful kinetié'data on this reaction
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because of the low solubility of the complexes, and the broad lines in

the 1H NMR spectra.

Solution Studies with Added Ligands L

When the compounds studied here are dissolved in THF, or reacted
withvtwo équivalents of pyridine, the added base serves.to cleave the
dimeric species into monomers of formulae
[(MegCs),YB(IIT)L][(CH,IM(CO) ] (L= THF, pyridine). These complexes
have only one low energy band in the v-CO region of their ir spectra.
This implies thét there is only éne Yb-0-C-M interaction, with the other
coordination site on Yp'being filled by L. Low temperature NMR studies
indicate that addition of two equivalents of THF to [(MegCg),Yb(III)(p-
OC)ZFeCp]Z dqes not produce any detectable amount of the monomeric THF 
adduct in salution at -70°C. However, addition of fouf to six
equivaients of THF produces an equilibrium mixture of species which are -
6b§ervab1e as separate sets of MeCSHA resonances in the 1H NMR spectrum
at -70°C. Nét only are the three resonances due to the dimer observed
at §67.8, 64.4, and 56?7, but also six resonances at 6846.2, 40.7, 39.1,
‘36.8,v34.4, and 34.4 are observed. These may be due to the complexes
labeled B and C in eqn (4). 1If this mixture is warmed to‘-40°C only one
MeCcH, environﬁent is osserved indicéting that the equilibria are fast
- on the NMR time scale at this temperature. Addition of two equivalents
of pyridiﬁe to the Me3Si¢5H4Fe derivative results in complete cleavage
of the dimeric complex with formation of the compound
[(MeSCS)ZYb(III)py][(Me3SiC5H4)Fe(CO)2] thé latter complex may be

crystallized from diethyl ether. These experiments indicate that the



64
qualitative basicities of the lone pair of electrons on the coordinated
hetero atom is THF<CO<<py.

The cohclusion which can be drawn from the solution studies of these
complexes is that they are not rigid dimeric species in solution. At
first glance this behavior may seem a bit odd given the high oxygen
affinity of electropositive metal atoms. However, it should not be
forgotten that lanthanide ions are kinetically labile ions so that it
should be expected that equilibria of the type given in eqn (4) will be
facile. Further, the f:ansition metal carbonyl anions are in a sense

-like an alkoxide which undergoes faéiie ligand exchange processes in

21

solution. The qualitative result that the carbonyl oxygen atoms

: Y
THF THF ///
\ / o Yb/ THF
Fe N
-~ THF
a b. C.

of transition metal carbonyl anions are more basic towards ‘
(CSMes)ZYb(III) than THFlsuggests‘that in these anions a considerable
amount of the negative charge in the complex is delocalized onto the
carbonyl oxyéen atoms, and is consistent with the low v-CO's in the
complexes; |

| ﬁhen (MeSCS)ZYb'OEtZ is reacted.vith one equivélent of

(CSHS)?e(CO)ZI, there is quantitative conversion to a complex having the
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Table X. Vv-CO of Products of the Reaction of Various Mononuclear Metal
Carbonyl Complexes with (CSMes)sz'OEtz.

- Transition Metal Compound Medium ' Obsd. Bands

MeMn(CO)g (under CO) Nujol 2005s, 1967vs, 1945vs,
1590vs, 1485s cm™ !

Acetyl Mn(CO)5 Nujol 2120m, 2070m, 2062m, 2042m,
‘ 2025m, 2005m, 1960BrVs,
1922s, 1585vs, 1545s, 1485m cm™!

(C5Hg)Co(CO)PPhy Nujol © 1933s, 1843vs, 1800sh, 1665w,
‘ 1605vs cm~



.66
stoichiometry [(Me5C5)2YbI]2[(Csﬁs)zFez(u3CO)2(CO)2]. The ir spectrum
of the complex is consistent wi;h a sfructure in which both bridging
carbonyl oxygen atoms are functioning as Lewis bases toward a pair of
(CSMeS)ZYbI molecules. This complex is éimilar to cémplexes formed by

22 pissolution of -

the reaction of t(CSHS)Fe(CO)Z]Z with AlR5 compounds.
t he YﬁtcompOUnd in THF results in the formation of [(CSHS)Fe(CO)Z]Z and
(MeSCS)ZYbI'THF which were cﬁaraterized by their.infrared and mass
spectra. The net fesult of this reaction is ﬁransfer of the I ion from
Fe to}Yb with concurrent oxidation of Yb and reducﬁion of Fe.

The metal cérbonyl dimer (CSHS)ZNiz(uZCO)Z reacts with two
‘equivalents of (MeSCS)ZYb'OEtZ under N2 to give a dark green-black
complex which can be crystallized from Aiethyl ether. The infrared
spectfum of this_complex in the v-CO regioﬁ is quite compiicated, with
seven bands obsérved.(seé‘Table X), and af least two of these are due to
Yb—OjC-Ni interactions. When the reaction is carried out under an
atmosphere of carbon monoxide, a bright-rgd.complex was formed which is
soluble in pentane, but which was 6nly obtained as an.impure powder.

Reaction of (acetyl)Mn(CO)S,with one equivalent of (MegCg),Yb'OEt,
produces a red-brown complex which hés the stoichiometry
[(CSMeS)ZYb][(aceﬁyl)Mn(CO)S] from elemental analysis. The infrared
speétrum of this complex in the v—CO fegion is listed in Table (X) and
is very complex haviné twelve bands. The presence of bands at 1485 and
1395¢m™] suggests that in this molecule the ytterbium atom coordinates
to the acetyl carbonyl bxygen atom. Since the complex crystallizes very
well, an *—ray study 1s warranted.

Reaction‘of (MeSCS)ZYb'OEtZ with one equivalent of MeMn(CO)5 under

an atmosphere of carbon monoxide produces a red-brown complex that was
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shown to have the stoichiometry'[(MeSCS)sz;OEeZ][(aeetyl)Mn(CO)S] by |
elemental analysis. The complex is paramagnetic es shown'byvthe
chemical shift and line width of the peeks in its !H WR epectrum. The
infrared spectrum has a number of bands in the v-CO region (see Table

1 suggests that an acetyl group

X). The presence of the baed at 1485cm™
mayvhave been fermed which is coordinated to the ytterbium fragment.
This reaction has precedence because addition of Lewis acids such as
AlBrq to MeMn(CO)S induces methyl-migration to form an acet&l group
which ends up coordinated to the AlBr3.23 Clearly, the only way in

which the above complex can ever be properly charaeterized is by single

crystal X-ray diffraction methods.

Reactions with (RCsH,)M(CO), (M=Co, R=H, Me, MeqSi; M=Rh, R=H)

In order to determine whether or not'(CSMes)sz'OEtz could be used
to reduce 18 electron mononuclear transition eetal complexes, a series
of reactions were carried out between (Me5Cq),YbOEt, and (RCgH,)Co(CO),
complexes; The reason for choosing the complexes of the cobalt series
is that they can be reduced using sodium amalgam ;o give the dimeric
radical anions (C5H5)2C02(C0)2- or, in the case of rhodipm, the
trinuclear complex (C5H5)2Rh3(CO)4_.2a{25 The ease with which the
starting dicarbonyl complexes are reducee made them likely candidaﬁes
for reaction with (MegCg),¥b"OEt,. It was also of interest to see if
the products of such reactions would be similar to the products derived
from alkalli metal reductions, as was the case for the reac;ions between
(MeSCS)ZYb'OEtz and transition metal carbonyl dimers. |

Bis(pentamethylcyclopentadienyl)ytterbiqm ether complex reacts with
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the. complexes (RC5H4)M(CO)2 (M=Co, R=H, Me, Me,Si; M=Rh, R=H) 1in either
a 1:1 or 2:3 molar ratios to give good yields ofvdark blue-bléck
complexes having the stoichiometry
[(MeSCS)ZYb(III)]2[(RC5H4)2M3(C0)4]. The complexes are paramagnetic as
judged by the chemical shift and line widths of the peaks in their Iy
NMR spectra which are found in Table (XI). A plot of i/XM vs. T is
given in Figure l4. The complex follows Curie-Weiss behavior from 5-30K
with Cn=2.64(2); 8=-1.05(16)X and ueff=4.61(2) B.M. per Yb atom and from
100-300K with Cm-3.667(6), 6=-14.50(46)K and ueff=4.973(5) B.M. per Yb
atod. The trinuclear transition metal fragment has 47 valence_eleétrons
making it a radical species. This accounts for the large value of
Mogfe The experimental value per Yb atom of 4.97 B.M. isvjusf the sum
of the value found for (MeSCS)sz(III) in transition metal carbonyl
complexes ca. 4.30 B.M. and one-third the valqe of a free electrén
(i.e., 1.73/3 BM=.57 B.M.). This suggests that the ytterbiuﬁ spins and
the spins on cobalt are not interacting appreciabiy at room
tempefature. In agreement Qith this, the EPR gpectrum of the comﬁlex is
observable and shows one very broad signal at a g.value of 2.083 at room
temperature and at 77K. Unfortunately, no cobalt (1=7/2) hyperfine
coupling could dbe resolved.

The infrared spectra of these complexes in the v-CO region are very

simple ‘and have. only one band at ca. 1590c1n-1

resonances which can be assigned to the CoMe g rings bonded to ytterbium

and cyclopentadienyl rings bonded to cobalt in a 2:1 ratio. The simple
infrared spectrum and reasonable ratio of pentamethycyclopentadienyl to
cyclopentadienyl rings in the complex suggested a simple stoichiometry

such as in XIV below. Such a simple structure does not make good

. The IH'NMR spectra have

L]



" Table XI. !H NMR Data for [(CSMeS)ZYb]ZI(u3—0C)4M3(C5H4R)2] Compounds

Eg@podnd
[ (CSMeS)ZYb] 2[( u3—OC)4Co3(CSH5)21

[(CgMeg),Yb], [ (u3-0C),Coq(MeqS1CsH, ), ]

Color

Blue

Blue

Blue

Blue

‘H NMR Spectrum

65.39(v]ﬁ;47ﬂz, 30H);:

§32.51(v =340z, S5H)

84.84(v 1/2=108Hz. 30H);

628.87(v16;39ﬂz, 24)

. 630.12(v14;32ﬂz, 2H);

684.07(v1é;49ﬂz. 3H)

64.09(v1/2=12Hz. 9H);

65.34(v14;49ﬂz. 30H);
517'25(VIA;40“Z’ 2H);
675.45(v14;39ﬂz, 2H)

§6.30(v 1/2=lu8Hz, 30H) 3

6—13.26(v14;56ﬂz, SH)
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Figure l4.

Plot of l/xM vs. T for [(CSMeS)sz(III)]2
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Yb—0OC—Co—
P | |

X1v
chemical sense since the cobalt atom has only 17 valence électron§ and
t he yttefbium is formally seven coordinate. The actual stoichiometry
.and structure of the complex was only discovered by a single crystal X-

ray diffraction study.

X-Ray Diffraction Studies

A single crystal X-ray diffraction study was used to characterize
the product of the reaction between (CSHeS)ZYbeEtZ and
(Me ;51CqH,)Co(CO),. An ORTEP drawing is found in Figure 15. Tables of
bond lengths and angles can be found in Tables (XII) and (XIII),
respectively. The molecule crystallizes in thé tetrag§na1 space group
palzlz, aﬁd consists of well separated molecules of stoichiometrf
[(CSMeS)Zfb(IIi)]2[(u3-0C)4Co3(Me3SICSH4)]. The closest intermolecular
contacts are'betwegn cyclopentadienyl ring earbon atoms, the éhortest

being between clS and Céa at 3.58(1)A.
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ORTEP of [(CsMes),¥b(ITT) ], (u3-0C),Co5(CoH, SiMe),]

Figure 15.

XBL 826-10527
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Table XII. Selected Bond Lengths (A) for [(CSMeS)sz(III)]Z
[ (u3=0C),4Co4(CsH,SiMe ), ]

*Cpl, Cp2, and Cp3 are the centroids of the rings of the cyclopentadlenlde

ligands.

Cl1-Cl12

Yb-01 2.226(4) 1.431(9)
Yb-02 2.233(4) Cl12-Cl3 1.440(9)
Yb-C21 2.586(7) Cl13-Cl4 1.467(10)
Yb-C22- 2.567(6) Cl4-Cl5 1.449(11)
Yb-C23 2.584(7) C15-Cll 1.451(9)
Yb-C24 - 2.630(7) cl1-si 1.891(8)
Yb-C25 2.595(6) $i-Cl6 - 1.929(9)
Yb-Cp2* 2.294 Si-Cl7 1.898(9)
Yb-C31 2.604(8) - Si-Cl18 1.916(8)
Yb-C32 2.608(7) Cc21-C22 1.430(9)
Yb-C33 2.569(6) Cc22-C23 1.425(10)
Yb-C34 2.542(7) C23-C24 1.414(9)
Yb-C35 2.576(7) C24-C25 1.431(10)
~ Yb-Cp3* 2.289 Cc25-C21 1.396(10)
Col-Co2 2.363(1) C21-C26 1.510(10)
Col-Cl 1.853(6) c22-C27 1.515(9)
Col-C2 1.874(6) C23-C28 1.532(10)
Co2-Cl 1.778(6) C24-C29 ©1.511(10)
Co2-C2 1.792(6) €25-C210 1.585(9)
Co2-Cl1 2.099(7) c31-C32 1.421(11)
Co2-C12 - 2.109(6) " C32-C33 1.368(10)
Co2-Cl3 2.122(6) C33-C34 1.359(11)
Co2-Cl4 2.118(6) C34-C35 1.435(12)
Co2-Cl5 2.125(7) C35-C31 1.418(13)
Co2-Cpl* 1.719 7 c31-C36 1.548(13)
cl-01 1.244(6) C32-C37 1.496(11)
c2-02 1.227(6) C33-C38 1.594(10)
C34-C39 1.522(14)
C35-C310 1.528(10)



Table XIII.

01-Yb-02
01-Yb-Cp2*
01-Yb-Cp3
02-Yb-Cp2
02-Yb-Cp3
Cp2-Yb-Cp3
Co2-Col-Co2
Co2~-Col-Cl
Co2-Col-C2
Cl1-Col-C2
Cl-Col-Cl
C2-Col1-C2
Col-Co2-Cl
Co1-Co2-C2
Col-Co2-Cpl*
Cl1-Co2-Cpl
C2-Co2-Cpl
Co1-Cl1-Co2
Col-Cl1-01
Co2-C1-01
Col1~C2-Co2
Co1-C2-02
Co2-C2-02
Yb-01-Cl
Yb-02-C2
Cl5-Cl1-Cl2
Cl1-C12-Cl13
Cl2-C13-Cl4
C13-Cl14-Cl15
Cl14-C15-Cl1
Si-Cl1-Cl12
. Si-Cl11-Cl5
Cl1-51i-Cl16
Ci1-81-Cl17
Cl11-S1-C18

*Cpl, Cp2, and Cp3 are the centroids of the rings of the cyclopentadienide

ligands.

73.97(14)
104.7
106.6
105.6
106.5
140.0
176.48(5)

48.0(2)

48.4(2)

83.7(3)
178.8(3)
179.4(3)

50.8(2)

51.4(2)
177.9
128.0
129.9

81.2(2)
142.1(4)
136.7(4)

80.2(2)
143.1(5)

136.6(5)

138.5(3)
137.4(3)
109.7(7)
108.0(6)
107.4(6)
108.5(7)
106.4(7)
126.3(5)
124.0(6)
111.2(3)
108.6(4)
108.8(4)

C25-C21-C22
€21-C22-C23
C22-C23-C24
C23-C24-C25
C24-C25-C21
C26-C21-C22
C26-C21-C25
C27-C22-C21
C27-C22-C23
C28-C23-C22
C28-C23-C24
€29-C24-C23
C29~-C24-C25
€210-C25-C21
C210-C25-C24
€35-C31-C32
C31-C32-C33
C32-C33-C34
€33-C34-C35
C34-C35-C31
C36~-C31-C32
C36-C31-C35
€37-C32-C31
€37-C32-C33
C38-C33-C32
C38-C33-C34
C39-C34-C33-
€39-C34-C35
€310-C35-C31
€310-C35-C34

Selected Bond Angles (deg) for'[(CSMeS)ZYb(III)]Z
[ (u3-0C),Co4(CgH,SiMe;),]

107.2(7)
107.8(6)
108.7(7)

106.4(7)

109.9(7)
125.4(7)
127.3(7)
126.0(7)
126.2(7)
126.6(7)
124.6(8)
126.2(9)
126.9(8)
125.0(8)
123.7(8)
108.0(9)
107.5(9)
110.4(8)
108.7(9)

- 105.4(7)

122.9(11)
129.0(10)
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126.2(10)

125.6(9)
123.9(9)
124.9(9)

125.0(10)

126.2(9)
125.8(11)
128.6(11)
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The molecule has crystalldgraphiéally 1mposed C, syﬁmefry. The
crystallographic C, axis passes through Co(l) perpendicular to the plane
defined by Co(1l), C(1), C(1'), C(2), C(2"). -In_addition to the
crystallographic Co axls, the molecule contains tﬁo appfoximate mirror
planes whiéh are parallel to this axis and‘éontain Co(1), Co(2) and
Co(2'), and Co(l), Yb(i), and Yb(1l'), respectively. Thﬁs, the molecule
has sz symmetry in the conformation shown in‘the QRTEP diagram.

The averaged'Yb-C(CSMeS) distance is 2.590+0.0204, and is in the
range obsefved for trivalent ytterbium bound to CcMeg rings. The
presence of trivalent ytterbium is consistent with the observed
paramagnetism and magnetic properties. The tricobalt cluster is
therefore'é dianion containing 47 valence electrons. The tricobalt cofe
is nearly linear with the Co(Z);'Co(l),'Co(Z') angle being 176.5(1)°.
The three cobalt atoms are bridged by four CO groups, with each end of
the cobalt array capped by a ﬂe3SiC5HA ligand. The.four carbonyl oxygén
atoms palirwise chelate the two (CSMeS)ZYb groups.A The Co(1)-Co(2)
distance of 2.363A is similar to the distances found in (CgHg)»Co,(COY 5~
and (CSHS)ZCOZ(CO)2 for which Co-Co bond orders of 1.5 and 2 have been
proposed.za The atoms C(i), C(2),.C(1'), C(2') and Co(l) are planar to
within 0.015A. Thus the coordination geometry of Co(i) is six
coordiﬁate and planar. Co(2) and the centroid of the Me381C5H4 ring lie
0.08 and 0.19° from one side of the plane defined by C(1), C(2), C(l');
C(2') and Co(l) and 0(1), 0(2) and Yb lie 0.14, 0.08 and O.AA'from the
other side. The ytterbium atoms are pushed downward, relative to Figure
15, and the CgMes rings are tilted to allow the Me3Si groups to fit into
the structure. | |

The Co(1)-C(2), €(2,1) distances of 1.835(6) and 1.874(6)A are
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significantly longer than the Co(2)—C(l,2) distances of 1.778(6) and
1.792(6)A. The Co(l),C(i),O(l), and Co(1),C(2),0(2) angles are slightly .
larger than the Co(2),C(1),0(1) and Co(2),C(2),0(2) angles indicating a
tendency to distort toward a semi-bridged situation to relieve the
electronic inequivalence of the cobalt atoms. Further distortion is
prevented by the fact that the carbonyl oxygen atoms must coordinate to
the Yb atoms, and any fﬁrther enlargement of the Co(1),C(2),0(2) and
Co(1),C(1),0(1) angles would push the oxygen atoms away from Yb. It is
probable that the unequal.angles and distances obsefved within the -
tricobalt tetracarbonyl core are impoéed by the strong bonds formed

between the carbonyl oxygen atoms and the ytterbium atoms.

V.T. NMR Studies

Examination of the solid state structure reveals that because both
trimethylsilyl groups lie on the same side of the plane defined by the
metal atoms, all four CSMeS rings should not be chemically equivalent in

the lH NMR spectrum. Figure 16 is a line drawing with a view down the

\S|i/ \Sli/
Cp1/< : . |
' Yb \ / / Yb

Figure 16 /

Cp2

Cpt

vector defined by the three cobalt atoms. This drawing clearly shows
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that in this conformation thereiis no éymmetry element &hicﬁ will
interconvert Cpl and Cp2. There is a C, axis which will*intercoﬁvert
Cpl with Cpl'. 1If this conformation is Qbserved in solution, thenxtwo
resonances should be observed for the CSMe5 protons; At foom
temperature, only one resonance is observed in the 1H NMR spectrum of
t he compound 1ndicating tﬁat either the conformation in Figure 16 is not
. the conformation in solution, or that a'fluxional pfocess is oécu:ring
which causes the Cpl and Cp2 environment§ to become averagéd on the NMR
time scale.A

Cooling a solution of [(CSMeS)ZYb(III)u3—(OC)4Co3(Me3SiC5H4)2] and
observing its 1H NMR spectrum reveals that the lines shift and broéden
with lowered temperature as expected for a paramagnetic compound. In
addition, at -56°C the resonance assigned to the CgMeg protons splits
into two peaks of equal area which shift further apart when the sample
is cooled below -56°C. The“chémical shifts of these two resonances are
linear with respect to 'I‘—1 below their coalescence femperature.

Plotting the chemical.shift as a function of ™! in the slow exchange
portion of the spectrum, and extrapolating to the coalescence
temperature allows determination of the peak éeparation at coalescence
(see Figure 17 for a plot of 8v vs. 1/T). Using the Av measured in the
above manner and using the two site exchange equation, we find that the
A6* for the exchange process is 9.8 kcal/mole.

The most plausible mechanism for.thé observed température dependence
| of the NMR spectrum of the compound is that at high temperature rotation
- of the trimethylsilylcyclopentadienyl rings is fast on the NMR time
scale. Such rotation ﬁou}d caugse Cpl and Cp2 to have eqdivalent

chemical environments. As the temperature is lowered, the rotation
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Figure 17. Plot of & vs. 1/T for the Coalescence of the CcMes Protons

in [(CoMes),¥YB(III)],[(u3-0C),Co4(CsH SiMes),]
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slows down, and the conformation.in Fighre 16 is the one'wﬁiéh is
observed in the lH NMR spectrum. The calculated activation energy for
ring rotation is not unreasonably high given_tﬁe severe ste;ic
restrictions that the Me3Si'groups place on the molécule. 'Variable
temperature.lH NMR studies on the related compéund 
[(Cs,Mes)sz(III)]2[(u3—OC)ZCo3(Me3SiCSH4)2] reveal that dnly one
fesonance is observed for the CgMeg protons down to the lowest |
temperature observed (-90°C). Evidently, replacing the large Me 51
groups with léss sterically demanding CH, groups lowers the activation
energy for ring rotation enough so that the averaged conformation is the

one observed in solution even at ~90°C.

Chemical Reactivity and Solution Properties

One piece of data which appears inconsistént'with the observed
structure of the tricobalt molecule is the IR spectrﬁm. There is only
one v-CO band in cyclohexane solution, or in a Nujol mull. Even though
there are four cafbbnyl groups in the molecule, the spectra are not
inconsistent with the structure. If freelrotation of all the |
cyclopentadienyl rings in the compound is assumed, then fhe molecule has
D, symmetry (and certainly the Co3(CO)4 core has D, symmetry). Group
theory predicts that there should be two infrared active and two raman
active C-0 stretching frequencies. The two infrared active modes are
the Biﬁ and the BBu (1f the Co-Co vector is defined as the z-axis and
the CO vectors are parallel to the x-axis). Thg B3, 1s x-polarized and.
i1s observed because the axis of polarization coincides with fhe Cd

vector.A The,Blu,'though allowed, is weak to the po;nt of being
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unobserved because it is polarized perpendicular to the C=0 vector, and
the dipole moment change in that direction when the CO sfretches is sé
small that the absorption goes undetected.

The synthesis of these cobalt‘trimers is straightforward, with the
exception of the (CSMeS)Co derivative. Attempts to synthesize the
(CSMeS)C§ compound in pure form were unsuccessful, ylelding only a
‘mixture of [(CSMes)ZYb(III)]2[(u3-0C)4Co3(C5Me5)2] and (CgMeg),Co,p (-
C0)2. Small amounts of a third compound, which was identified as
[(MegCg),YB(III)] [Co(CO),] from its infrared spectrum, could also be
isolafed. Tﬁe isolation of the tetracarbonyl cobalt;te complex
suggested that perhaps a pathway existed between the [Co(CO)A] complex
énd t he trinucléar complex.

When the complex [(MesCs),Yb(III)][Co(CO),] 1s refluxed with an
excess of the . diene, Me3SiC5H5 in tolueﬁe, the only isolable product
- which is formed is [(CgMeg),YB(ITII)],[(1u3-0C),Co4(Me45iCcH, )], It
appears that the yield is virtually quantitative, with the exceés
ytterbium forming an insoluble black precipitate. When the same
rgaction was attempted with CgMecH and [(CSMeS)ZYb(III)][Co(CO)4], an
intfactable éiiy solid resulted. It appears that the_CSMes group is
jﬁst too bulky to form an isolable complex by either route.

The observation that Co(CO)a— is formed in the reaction between
(CgMe)Co(CO), and (CgMes),¥Yb'OEt, indicates that this reaction is
indeed Qery gsimilar to the reduction of (CSHS)Co(CO)Z complexes with
gsodium amalgam. When (CSHS)CO(CO)2 1s reduced using sodium amalgam,
NaCo(CO), is produced along with the radical anion [Na+][(CSH5)ZCoz(u2—
. CO)Z]A.248 When the analogous reaction is performed with CsﬁsRh(CO)z,

the products are NaRh(CO)A- and the 46 electron mono-anion
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Na(C5H5)2Rh3(C0)4, which has exacﬁly the same stoichiometfy.aé the 47 -
electron dianions discussed here.25 In all of these reductions, béth'a
CSHS ligand and CO ligands are lost from the traﬁsition metal center;
This seemingly disparate behavior can be easily ratioﬁalized since the
LUMO in CpCo(CO)Z is botb metal-CO and metal-cyélopéntadiényl
antibonding in nature. 20 Thus, reduction of (05H5)C0(CO)2 Qeakens both
fhe metal ring bonds as well as the metal CO bonds. Wﬁen sodium ﬁetal
is used as the reductant, the products which are formed are dépendent
upon the chemistry of the resultant transition metal fragments, so that
two different complexes are formed for Co or Rh. When (C5Me5)2Yb is
used as the reductant, the coofdination requirements of the ytterbium‘
fragmentvdeterﬁine the product of the reaction. It is the ability of
ytterbium to form strong metal.to oxygeﬁ bonds that drives this reaction
ﬁo the observgd products.

‘The presence of the odd coordination environment about the central
cobalt atom and the unpaired electrbn in this compOund suggests that
this compound might be reactive toward small molecules such as Hy and
CO. This is true ahd these complexes do react with molecular
hydrogen. The reaction between hydrogen and [(CSMeS)ZYb(iII)]Z[(u3;
0C),Co(Me4SiCcH,)] proceeds only slowly at 90°C, taking approximately
tw weeks to go to completion.' Most of the product of the reaction is a
black material which is insoluble in organic solvents. The other small"
fraction of product is the green cobalt dimer (CSMeS)ZCoz(uz—CO)Z. In
order to determine if.the complex was reacting with water in the
hydrogen gas, the complex was reacted with wétér.  The prodqcts of this
reaction are (MejSiCSHl‘)Co(CO)2 and the mixed ring dimer

(Me 3S1CgH, ) (CgMe g)Co,(1uy=CO),. Due to the small yield of metal
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containing product from these reactions, they were not studied in more
detail. Preliminary studies show that the compléx
[(CSMeS)ZYb(III)]Z[(C5H5)2Rh3(CO)4] reacts more rapidly with H, at room
temperature, but the products of the reaction have not yet been

characteri zed.

Coordination Complexes with. Transition Metal Carbonyl Complexes

The products formed by the reactiohs of (CSMes)sz’OEtz and
RCSHACO(CO)z show that novel complexes can result from the reduction of
18 electron mononuclear organometallic complexes. A variety of
mononuclear 18>e1ectron molecules_were reacted with (C5M35)2Yb'0Eté in
order to establish the criteria for such electron transfer reactions to
occur. The complexes discussed below are the best characterized
examples of'such reactions.

The co@plex (CSHS)Co(CO)ZYié easily reduced by (CgMeg),Yb"OEt,.
Substitution of one carboﬁyl grouﬁ on cobalt with phosphine ligands
should change both the reduction_potential of the metal, and the
basicity of the remaining CO ligand. It should be possible to change
the reduction potential of CpCo(CO)Z enough so that the complex cannot
be reduced by (CSMeS)sz’OEtZ. |
| Reaction of.(CSHS)Cq(CO)PPh3 with (C5Me5)2Yb'OEt2 occurs at 90°C in
toluene to givé a dark red complex which crystallizes from diethyl
ether, but will not redissolve in that solvent. The infrared spectrum
of this material indicates that it has Yb-0-C-Co interactions (there are
bands at 1665 and 1606 cm-l, see.Téble X) as well as terminal CO

- groups. The high percentage of carbon in the molecule indicates the
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presence of PPh3, but this might oniy be ah impurity. The 1H.NP;IR of the
complex is complicated and uninformative except to indicate that the
complex 1Is paramagnetic as judged by the shifts aﬁd line widths of thé
peaks. The characterization of this complex was not pﬁrsuedAfurther.

Reaction of (CsMes),Yb*OEt, with two equivalents of (CgHg)Co(CO)PMes
dpes not result in eléctron transfer to the cobalt complex. AThe compléx
is diamagnet1c and has the stoichiometry [(CSMeS)ZYb(Ilj][(u—OC)
(CSHS)CoPMe3]2. The infrared spectrum of this molecule as weli as some
other simple co&rdination complexes of divalent Yb are given in Table
(XIV). The thrge band pattern observed for this molecule can: be
rationalized by realizing that the complex dissolves in Nujol. The
spectrum is theﬁ consistent Qith the equilibrium shown in (5) below.
This explains the observation of free ¢pCo(CO)PMe3 as well as two other

species containing lowered CO stretches. Once again only

CpCo(CO)PMe
[(CoMes),YB(ID) ][ (u-0C) (CHg)CoPMesl, == = 4 (5)
Cp

(CsMes5),¥b «—0C~CoPMe4

one band is observed for the 2:1 complex because CO vibrational modes do
not strongly interact through the Yb-O bonds as was observed in the

molybdenum complexes previously discussed.



Table XIV. Infrared Spectra in the v-CO Region for Coordination Complexes of (CSMeS)ZYb(II).

Compound

[ (CMes),¥b(IT) ] [(1,-CO)CoPMe5(CsHs) 1,
[(CSMeS)ZYb(II)][MeCo(uZ-CO)(PMe3)3]

[(CgMeg)HYb(II) ] [(CgHgIMn(CO)4)

[(CgMes)YB(II)][(MeCgH, IMN(CO) 4]

Medium

Nujol
Nujol

Nujol

Nujol

Nujol

v=€0_(em™h)
1923m, 1866vs, 1837vs
1913s, 1833m. 1795vs
1900s, 1795s

2010vs, 1941vs, 1925ssh,
1905vs, 1883vs, 18S5S6vs

10108, 1954s, 1932vs, 1907m,

1870m, 1840sBr

v8
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In a similar fashion, HCo(CO)(PMe;)4 and'MeCo(CO)(PMe3)3 form 2:1
and 1:1 complexes with (CSMes)sz which are diamagnetic. Theif infrared
spectra in the vCO region are listed in Table (XIV)} These molecules’
are soluble in Nujol and the observation of the free complex argues for
‘equilibria such as that proposed for the (CSHS)Co(CO)PMe3 complex. Thé
31P NMR spectra §f these molecules are broad even at -80°C. The
broadness of the spectra are consistent with equilibria in solution such
as those proposed in eqn (5) and postulating that thevexchange is'rapid‘
even at -80°C. | |
As with the cobalt complexes discussed above, reaction of

(CgMe),YbOEt, with one equivalent of (RCgH,)Mn(CO), (R=H, Me) results
in the formation of a diamagnetic coordination complex of the |
stoichiometry [(CSHeS)ZYb(II)][(RCSHA)Mn(CO)3].- These complexes are
extremely air sensitive, and satisfactory elemental analyses and‘lH NMR
spectra have not been obtained for them. Thg infrared spectra are given
in Table (XIV) and each contain six bands in the v-CO region. It
appears that there are three bridging, and three terminal CO
stretches. These patterns can be accounted for if the equilibrium.shown
in eqn (6) below exists. The dimeric complex 8 has:essentially the same

structure as {[(CSMeS)sz(III)][(RC5H4)M0(CO)3]}2 only with

/< Yb 0 |

/ [

Mn \M/" —> 2 Ybe—OC—M '
c . “«— —-—Mn (6)

o’ \Yb/ D |

8.) ) ’ 9.)
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ytterbium(II), and Mn(I). This complex should have two bridging CO
stretches and one terminal stretch. Complex 9 should have one bridging
CO stretch, and two terminal stretches. An alternative explanation
would be that the compounds in eqn (6) are also in equilibrium with free
starting carbonyl complex giving a total of eight bands and four of them
are pairwise accidentally degenerate.

‘The results described here indicate that if the transition metal
center is too electron rich, or if its LUMO is too high in energy, then
no electron transfer from ytterﬁium will occur. When triﬁethylphosphine
1s substituted onto a metal center in place.of carbon monoxide the metal
center becomes more electron rich, and because of metal CO back bonding,
"the oxygens of the remaining CO groups-become more basic. The net
result is that complexes of this type are not reduced by
(CSMeS)ZYb‘OEtZ, but rather form simple coordination complexes with
(CgMeg),Yb"0Et,. The initial studies carried out here indicate that
coordiﬁétion to (CSMeS)ZYb does not drastically alter the chemistry of,
for example, MeCo(CO)(PMe3)3; It was hoped that coordination to the
ytterbium complex might induce methyl migration to the CO. This
reaction mode is not observed in the free complex, and these results
show that it does not occur when the complex is coordinated to
yttgrbium. Further reactivity studies are needed to find out if other
reaction chemistry'of such molecules is affected by coordination to
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Chapter 2

Reaction of Bis(pentamethylcyclopentadiegyl)ytterbiumIwith Organic

Molecules

Reactions with Heterocyclic Amines

The simple coordination chemistry of (CSMeS)ZYb'OEté wi;h various
hetero-atom donors has been dis;ussed in the Introduction. In Chapter 1
it was shown that transition-metal carbonyl complexes can be reduced by,
as well as.-form coordination complexes with, (CSMeS)ZYb(II). The
isolation of coordination complexes between (CsMeS)sz(II) and
transition-metal carbonyl complexes_indicatés that the coordination
chemistry of (CSMeS)ZYb(II) plays an important role in the electron-
transfer reactions. If the reduction potential of the coordinated
ligand is less negétive than that of (CSMeS)ZYb(II), then electron
transfer into the‘ligand ﬁill occur. In this chapter, reactions between
(CSMeS)ZYb‘OEtZ and various aromatic heterocyclic amines which result in
the formation of (CSMeS)sz(III)LL will be discussed, as will the
interaction between (CoMeg),M*OEt, (M=Eu, Yb) and the protic acid
phenylacetylene.

Reaction of 2,2'-bipyridine with either (CgMes),Eu(THF)(OEt,) or
(CSMeS)sz‘OEtz gives the complexes (MeSCS)ZM(bipy). The europium
complex is paramagnetic, and the magnetic susceptibility follows Curie

behavior from 5-60K with ueff=7.73B.M..l

This value is consistent with
a divalent europium ion with an 887/2 ground state. Divalent europium

is therefore not sufficiently reducing to reduce bipyridine. - This is
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expected since the reduction potential of Eu(III) in aqueous solution is
-0.35V.2, while that of 2.2'-bipyridine is measured at -2.1V.3 iﬁ non-
aqueous solvents. Coordination of bipy to a metal does change the
reduction potential of 2,2'-bipyridine to-—0.83V in [Ir(bipy)3]3+.4

The brown complex formed by reaction of (CSMeS)ZYb'OEtZ with bipy in
toluene is paramagnetic as judged by the line widths and shifts of its
1y wr spectrum (Table I).5 The ﬁagnetic moment in solution at 30°C is
2.4B.M., and the complex is also paramagnetié in the solid state (see
below). Since divalent ytterbium complexes are diamagnetic, it appears
that an electron has been transferred froﬁ ytterbium to bipyridine to
give a complex which is best formulated as [(CSMeS)ZYb(III)][bipya]. It
is reasénable to suggest t hat (CSMeS)ZYB'L could transfer an electron
into bipy since the oxidation petential of (CSMes)ZYb‘LZ (L=MeCN) in
_MeCN has. been estimated at +1.3V.6 |

In order to test thevproposalvthat the ytterbium complex is a
bipyridine radical iqn, a series of [(CSMeS)szbipy]+[X]- complexes were
synthesized so that a detailed structural comparison copld be made. The
COmplex‘[(CSMeS)sz(III)][bipy&] reacts with silver iodide to give the
brown complex [(CSMes)szbipy]+[I]-. This complex may be converted back
to [(CsMes),Yb(III)][bipy | by reaction with sodium amalgam in THF. -
Addition éf bipyridine to the trivalent complex (CsMeS)szCI'THF resﬁlts
in the red-brown salt [(CSMeS)szbipy]+[(CSMeS)szCIZ]—. This compound,
wﬁich crystallizes very nicely from dichloromethane, has been |
characterized by single crystal X-ray diffraction methéds(see below).
When two equivalents of [(CSMeS)ZYb(III)}[bipy&]-react with CoZ(CO)S,

t he compound [(CSMeS)szbipy]+[Co(CO)4]° results which unlike the |

compounds in Chapter 1, does not contain Yb-0-C-M interactions.
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Table I. lH MR Spectra of Some (CgMes),Yb(III) bipyrldine and

bipyrimidine Complexes-.

Compound

[(CsMeg),Yb(IID)] [bipy ]

[(CgMes),Ybbipy) [ (CMe5),YbC1,]™

.[(CSMeS)ZYb]Zbipm

Color

ly wr

Brown

Red

6-13.11(vy&=
= 9Hz, 30H);

64.11(v1/
825. 32(v1/

6—1 91(v1/
§1. 43(v1/
§3. 23(v1/
§15. 82(v1/
658. OO(vl/

8Hz, 2H):
41Hz, ZH)

38Hz, 2H);
44Hz, 30H):
79Hz, 30H);
30Hz, 2H);
38Hz, 2H)

6-4.10(v1/2= 61Hz, 30H);

§4.23 =
'668l5(22)1/2

103Hz, 2H):
284z, 1H)
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Since X-ray crystallography has been shown to be useful in
determining the oxidation state of ytterbium, a comparison of the
-erystal structures of the complexes (CSMeS)ZYb(py)2’7 (CSMeS)zYﬁbipy,
and [(CcMeg),Ybbipy)¥[(CsMes),¥bCl,]™ 1is in order. If the
(CgMeg),Ybbipy complex contains Yb(III) and bipy&, then the bond length
parameters for this complex should be significantly different from that
of a divalent eight coordinate ytterbium complex and similar to that of
a trivalent, eight-coordinate, ytterbium complex. The three complexes
are perfect for such a comparison since they have equivalent |
coordination numbers; and essentially identical coordination
environments. The only difference between them is the oxidation state
of the ytterbium atom.

An ORTEP diagram of (CsMes)szbipy is shown in Figure 1. The
molecule crystallizes in the orthorhombic crystal system in space group
?bca wifh_two independent molecules in the asymmetric unit. Both
molecules are chemically identical, and only a single ORTEP dréwing is
shown. Bond lengths for botﬁ molecules are found in Tables (II) and
v (I11), respectively. |

The avefaged Yb-C distance in (CsMes)szbipy is 2.62°+0.01A4, the
averaged Yb-ring centroid distance is 2.34A and the averaged Yb-N
distance 1is 2'32t0°01A', The averaged ring centroid-Yb-ring centroid
angle is 137°, while the averaged ring centroid-Yb-N angle is 107°. The
averaged N-Yb-N angle is 69.940.2°.

An ORTEP drawing of [(CSMeS)ZYbbipy]+[(CSMeS)ZYbCIZI- is shown in
Figure 2, and.a stereo view of the unit cell is shown in Figure 3. - The
bond lengths and angles are found Tables (IV) and (V), respectively.

Data collection parameters, crystal data, and positional and thermal
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Table II.

Yb1-C101
Yb1-C102
Yb1-C103
Yb1-C104
Yb1-C105
Yb1-CplO*
Ybl-Cl11
Ybl-C112
Ybl-C113
Ybl-Cl14
Yb1-C115
Ybl-Cpll*
Yb1-N11
Yb1-N12

* CplO and Cpll are the geometrical centroids of rings C101-Cl105 and

Bond Iengtﬁs (R) for [(CSMes)sz(III)][bipy;],'molecule 1

2.625(9)
2.621(8)
2.625(8)
2.623(8)
2.616(8)
2.343
2.640(7)
2.619(8)
2.631(7)
2.634(7)
2.647(7)
2.346
2.324(6)
2.318(5)

Cl11-Cl15, respectively.

N11-Cl21
N11-C125
Cl21-C122
C122-C123
C123-Cl124
C124-C125
C125-C126
C126-C127
Cl127-C128
C128-C129
C129-C130
N12-C126
N12-C130

1.361(9)
1.371(8)
1.403(10)
1.397(11)
1.365(10)
1.421(9)
1.436(9)
1.418(10)
1.394(11)
1.414(12)
1.407(11)
1.385(9)
1.360(9)
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Table III. Bond Lengths (A) for [(CSMes)sz(III)][bipy;], molecule 2

Yb2-C201
Yb2-C202
Yb2-C203
Yb2-C204
Yb2-C205
Yb2-Cp20*
Yb2-C211
Yb2-C212
Yb2-C213
Yb2-C214
Yb2-C215
Yb2-Cp21*
Yb2-N21
Yb2-N22

2.607(8)
2.602(8)
2.599(8)
2.635(9)
2.625(9)
2.339

2.597(9)
2.592(9)
2.612(8)
2.623(8)
2.606(8)
2.332

2.310(6)
2.324(6)

N21-C221
N21-C225
C221-C222
C222-C223
C223-C224
C224-C225
C225-C226
C226-C227
C227-C228
C228-C229
C229-C230
N22-C226
N22-C230

1.359(9)
1 1.383(9)

1.373(11)
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1.442(12)

1.387(11)
1.431(10)
1.433(9)

1.406(10)

1 403(11)

1.429(12)
1.409(11)
1.394(9)
1.351(9)

* Cp20 and Cp2l are the geometrical centroids of rings C201-C205 and
C211-C215 respectively.



Figure 2. ORTEP of [(CsMeg),Ybbipy]¥[(CgMes),¥bCl,]

XBL 847-3162

XBL 847-3)63
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Figure 3. ORTEP Packing Diagram of [(C3Me5)2Ybbipy]+[(CSMeS)ZYbCIZJ-.




Table 1IV.

Yb1-C1(1)
Yb1-C1(2)
Yb1-Cl
Ybl-C2
Yb1-C3
Yb1-Cé4
Ybl-C5
Ybl-Cl1
Yb1-Ci2
Yb1-Cl13
Ybl-Cl4
Yb1-Cl5
Ybl-Cl11
Ybl-Cl12
Yb2-N1
Yb2-N2
Yb2-C21
Yb2-C22
Yb2-C23
Yb2-C24
Yb2-C25

Selected Bond Lengths (A) for [(CSMeS)ZYbbipy]

2.573(1)
2.560(1)
2.612(3)
2.631(4)
2.689(4)
2.672(3)
2.612(3)
2.663(3)
2.665(3)
2.667(4)
2.647(4)
2.642(3)
2.358
2.371
2.363(3)
2.381(3)
2.582(3)
2.602(3)
2.592(3)
- 2.614(3)
2.601(3)

Yb2-C31
Yb2-C32
Yb2-C33
Yb2-C34
Yb2-C35
Yb2~C113
Yb2-Cl14
N1-C55
N1-C59
N2-C50
N2-C54
C50-C51
C51-C52
C52-C53
C53-C54
C54-C55
C55-C56
C56-C57
C57-C58
C58-C59

2.592(4)
2.591(3)
2.588(4)
2.592(4)
2.587(4)
2.302

2.300

1.347(4)
1.342(4)
1.336(4)
1.340(4)
1.369(5)
1.366(6)
1.378(5)
1.389(5)
1.492(4)
1.381(5)
1.383(5)
1.374(5)
1.371(5)
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Table V. Selected Bond Angles (deg) for [(CgMeg),Ybbipyl®

C1(1)-Ybl-C1(2)
C1(1)-Ybl-Cll11l
Cl1(1)-Ybl-C112
C1(2)-Ybl-Cl11
C1(2)-Ybl-Cl12
.C111-Ybl-Cl12
N1-Yb2-N2
N1-Yb2-Ci13
N1-Yb2-Cl14
N2-Yb2-Cl113
N2-Yb2-Cl14
C113-Yb2-Cl14
C55-N1-C59
C50-N2-C54

97.25(3)
104.61
103.42
103.78
105.12~
135.93

68.96(9)
106.46
105.54
106.36
104.74
141.48
117.9(3)
118.1(3)

N2-C50-C51

C50-C51-C52
C51-C52-C53
C52-C53-C54

© C53-C54-C55

€53-C54-N2
C55-C54-N2
N1-C55-C54
N1-C55-C56
€54-C55-C56
€55-C56-C57
C56-C57-C58
€57-C58-C59
C58-C59-N1

123.5(4)
118.4(4)
119.6(4)
118.8(4)

121.8(3)

121.6(3)
116.5(3)
116.0(3)
121.7(3)
122.3(3)
119.3(3)
119.1(3)
118.5(3)
123.3(3)
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parameters can be found in the Experimental Section and Appendix (D),
respectively. The molecule crystallizes in the triclinic erystal system
in space group PI. The cations and anions are well separated in the
crystal lattice. The shortest contacts between the ions are between
C1(1) and C(53), C1(2) and C(57), C1l(2) and C(58) (see Figure 3) at
3.526(4), 3.545(4) and 3.537(4)A. Even though the contacts between
anion and cation are not exceptionally short, the complex dissolves in
acetonitrile asvessentially a contact ion-pair since the equivaleﬁt
conductance in that solvent is llﬂ—lcmzmol—l. The equivalent
conductance of a 1:1 electrolyte in CH5CN lies between4120'and 1609-1

em’mo1” 1.8

The observed value of R 1s therefore inconsistent with the
complex being ionized in CH4CN.

The averaged Yb-C distance in the cation is 2.594+0.006A, the
averaged Yb-ring centroid distance is 2.30A, and the averaged Yb-N
distance is 2.372+0.005A. The ring centroid-Yb-ring centroid angle is
141.5° and the N-Yb-N ahgle is 68.96(9)°. The averaged Yb-C bond length
in the anion is 2.650+0.023A and the avéraged Yb-ring centriod distance
is 2.33A. The averaged Yb-Cl distance is 2.567+0.004A. The ring
centroid-Yb—ring centroid angle is 135.9° and the Cl-Xb-Cl angle is
97.25(3)°. fhe Yb~C and Yb-Cl distances in the anion portion of the
structure are identical to those found in (CsMeS)ZYbC1(n1-dmpm)9 at
2.65+0.03 and 2.532(3)A; respectively. The Yb-C distance in the anion
" portion of thé structure is ionger than that found in the cation by
0.06A, but is probably not statistically significant.

Table (V1) contains a listing of bond lengths and magnetic
suséeptibility data for a number of di- and trivalent (CSHeS)sz

complexes. The first two complexes are divalent and seven coordinate.



Table VI. Some Physical Properties of (CsMeg),Yb(L), Complexes

Compound

(CSMeS)ZYb(THF)
| (CSMe.S ) sz( PY) 2

(CSMeS)sz(SZCNEtZ)

(CSMeS)sz(THF)[0CCO(CO)3]’

((CSMeS)sz]2Fe3(CO)ll

[(CSMeS)ZYb]ZIMn(CO)Slz

(CSHeS)ZYb(bipy)
[(CgMeg),Yh(bipy)]*

[(CsMeg),¥bCL, )™

Averaged
Yb-(CgMes)
Distance, A

2.69+0.02
2.66£0.02
2.7410.02
2.630.02
2.59610. 002
2.5740.01

2.5740.01

2.6210.01
2.59440.006

2.65+0.03

Magnetic Suscept.

per Yb Atom,

Hg(K)

diamagnetic
diamagnetic
diamagnetic
3.39(5-55)
4,1(303)
3.91(4-60)

3.57(5-20)
4.24(80-300)

2.4(303)

'3.81(5-25)

4.99(90-300)

References

10

11
12
13

14

this work
this work

this work
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The third complex (CgMeg),Yb(py), is divalent and eight coordinate. The

~averaged Yb—-C bond 1ehgths are the same in éll three of these complexes
if the difference coordinatiop numbers are taken into acc0unt.15 The
remaining complexes in Table (VI) contain trivalent ytterbium in eight
coordination.w The avéraged Yb-C distances in these complexes rangelfrom

2.57 to 2.63A. This value 1is shorter thaﬁ that found in (CgMeg),¥Yb(py), .
by 0.17 to 0.11A. This difference.is statistically significant, and is
expected since Shannon suggests that Yb(II) is 0.16A larger than
¥b(111).12

| The fact that the gveraged Yb-C distance for [(CSMeS)ZYb(III)]
[bipyi] 1s in the range found for Yb(III)-C ring distances is consistent
with its assignment as a radical anion-Yb(III) complex. Fufthermore,
the average YS-N distance iﬁ [(CSMeS)sz(III)]IbipyL] is also consistent
with the assignment of this complex as a'Yb(IIi)—bipy radical anion
complex. Thus, the conclusion that Yb(III) is present in this complex

_ is inescapable. |

If the bipy ligand in [(CSMes)ZYb(III)][bipyzl is a radical anion,

- then there should be distortions in the bonding within the bipy ring
relative to free bipy. The C-C and C-N bond lengths in free bipy,
[(CsMeS)szbipy]f[(CSMeS)ZYbCIZI-, and [(CSMeS)ZYb(III)][bipy:] are
found in Table.(VII). Cogparison of the C-C and C-N bond-iengths in

"free bipy and [(CSMeS)ZYbbipy]+[(CSMeS)ZYbCIZI‘ shows that bipy is not
distorted when it coordinates to‘(CSMeS)ZYb;. When bipy coordinates fo
Cp,Ti, the LUMO of bipy is the B,(m*) molecular orbital which is shown .

in (I) belqw.16 Since Cp,Ti and (CSMeS)ZYb have the same symmetry,



- 5
Table VII. Carbon-Carbon and Carbon—Nitrogeh Bond Lengths (A) in Bipyridines?
: 2-3 3-4 4-5 | 5-6 ~ 2-N 6-N
Compound 2-2' . 2'-3" 3'-4 4'-5" 5'-6" 2'-N 6'-N
bipyb 1.490(3) 1.394(2) 1.385(2) 1.384(3) 1.384(2) 1.346(2) 1.341(2)
[(CoMeg),Yh(bipy)* 1.492(2) 1.389(5) 1.378(5) 1.366(6) 1.369(5) 1.343(4) 1.339(4)
[(CSMeS)ZYh(III)][bipyL] ‘ 1.434(2) 1.419(7) 1.387(11) 1.421(15) 1.398(13) 1.383(9) 1.358(4)

a.) The value in parentheses fs the averaged deviation from the mean value, when more than one value is
averaged, and is the esd for a single value.

h.) Reference 21.

Lol
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the LIMO of bipy in [(CsMe),Yb(II1)]}[bipy’] should have the same
symmetry. |

When coordinated bipy is feduced, the extra electron will reside in
the MO shown in (I). Relative to free bipy, the following bonds should
lengthen: C(2,2')-C(3,3'), C(4,4')-C(5,5'), C(5,5')-C(6,6') and N ,N'-
C(2,2'), and the following bonds should contract: C(2)-C(2'), C(2,2')--
C(3,3'), and N,N'~C(6,6'). Examination of Table (VII) reveals that this
prediction’does not quite hold. The bonds which are supposed to stretch
do indeed stregch, but within fhe rings the bonds which should shrink
remain essentially the same. The bond which should show the.most,change
in length, the C(2)-C(2') bond, (which goes from a pure spz-sp2 single
bond to one which has much more double bond character) shows a dramatic
contraction._ This dramatic change in bond length shows unequivocally

-that [(CSMeS)ZYb(III)][bipy&] does indeed have a bipy radical anion.

It has been shown that the bipyridine radical anion has a diagnostic-
optical spectrum as would be expected for a species in which the odd
electron is located in é n* molecular orbital. Table (VIII) lists thé
absorption maxima (Amax) for a geries of ytterbium(I1I) complexes with

17

CSMe5 groups, and that of the sodium bipyridine radical anion’’ in the

vigible and near infrared region.
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Table VIII. Optical Spectra of Some Bipyridine Compounds

Compound | Apax in nm (e in 1mo1™! em™1)

(CsMe ), YBCL(THF) 535(174) . 885(10), 902(10), 913(12),

inCH,C1, 958(49), 987(33), 1006(44)

[(CoMe )2Yb(bipy)][I] 882(7), 899(10), 905(12), 926(11),

in CH,215 945(14), 950(27), 955(41), 978(42),
1004(201), 1022(7), 1032(9)

[(CSMeS)ZYb(bipy)] 876(12), 895(12), 900(12), 904(15),

, 912(10)
[(Cgtes);vbc1,) 927(14), 945(20), 950(36), 956(54),
n GH, 012 | 962(55), 966(78). 977(54), 986(36),

1005(192), 1022(18), 1032(10)

(CsMe ), Tb(bipy)? 385(8.98), 475(4.79), 505(5.71),

in toluene 800(2.37), 855(2.63). 890(2.96),
1020(0.88) »

Nabipy? | ' 386(29.5), 532(6.2), 5.62(6.5),

v in THF . 752(101). 833(1.5)' and 952(103)

a.) e x 1073 in 1 mol”! cml.

b.) vRefgrence 17.
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"In the region from 700 to 1100nm, the Yb(III) complexes have many
sharp weak absérptions due to f-f transitions. fhe Na+BipyL complex has
three broad intense (1500>e>1100) absorptions at 752, 833 and 952nm, |
respectively. The spectrﬁm of [(CSMeS)ZYb(III)][bipy=] is similar to
that of Nabipy in this region, as it shows strong bands at 800, 855 and
890nm (2960>¢>2370), respectively. The similarity of the rest of the
spectra of these tﬁo complexes 1s more évidence for the presence of a
bipy radical—anion‘in the ytterbium complex.

The infrared spectrum is also diagnostic of bipyridine radical
anions since they have a strong abgorption at 950-—980cm-1 due to ring
deformations.!® The fnfrared spectrum of [(CSMeS)ZYB(III)]Ibipyzl

contains a very strong band at 947cm™ !

and this region has no
absorptions in [(CSMeS)szbipy]+[(CSMéS)ZYbCIZ]-. “Thus the infrared
speéfral data are also consistent with the presence of a bipy r#dical
anion in [(CgMes),¥Yb(IID)] [bipy ]. -

‘The magnetic susceptibility and magnetic resonance (EPR, NMR)
behaQior of [(CsMes)sz(III)][bipy;] is neither trivial nor
quaﬁtitatively explaiﬁable. Figure 4 shows a plot of l/xM vs. T for the
complex [(CSMes)szbipy]+[(CSMeS)ZYbCIZ]-. IIhis complex follows Curie-
Weiss behavior from 5-25K [K =Cy(T-8)"!] with Cy=1.817(21), and 6=-

1 0.86(18)K and u_¢¢=3.81(7)B.M. and from 90-300K with Cy=3.113(6); 6=-
35.98(44) and ueff=4.990(5)B.M., and is typical of trivalent
yttetbium; A plot of 1/yy vs. T is given for [(CSMes)ZYb(III)][bipyL]
in Figure 5. The curve is not linear with temperature, and is
suggestive of antiferromagnetic coupling at low temperature though the

Neel temperature has not been reached. No attempt.has been made at

fitting the observed cﬁrve to a coupling model to extract the coupling-
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Figure 4. Plot of 1/x vs. T for [(CSMeS)ZYbbipyﬁ[(CSMES)ZYBC]‘Z]—
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Figufe 5. Plot of 1/xy vs. T for [(CSMeS)ZYb(III)][bipy-]
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constant, J. Any reasonable model would require coupling a spin oflb
(the electron on bipy ) with the electron on Yb which has 2F7/2'ground'
state, and which interacts in an unknown fashiqn with a thermdlly .
accessable first crystal field excited st_ate.19 Thus, any reasonable
model would preserit a major calculational préblem.. The fact that tﬁe
ordering temperature is not reached until below SK means that the energy
of interaction is on the order of a‘few'cm'l.

The.IH NMR and EPR data support the contention that the electrons on
Yb(III) and on bipy& are weakly coupled. Normally. the electrons in
.organic radicals relax siowly (slow TZe) alléwing rodm'temperature
bbserva;ion of the EPR spectrum. The slow relaxation of electrons in
organic radicals cauées fast relaxation of magnetic nuclei (larger TZH)
which broadens the 1H NMR spectra tovthe point of being unobservable. |
The opposite 1s true of unpaired electfons on lanthani&e ions. . The
large spin-orbit coupling in lanthanides causes their Tze's to be fast
making EPR unobservable at room temperature because of line
broadening.. This in turn causes slower IH relaxation which causes
broadened, but observable 1H NMR spectra,20

The observation of_lﬂ NMR proton resonances on bipy in
[(CSMeS)ZYb(III)][bipyL] suggests that this radical is not a typical
organic radical, it behaves more like an electron on YS(III). The EPR
spectrum of [(CSMeS)ZYb(III)][bipyL] is observable only at temperatures
of less than 10K (with a g value of 2.0007), at low microwa?e powers.
This sort of EPR behavior is atypical of an organic radical, and more
nearly like that of a lanthanide ion. Qualitatively, these observations

can be explained if the unpaired electron on Yb is coupling to the

unpaired electron on bipy, causing the relaxation time of the bipy



110
electron to decrease dramatically. This allows the observation.of the

Iy NMR spectrum and makes the EPR signal prone to saturation at high
microwave powers.

It is unfortunate that the interesting electronic properties of the
[(CSMeS)ZYb(III)][bipyLI complex cannot be explained more
quantitatively. The mechanism of interaction between the radical on
bipy and the unpaired electron on ytterbium would seem to indicate that
there is some covalent interaction between the two species. Whatever
the nature of the interaction betéeen'the two electrons in
[(CSMes)sz(III)][bipy;], it is not sufficient to have any type of
radical species attached to Yb(III) to see suchvinteractions. Recall
that the complex [(CsMeS)ZYb(III)][(u3-0C)ACo3(C5R5)2]-contains a 47
electron trinuclear cobalt radical; This complex shows magnetic
behavior consistent with no interaction between the electrons on the
ytterbium atoms and the radical on the trinuclear cobalt species. The
relative energies ﬁfvthe ytterbium(III) electron and fhe unpaired‘
electron on the ligand must be similar for coupling to be important.

The observation that (CSMeS)ZYb'OEtZ reduces 2,2'-bipyridine to give
a Yb(III)(bipy&) complex suggests that other Iigands such as -
bipyrimidine (see II below) might #lso undergo electron tfansfer in a
similar fashion. Since 2,2'-bipyrimidine(bipm) can potentially
coordinéte to two Yb atoms, it is conceivable'that two electrons (one

from each divalent Yb) could be transferred into the ligand. Such
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I1

a material might have interesting electronic andvmagnetic.properties.

The complex, (CSMeS)ZYb‘OEtZ, reacts.with either one or one-half an
equivalent of bipm to give the dark purple complex [(C5Me5)2Yb]2bipm in
which the bipm group chelates a pair of (CSMes)ZYb groups.> The cémplex
is paramagnetic as judged by its'lﬂ NMR spectrum (see Table I). ‘The |
parentvién isotopic distribution in thé mass spectrum of the complex can
be simulated, and a comparison of thg calculated vs. observed peak
intensities is given in Table(IX). The fact that the complex is
paramagnetic suggests that, as in the case of bipy, at least one
electron has been transferred into tﬁe bipm ligand.

The magnetic ﬁuSceptibility of the solid complex reveals Some
interesting behavior. A plot of Xy vs. T for the»comblex
[(CSMeS)ZYbIZbipm is shown in Figure 6. There is a maximum-in this
curve at ca. 12K, and the uncorrected Yo £ of the complex approache§
5.97B.M. at 300°K. At temperatures below 12K the cdmpléx becomes
diamagnetic. This behavior is consistent with antiferromagnetic.
coupling between the unpaired spins in ;he molecule. The value of Hagf
at high temperatures (5.97B.M.) is just theISum of the~uéff f@r one

Yb(III) 4on (ca. 4.30B.M.) and a free electron (1.73B.M.). This
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Table IX. Observed and Simulated Parent Ion Manifold in the Mass
Spectrum of [(CSMeS)szJZ[bipm]

Obs. Rel. Peak Calc. Rel. Peak
Mass (amu) Intensity(%) Intensity(%)

1039 3.90 3.56
1040 15.3 . 14.22
1041 33.7 - 33.2
1042 57.5 56.8

1043 ' 83.6 84.1

1044 100 100

1045 92.6 93.0
1046 : 92.5 93.6

1047 54.9 54.3
1048 46.6 ' _ 46.5

1049 _ 20.1 14.5
1050 10.9 10.6

1051 4.00 3.95
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suggests that there has been only one electron transferred into bipm,
and that the complex is best described as a mixed valence complex
Yb(IiI)(bipm&)Yb(II). The observed antiferromagnetic coupling is
consistent with magnetic interaction between the Yb(III) ion and the
radical on bipm. The 1H NMR spectrum at room temperature has only one
type 6f CSMeS environment which indicates that any electronic
interaction that is occurring occurs fast on the NMR timescale at this
temperature.

Simulation of the exﬁerimentai Xy Vs T curve for [(CSMeS)sz]Zbipm
has not béen attempted since once again it requires coupling of the bipm

19 1n the

radical S -ryéto the Yb(II1) with a 2F7/2 ground state.
simplest view of the interaction, the high temperature magnetic
susceptibility is due to the situation drawn in III. There are two

spins which do not interact, one on Yb and one on bipm. At low

vtemperature, they interact and pair as in IV. Needless to say, this

Yb bipm  Yb

111 Iv

i8 an extremely simple explanation, but quantitatively gives an idea of
what 1s happening. The observation ofra Neél point in the curve lends
credibility to the assignment of the magnetic i{nteraction as

antiferromagnetic coupling. The fact that the Neél temperature is only

o%
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12K suggests that the interactibn, thohgh stronger than thét in
(CSMeS)ZYb(III)[bipy&], is still rather weak; and is probably on the
order of 10 to 20cm™l.

Since structural studies had been helpful in characterizing
[(CSMeS)ZYb(III)][bipy&], a single crystal X-fay crystallographic study
was carried out on [(CSMes)szlzbipm. The molecule crysfallizes in the
triclinic space group P with two molecules in the ﬁnit cell along with
- two toluene molecules of crystallization. Theré are two 1ﬁdependént
half molecuies in an asymmetric unit. All of the pentamethyl-
cyclopentadienyl rings are two fold disordered, as is the toluene
molecule. The two independent half molecules ére chemically
equivalent.. Figure 7 is an ORTEP drawing of one of the molecules.
Initially, the coordination about ﬁhe Yb atom, and the bond lengths
within the bipm_rihgs will be discussed. This will be foliOWEd by a
discussion of how the disorder was modeled, and how the disorder relates
to the structure.

Tables (X) and (XI) contain a listing of bond lengths and angles for
. the complex. Tﬁe data collection parameters can be found in the
Experimental Section, and the thermal and poéitional parameters ére in
Appendix (I). An X-ray structure determination of free‘bipyrimidine was
also performed. A high angle (26=55°) low temperature (—105°C5 data set
was used to solve tﬁe crystal structure of bipm in order fo reduce the-
errors in thg measured bond lengths and angles. An ORTEP dfawing qf
bipm is given in Figu:e 8, and the bond lengths and angles are found in
fable (X11). The data collection parameters a;e.found in the |
Experimental Section, while the positional and thermal pér#meteré are

found 1n Appendix (I).






Table X. Selected Bond Lengths (A) for [(CSMeS)sz]Z[bipm;]

Yb1-C10
Ybl-Cl1
Ybl-Cl2
Ybl-C13
Ybl-Cl4
Ybl-Cpl
Yb1-C20
~ Ybl-C21
© Ybl-C22
Yb1-C23
Ybl-C24
Ybl-Cp2
Yb1-C201
Ybl-C211
Yb1-C221
Ybl1-C231

Yb1-C241

Ybl-Cp21l
Yb2-C30 "
- Yb2-C31
Yb2-C32
Yb2-C33
- Yb2-C34
Yb2-Cp3
Yb2-C40
Yb2-C41
Yb2-C42
Yb2-C43
Yb2-C44
Yb2-Cpé

2.614(4)
2.576(4)
2.601(5)
2.598(5)
2.620(4)
2.314
2.632(7)
2.601(7)
2.581(8)
2.615(7)
2.611(8)
2.312
2.626(8)
2.663(9)
2.661(9)
2.631(7)
2.658(7)
2.357
2.695(12)
2.671(10) .
2.658(9)
2.702(7)
2.699(8)
2.398
2.689(9)
2.704(8)
2.663(8)
2.692(9)
2.695(11)
2.402

Yb2-C301
Yb2-C311
Yb2-C321
Yb2-C331
Yb2-C341
Yb2-C31

Yb2-C401

Yb2-C411

Yb2-C421
Yb2-C431
Yb2-C441
Yb2-Cp4l
Ybl-N1
Ybl-N2
Yb2-N3
Yb2-N4
Cl1-N1

Cl1-C2

c2-C3
C3-N2
C4-N1
C4=N2
C4~Ch
C5-N4
c5-C6
c6-C7
C7-N3
C8-N3
C8-N4
c8-C8

2.556(12)
2.572(9)
2.596(8)
2.592(8)
2.548(8)
2.271

-+ 2.565(9)

2.614(7)
2.610(8)
2.585(8)
2.575(10)
2.291
2.333(3)
2.326(3)
2.321(3)

-2.334(3)

1.295(5) .
1.420(6)
1.413(6)
1.315(5)
1.426(5)
1.431(5)
1.360(7)

1.317(5)

1.395(7)
1.387(7)
1.325(6)
1.425(5)
1.407(5)
1.358(8)
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Table XI. Selected Bond Angles (deg) for [(CSMeS)ZYb]z[bipm;]

N1-Ybl-N2
N1-Ybl-Cpl
N1-Ybl-Cp2
N1-Yb]l-Cp21l
N2-Ybl-Cpl
N2-Yb1-Cp2
N2-Ybl-Cp2l
Cpl-Ybl-Cp2
Cpl-Ybl-Cp21l
" N3-Yb2-N4
N3-Yb2-Cp3
N3-Yb2-Cpé
N3-Yb2-Cp31
N3-Yb2-Cpsl
N4-Yb2-Cp3
N4-Yb2-Cpé
N4-Yb2-Cp3l
N4-Yb2-Cpsl

72.85(10)

107.3
106.0
106.5
106.6
105.2
107.3
139.2
137.5

72.7(11)

109.9
105.9
104.4
106.1
104.9
103.9
- 109.9
107.3

Cp3-Yb2-Cph
Cp31-Yb2-Cp41l
C4-N1-Cl
N1-Cl-C2
C1-C2-C3
C2-C3-N2
C3-N2-Cé
N2-C4-N1
N2~C4~Cé
N1-C4—Cé
C8-N4—C5
N4~-C5-C6
€5-C6-C7
C6-C7-N3
C7-N3-C8
N3-C8-N4
N3-C8-C8
N4-C8-C8

139.2

137.3

117.5(3)
124.7(4)
115.5(4)
123.8(4)
117.5(3)
121.0(3)
118.8(4)

120.2(4)

117.8(3)
124.1(4)
116.0(4)
124.3(4)
117.1(4)
120.7(3)
119.0(5)
120.3(4)
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Figure 8. ORTEP of 2,2'-bipyrimidine
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Table XII. Bond Angles (deg) and Lengths (A) for bipyrimidine.

N1-C1-N2
N1-Cl-Cl'
N2-C1-Cl'
Cl1-N1-C2
Cl-N2-C4

N1-C2-C3

C2-C3-C4
N2-C4-C3
N1-C2-H2
C3-C2-H2
C2-C3-H3
C4-C3-H3
N2-C4-H4
C3-C4-H4

126.18(6)
116.95(7)
116.87(8)
115.89(6)
115.64(7)
123.16(7)
115.94(7)
123.19(7)
115.8(6)

120.9(6)

120.6(6)

123.5(6)

117.1(5)
119.7(5)

N1-Cl
N1-C2
N2-C1
N2-C4
ci-Cc1'
Cc3-C2
C3-C4
C2-H2
C3-H3
C4-H4

1.336(1)
1.336(1)
1.335(1)
1.341(1)
1.501(1)
1.373(1)
1.374(1)
0.950(10)
0.941(10)
1.008(9)
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The bipyrimidine complex consists of twb (CSMgS)ZYb groubs wﬁich are
bridged by a molecule of bipm. The coordination about Yb 1is pseudo~.
tetrahedral with the centroid of each CsMeg ring occupying one vertex,
and two N atoms of the bipm group occupying the other vertices; The Yb-
N averaged distgnée 1s 2.3281+0.0064& which is similar to that found in
[(CSMeS)sz(III)][bipy&]. Figure 9 shows a comparison of c-C ;nd C-N
bond lengths in free bipm and the Yb complex, as well as.the amount.a
given bond has-changed in going ffom the free ligand to the comﬁlex. It
is obvious that tﬁere are large distortions in the C-C and C-N bond
lengths within bipm when the free ligand is compared wifh the complex.
These distortions range froﬁ just on the edge of statistical
significance to a.change of many o for the C-C bridgehead bond.

The distortions of the C-C and C-N b§nds, which are caused by
transfer of an electron into the biﬁm'ligand,'indicate that the w* MO of
bipm which accepts the electron hés_the topology shown in V (below).

When an MO such as this one (thevBlu under Dy, symmetry)

is populated, the N(1,2)-C(2,4) and C(1)-C(1') distances should get
shorter and the C(1)-N(1,2) and C(3)-C(4,2) distances should léngthen.

This is exactly the distortion of the bipm rings which 1sfobserved in
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Figure 9. Comparison of Intra~ring C-C and C-N Bond Lengths in Free

bipm and the Complex [(CgMeg),Yb],bipm

Ci—N, N—GC,
VAR
3 /1— 1 /3,
\CE“‘N1 \sz——04

Bond Yb(Complex) Free Bipm (Complex - Bipm)

N1-C1 1.416(10) 1.336(1) 0.080
N2-C1 1.428(3)  1.335(1) 0.093
N2-C4 1.306(11) 1.341(1) ~0.035
N1-C2 1.320(5) 1.336(1) ~0.016
c2-C3 1.407(12) 1.373(1) 0.034
ca-ca 1.400(13) 1.374(1) 0.022

ci-Cc1 1.359(1) 1.501(1) - -0.142
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[(C5Me5)2Yb]2bipm, and is consistent'with the proposal that the bipm
ligand has been reduced, and that the unpaired eleétron resides in thé
By, ™ orbital. |

The disorder in the CsMe g rings, which are bound to Yb in the
complex, was discovered during refinement of the sﬁructure when -
difference Fourier syntheses revealed ten peaks of equal size éssociated
with.CSMeS methyl groups rather than five. The ring carbén atoms coﬁld
not be resolved from one another. The disorder was modeled by
constrained isotrépic refinement of the CSMeS rings. The positions of
both sets of ring carbon atoms for each disbrdered CgMes ring were
calculated from the position of their associated methyl groups. The c-C
and C-Me distances were fixed at 1.420 and 1.500A4, respectively. The

and C

C C -Me angles were fixed at 108 and 126°,

:ihg'cring-cring ring ‘ring’

respectively. These isotropic bodies were then refined. - This strategy
was used to model the disorder of both rings bound to Yb2 and one ring
bdund to Ybl; One ring on Ybl could not be modeled in thé above fashion
because the methyl groups could not be resolved ffom one another. When
this ring was removéd‘from the structure, and a difference Fourier
calculated, seven peaks were observed in the area df the missing ring
having roughly equal heights. Only two of the five methyl gréups could
be resolved into their respective components in this manner. There ;as
also a large spread (2.55-2.75A) in the distances of the ring carbon
atoms to the Yb atom. This suggests that the ring is pfobably
disordered in a fashionvsuch that the two components eclipse one
another, with onevcomponent beihg cioser to the metal than the other, as
was found in the other CSMeS rings. |

The averéged Yb-C bond lengths are given in Table (XIII). These

ring



Table XIII.

[CqMes),¥b], [bipm ). (R)3>b

Ybl-C10-14(ave) 2.602(17) . Yb2-C30-34(ave)

Yb1-C20-24(ave) 2.608(19)

Yb2-C301-304(ave)

Yb1-C201-241(ave) 2.648(18) Yb2-C40-44(ave)

Yb2-C401-441(ave)

Ytterbium to Ring_Carbon Atom Averaged Bond Lengths for

2.685(19)
2.573(21)
2.689(15)
2.590(21)

a.)

b.)

The bracketed numbers represent the standard deviation of the

average of the five lengths.

C20-24 and C201-204 are the two half occupancy components of a

single disordered CSMe5 ring, as are C30-34, C301-341 and C40-44,
C401-441.

124
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averaged bond lengths fall into two ranges, either from 2.57 to 2;66ﬂ or
2.65 to 2.69A. The atom numberingvsySCem of the ring§ is such tﬁat, for
example, C(30)-C(34) and C(301)-C(341) are half occupaﬁcy_tings on the
same side of Yb2. Thus, it appears that half of the time the Yb sites
1n.the crystal are.o¢cupied by Yb atoms which have.piﬁgs which are 2.68A
frém the Yb atom, and the other half of the time they are occupied by. Yb
atoms which have rings that are 2.59A away. This suggests tﬁatrthere
are Yb(II) and Yb(III) ions occupying any given Yb sitelin the
crystal. ‘The complei is therefore in a trapped valence electronic
configuration as observed by X-ray diffraction in the solid state.

It has been demonstrated that the complex (CSMes)sz'OEtz is a
strong enough reduccént to reduce the ligands bipy and bipm.
Furthermore, these complexes have interestiﬁg magnetic and electronic
_ﬁroperties. ‘Unfortunately, the theory of the elgctronic structure of
' laﬁthanide ions cannot be used to raEionalizé this behavior in a simple
fashion. The observation that (C5Me5)2Yb reduces bipy and (CSMeS)ZEu ‘
does not reduce bipy is consistent with the reauction potentials of
Yb(III) and Eu(III) whicﬁ were discussed in the Introduction.? There
should be other reactions in which these two compleies will exhibit
differing electron transfer behavior. One such reaction is the‘reaction

with the protic acid H-C=C-Ph.

Reactions with Phenyl Acetylene

When (CSMeS)ZYb'OECZ is mixed with one eqﬁivalent of H-C=C-Ph, a red
crystalline material is isolated which is paramagnetic as judged by the

line widths and chemical shifts in the 1y NMR spectrum. The integrated
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intensity of the 1H NMR peaks indicate that there is a 1:1 ratio’of
CSMe5 and phenyl rings in the complex. The complex cannot have the
stoichiometry (CSMeS)Yb(CEC-Ph) and be paramagnetic since Yb(II)
complexes are diamagnetic. The actual stoichiometry of the complex was
determined from the single crystal X-ray diffraction study of the
complex and found to be (CSMes)aYb3(Ph-CsC)4.

An ORTEP drawing of fhe complex is given in Figure 10. The bond
lengths ana angles are found in Tables (XIV) and (XV). The data
" collection parameters and crystal data are found in the Experimental
Section, while positional and thermal parameters can be found in
Appendix (I). Examination of Figure 10 shows the complex to be a linear 
array of_three ytterbium atoms. The ytterbium atoms on each end are
each bound to a pair of CsMeg groups, and are bfidged to the central
-ytterbium.atom by four phenylacetylide groups. The overall structure is
vefy compact, and shows ﬁo evidence for the presence of a hydride
ligand. Thus, the stoichiometry of eight anionic ligands and three Yb
atoms demands a mixed valence formulation for thisvcompound.

Examination of the Yb-C and Yb'cbridge bond lengths allows

ring

assignment of the oxidation states of the three individual Yb atoms.

The Yb(1,2)-C averaged bond length of 2.61(2)A is in the range found

9,11-14

ring
for trivalent (CSMeS)ZYbLZ complexes, and significantly shorter
than that (2.742(7)A) found in thg divalent complex (CsMes)sz(py)z.‘
The averaged Yb(1,2)-C(C=CPh) bond length is 2.40(2)A.and the averaged
Yb(3)-C(CECPh) bond length is 2.52(1)A. The bond lenéth data support
the proposition that Yb(l,2) are trivalent, and Yb(3) is divalent, since
Shannon suggests that the radius of Yb(III) is 0.16A smaller than.

Yb(II).15 Thué,-(CSMeS)AYb3(CECPh)4 is an Yb(IIf,II,III) mixed valence
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CPh),

ORTEP of (CSMeS )4Yb3 ( uZ—C

Figure 10.

X8. E32-£047



Table XIV. Selected Bond Lengths for (CSMe5)4Yb3(u2—CSCPh)4

Yb1-C40
Ybl-C41l
Yb1-C42
Ybl-C43
Ybl-C44
Ybl-Cpl*
Yb1-C50
Ybl-C51
Yb1-C52
Yb1-C53
Yb1-C54
Ybl-Cp2*
Yb2-C60
Yb2-C61
Yb2-C62
Yb2-C63
Yb2-C64
Yb2-Cp3*
Yb2-C70
Yb2-C71
Yb2-C72
Yb2-C73
Yb2-C74
Yb2-Cp4*
Yb1l-Cl
Yb1-C9
Yb2-Cl17
Yb2-C25
Yb3-Cl
Yb3-C9
Yb3—Cl17
Yb3-C25

2.606(6)
2.650(6)
2.620(6)
2.631(6)
2.592(6)
2.315

2.607(6)
2.591(7)
2.605(6)
2.593(7)
2.603(7)
2.321

2.601(8)
2.652(8)
2.647(8)
2.630(7)
2.628(7)
2.345

2.631(7)
2.595(7)
2.582(7)
2.599(9)
2.605(8)
2.326

2.409(6)
2.413(6)
2.426(6)
2.509(6)
2.534(6)
2.516(6)
2.537(6)

Cl1-C2
C9-Cl10
C17-Cl18
C25-C26
Cl10-Cl11
C2-C3
C18-C19
C26-C27
Cl1-Cl2
Cl1-Cl6
Ci2-C13
C13-Cl4
Cl14-C15

C15-Cl16

C3-C4
C4-C5
C5-Cé
C6-C7
C7-C8
Cc8-C3
C19-C20
Cc20-C21
C21-C22
C22-C23
C23-C24
C24-C19
C27-C28
C28-C29
C29-C30
C30-C31
C31-C32
C32-C27

* Cp=centroid of preceding 5 carbon atoms.

1.236(8)
1.205(8)
1.220(8)
1.214(8)
1.493(10)
1.477(8)
1.453(8)
1.468(9)
1.390(9)
1.359(9)
1.388(10)
1.336(13)
1.341(13)
1.420(12)
1.387(9)
1.407(11)
1.347(12)
1.324(10)
1.334(9)
1.366(8)
1.330(10)
1.391(12)
1.332(17)
1.333(16)
1.346(11)
1.432(9)
1.398(9)
1.397(9)
1.379(13)
1.304(13)
1.380(11)
1.362(9)
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Table XV.

Cpl-Yb1-Cp2
Cpl-Ybl-Cl
Cpl-Ybl-C9
Cp2-Yb1-Cl
Cp2-Yb1-C9
C1-Yb1-C9
Cp3-Yb2-Cpd
Cp3-Yb2-C17
Cp3-Yb2-C25
Cp4-Yb2-Cl7
Cp4-Yb2-C25
Cl17-Yb2-C25
Cl1-Yb3-C9
Cl-Yb3-Cl17
Cl-Yb3-C25
C9-Yb3-Cl17
C9-Yb3-C25

138.7
104.0
104.4
104.9
106.4
86.0(2)
137.2
105.9
104.8
104.0
107.1
85.9(2)
80.3(2)
134.2(2)
113.9(2)
113.6(2)
143.4(2)

Selected Bond Angles for (CSMeS)aYb3(u2-CECPh)4

C17-Yb3-C25
Ybl1-Cl-Yb3
Yb1-C9-Yb3
Yb2-C17-Yb3
Yb2-C25-Yb3
Yb1-C1-C2
Yb1-C9-C10
Yb2-C17-C18
Yb2-C25-C26
Yb3-C1-C2
Yb3-C9-C10
Yb3-C17-C18
Yb3-C25-C26
C1-C2-C3
€9-C10-Cl11
C17-C18-C19
25-C26-C27

Cpl-4 are the centroids of the CgMeg rings.

(deg)

81.4(2)

97.6(2)

95.6(2)

96.8(2)
45.9(2)

156.3(6)
153.7(5) .

161.0(5)
151.7(5)
104.5(5)

- 109.4(5)

101.8(5)
112.2(4)
172.9(7)
176.1(6)

175.2(7)

175.9(6)
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complex with idealized Dy4 symmetry.

The coordination geometry about Yb(l) and Yb(2) is pseudo-
tetrahedral in nature with ring centroid-Yb-ring centroid angles of 139
and 137°, respectively. The C(1)-Yb(1)-C(9) angle is 86.0(2)° and the
C(17)-Yb(2)-C(25) angle is 85.9(2)°. Thus, the coordination geometry
about Yb(1) and Yb(2) is similar to a large number of (CgMeg),¥Yb(III)L,
compounds’.

The Yb-C-Yb angles range from 95~97° and are similar to those found
in a number of complexes which contain acetylide ligands whichvbridge
electro-positive metal atoms. These complexes iﬁclude (MeCgH,) ,Smy(p-
C=CPh),,22 Cp,Er,(u-CCCMe,),,23 Me, A1, (u-C=C-Me),,2* and PhyAl,(u-
c=CPh), 23, |

The coordination environment about Yb(3) can be described as that of
a slightly flattened tetrahedron. The dihedral angle between the plane§
defined by C(1), Yb(3), C(9) and C(17), Yb(3), C(25) is 65.2°, whereas
the same dihedral angle in a pe;feCt tetrahedron would be 90°. 1In
addition to the four terminal carSon atoms, the 8 carbon atoums of the
phenylacetylide ligands are also in close contact with Yb(3). The
Yb(3)—C(2,LO,18,26) distances fall in the range 3.013(6)A-3.200(6)A.
Clearly Yb(3) is trying to increase its coordination number to something
greater than four by pulling the B carbon atoms of the phenylacetylide
groups toward it.‘ The Yb(i,Z)-Ca—CB average angle is.155.7° while the.
Yb(3)—Ca—CB angle 1is 166.9°. Closer interaction between the B carbon
‘atoms on the phenylacetylide ligands and Yb(3) is prevented by close
contacté between the phenyl rings and thg CsMe g rings (for example, the
C(12)-C(69) distance is 3.26A4). |

Further evidence in support of the assignment of (CSMeS)AYb3(CECPh)4
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as a mixed valence complex comes from solid state magnetic |
susceptibility studies. A plot of 1/y, vs. T for (CSMeS)AYb3(CECPh)A is
shown in Figure 11. If Yb(1l) and Yb(2) are assumed to be Yb(III) ions
then the complex follows Curie-Weiss behavior from 5 to 30K with
Cy=1.59(3), 6=-1.98(41) and uyg; per Yb(1I1)=3.58(4)B.M., and from 80 to
300K with CM=2.540(4),.9=—24.94(36) and u,¢¢ Per Yb(III$=4.526(4)B.M.
These values show that the complex is a.Class I or trapped valence
complex, i.e., there is né electron exchange between the Yb(III)
centers. |

Reaction of one equiyalent of éhenyl acetylene with (CSMeS)ZEu'OE;Z
in toluene resul;s in the precipitation of an orange solid which may be
crystallized from THF. The ly mr spectrum of the complex is
unobservable, and the infrared spectrum has a band in the v-C=z=C region
of the spectrum. If the compound is hydrolyzed with D,0, a lg wr
spectrum of a CgDg extract of the hydrosylate contains resonances
assignable to CSMeSD, THF and PhC=C-D in a 1:2:1 ratio. In order to
fully characterize the compound, a single crystal X-ray diffraction
study was performed.

Figure 12 contains an ORTEP drawing of the eufopium complex. The
bond lengths and angles are found in Tables (XVI) and (XVII), while the
data collection parameters are found in the Experimental Section, and
positional and thermal parameters are deposited in Appendix_(I). Figure
11 revealé that the complex consists of two (CSMeS)Eu(II) groups whicﬁ
are bridged by two phenyi acetylide groups. The coordination sphere of
‘each europium atom is completéd sy two molecules of THF. The averaged
distance 1s 2.815(18)A& which {s similar to that féund in the

Eu-cring

complex (CgMeg),Eu(OEt,) which is 2.80(1)-. The Eu(l) to Cbridge'
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Figure 11. Plot of 1/)(M vs. T for (CSMe5)4Yb3(u2—CECPh)4
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Figure 12. ORTEP of (CgMeg),Eu,(uy=C=CPh),(THF), :
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Table XVI.

Eul-01
Eul-02
Eul-Cl
Eul-Cl
Eul-Cl1
Eul-Cl2
Eul-Cl13
Eul-Cl4
Eul-Cl5
Eul-Cl100*
01-C21
01-C22
02-C31
02-C34
Cl-C2
C2-C3
C3-C4
C3-C8
C4-C5
C5-C6

2.602(5)
2.642(5)
2.702(7)
2.709(7)
2.838(8)
2.792(8)
2.807(7)
2.809(8)
2.830(7)
2.550(1)
1.422(10)
1.438(9)
1.450(12)
1.406(12)
1.188(8)
1.440(9)
1.348(10)
1.379(9)

1.435(11)

1.334(14)

c6-C7
c7-C8
Cl11-C12

- Cl1-C15

Cl11-Cl6
C12-C13
Cl12-C17
C13-Cl4

C13-C18

Cl14-C19
C15-C20
C15-Cl4
C21-C24
C22-C23
C23-C24
C31-C32
C32-C33
C33-C34
Cl15-Cl4
C15-C20

* Cl00 is the centroid of the CSMeS ring.

1.343(13)
1.386(10)
1.390(10)
1.411(11)
1.541(10)
1.415(11)
1.494(12)
1.407(10)
1.507(9)

1.488(11)
1.511(10)
1.386(9)

1.533(12)
1.441(12)
1.474(15)
1.395(16)
1.315(19)
1.459(17)
1.386(9)

1.511(10)
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Table XVII. Bond

01-Eul-C2
01-Eul-Cl
01-Eul-Cl
01-Eul-C100%
02-Eul-Cl
02-Eul-Cl
02-Eul-C100
Cl-Eul-Cl
C1-Eul-C100
C1-Eul-C100
Eul-Cl-Eul
Eul-Cl-C2.
Eul-Cl1-C2
c1-c2-C3
C2-C3-C4
C2-C3-C8
C3-C4-C5
C4-C5-C6
C5-C6-C7
C6-C7-C8
c7-c8-C3
C12-C11-Cl5
~C12-C11-Cl6

Angles (deg) for (CSMeS)ZEuz(uZ-CECPh)Z(THF)A

73.89(18)
86.59(19)
135.52(19)
111.39(13)
132.23(20)
80.39(19)
113.37(15)
84.59(21)
114.32(14)
111.96(14)
95.41(21)
129.1(6)
135.5(6)
178.9(7)
122.6(7)
119.8(7)
120.6(8)
118.6(9)
122.6(9)
118.1(9)
122.4(8)
107.1(7)
126.9(10)

C11-C12-C13
C15-C11-C16
Cl1-C12-C17
C12-C13-Cl4
C12-C13-Ci8

Cl14-C13-Cl18

C13-Cl14-Cl5
C13-Cl4-C19
C15-Cl14-C19

Cl4-C15-C20

C11-Cl15-C20

Cl14-C15-Cl11

Cl3-C12-C17
01-C21-C24
C21-C24-C23
C24-C23-C22
C23-C22-01
C22-01-C21
02-C31-C32
C31-C32-C33
C32-C33-C34
C33-C34-02
C34-02-C31

*C100 is the centroid of the CsMeg ring.

108.4(8)
125.9(8)
124.0(10)
107.6(7)
125.2(8)
127.2(8)
107.6(7)
126.8(8)
125.5(8)
127.7(9)
123.0(9)
109.3(7)
127.4(8)
105.7(8)
104.5(9)
106.6(8)
107.7(8)
105.2(6)
107.7(12)
107.2(14)
110.9(12)
104.1(11)
106.7(8)
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distances are the samevwithin experimental er?or at 2.702(7) and
2f709(7)A. The avergged Eu-Ol,Z distance 1s 2.62+0.01A which is simila;
to the distaﬁce of 2.594(4) found in (CSMes)zEu(OEtz). The europium
atom is formally seven coordinate (if the CsMes ring takes up three
coordination sites). The geometry about the europium atom is that of a
sqgafé pyramid with the centroid of the CgMeg ring occupying.the axial
site and the two bridging acetylide groups and two THF moiecules
océupying the basal sites. The ﬁul-Cl—Eul' énglekis 95.4(2)° and is
similar to that found in (CSMeS)AYb3(CECPh)4 as well as the trivalent
samarium cpmplex (MeCSHA)Asz(u-CECPh)ZZZ. The Cl1-Eul-Cl' anglé is
84.6(2)°, and the bridging phenylacetylide 1s‘slightly asymmetric with
the Eul-C1-C2 and Eul'-C1-C2 angles being 129.1(6) and 135.5(6)°,
Vrespectiveiy. ' |
| The major difference in the two reactions between (CgMeg),M(OEt,)
~and phenylacetyléne is that the ytterbium(II).species gets oxidiéed, and
the europium complex does not. In both reactions, the phenylacétylene
functions as a protic.acid and protonates a.CSMeS.ring to produce
pentamethylcyclopentadiene. This is understandable since the pKa of
phenylacetylene is 20.526'wh11e the pK; of pentamethylcyclgpentadiene is
27.5.-27 The.reduction product of the ytterbium reaction has not been |
‘identified, but the most likely candidate is Hye The ytterbium reaction
was followed using 1H NMR specfroscopy; and no Hy could be positivély
identified in the producté. Following the reactidn by ly NMR did reveal
that the reaction proceeds slowly at room teﬁperaturé, many
intermediates are observable, and the only product of the reaction is
the one wﬁich is isolated. Evidently, the stronger reducing power of

(CSMeS)ZYb'OEt2 allows it to reduce H' to Hz,bwhile in the case of
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(CSMeS)ZEu(OEtZ), the phenylacetylene can only act as a protic acid to

remove the pentamethyl-cyclopentadienyl rings.
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'Chapter 3

Chemistry of Bis(hexamethyldisilylamido)ytterbium

Preparation

In the preceding chapters the chemistry of the divalent complex
(CSMeS)sz'OEtZ ﬁas diséussed. This complex undergoes a wide variety of
reddx reactions which result in the formation of trivalent ytterbium
complexes. Another complex of divalent ytterbium which posesses good
solubility properties and has a low coordination number is
[(Me3Si)2]2Yb(0Et2)2. The chemistry of this complex and sbme of its
derivatives will be discussed in this chapter and, as will be shown, the
chemistry of this molecﬁlenis quite different from that of |
_(CSMeS)ZYb’OEtZ. |

| The complex [(Me3Si)2N]2Yb(OE£2)2'is synthesized from YbI, an&

NaN(SiMej)z.as shown in eqn. (1). It wbuld appear from eqn (1)
YbIz +.2NaN(SiMe3)2 ————c— [(Me3Si)2N]2Yb(OEt2)2 +2Nal (D

.that the synthesis of [(Me3Si)2]2Yb(0Et2)2 is straightforward. This is
not the case. If reaction, conditions and stoichiomefries are not
absolutély correct, the reaction gives the diethyl ether complex in
yields as low as two percent. Wheﬁ the réacténts are mixed at 0°C, the

solution slowly turns blue-green in color with a yellow-green
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precipitate. This precipitate is prébably,colored by unreacted YbIz.
After one hour at 0°C, the reaction mixfure is allowed to warm to room
temperature. The solution turns light orange in color after stirring at
room temperature for two to three_hours; The compléx may then be
_ crystallized from the reaction solution after filtration by
conéentrating the solution and cooling it to -70°C overnight. When the
reaction 1is éarried out as described above, the overall yield is 65-70%.

It appears that low yields of [(Me3Si)2]2Yb(OEt2)2-result for one of
two reasons. Either the solution is allowed to warm to room temperature
too fast, or there ié a slight excess of NaN(SiMe3)2 present. In either
case, the reaction mixture turns dark red after warming to room
temperature. The highest yield of product isolated from such red -
solutions was 40%. The fate of the remainder of the material in tge
reaction is unknown at this timé., It.does, howe?er, have at least two
complexes in it, both of which are soluble.in diethyl etﬁer. One of
them is insoluble in peﬁtane, #nd contains iodide as shéwn by a silver
nitrate test. |

The observation that a very small exéess of NaN(SiMe3)2 in the
reaction mi*ture results in, on average, at least a two-fold reduction
in yield shows that there is a NaN(SiMe3)2'cata1yzed pathway to products
other than [(Me3Si)2]2Y$(OEt2)2. The NaN(SiMe3)2 catalysis was
discovered when the same batcheé of YbIz. NaN(SiMe3)2 and diethyl efher‘
were used ;n two separate preparations of [(Me3Si)2]2Yb(OEt2)2; One
reaction gave a 307 yield of the desired product,vwhiie the other gave
70%Z. The only difference in the two reactions was that the reaction
which gave 307 yield had NaN(SiMe3)2 in ca. 0.0Smmol excess while the

reaction which gave 70% yield had YbI, in ca. 0.1lmmol excess. The total
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scalevof tﬁese reactions were ca. 12mmol. The reaction was then run a
third time with a 3% excess of YbI, and gave a 65% yield showing that
small amounts of excess NaN(SiMe3)2 lead to a drastically different
product distribution.

Since only small amounts of excess NaN(SiMe3)2 are needed to producé
unacCeptéblevyields of [(Me381)é]2Yb(QEt2)2, the pufity of the YbI, used
is extremely important. If the Yb12 is impure, then weighinngut what
appeafs to be equimolar quantitieé of reactants will always leave an
excess of NaN(SiMe3)2. To avoid this problem it is suggested that a
slight excess (1-32) of YbI, be used to insure a prdper stoichiometry.

A detailed recipe is given in the Experimental Section.

The coordinated ether molecules in [(Me3Si)2N]2Yb(OEt2)2 are labile,
and they are éasily displaced by more basic ethers such as THF or‘l,2-
dimethoiy,ethane.1 Bidentaté phosphines will also displace diethyl ether
to fotﬁ the complexes [(Me3Si)2N]2YB'L2 (L2=dmpe, dmpm, diphos).z’12
When the complex [(Me381)2N]2fb(OEt2)2-is dissolved in hydrocarbon
solvents, red solutions result indicating tha; perhaps even hydrocarbons
can displace the coordinated diethyl ether. The die;hyl eﬁher can bé
removed froﬁ [(Me3Si)2N]2Yb(OE£2)2 by evaporating a toluenme solution of
the complex under reduced pressure at 80°C. The resultant red residue
may be recrystallized from pentane to give red needles of a complex with
the stolchiometry [(Me3Si)2N]2Yb.

.The complex [(Me3Si)2N12Yb is found to be dimeric by mass
spectrometry, since it gives a parent ion at M/e=986amu. At room
temperature, both the 1y and 13¢c wr spectra have only one peak at §0.32

.and 6.47; respectively. At -92°C there aré_two'peaks in the 13C'NMR

spectrum at 66.05 and 5.88, and two equal area peaks in the ly R
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spectrum at 60.48 and 0.36, respec;ively. The two peaks in each
spectrgm are assigned to the bridging and terminal silyamido groups'of a
dimeric complex which has the structure shown in I below. The proposed

structure is the same as that found for the Mn complex

{[(Me351)2N]2Mn}2.3‘4 At =-56°C the two separate resonances in the ly

NMR spectrum of {[(Me;S5i),N],Yb}, coalesce. Use of the simple two site

exchange approximation,26

coalescence gives AG%=11.3kca1 mol-l for the bridge-terminal exchange of
: c

Tc=217K, and a peak separation of 8Hz at

the amido groups.

In order to confirm the proposed structuré, a single crystal X-ray
diffraction study of {[(Me3Si)2N]2Yb}2 at -95°C was undertaken. An
ORTEP diagram of the molecule is shown in Figure 1, and the $onds
lengths and angles in the molecule are found in Tables (I) and (II),
respectively. A list of positional and thermal parametérs can be found
in‘Appendix (I). The complex crystallizes in the triclinic space group
PT with one dimer in the asymmetric unit. The individual molecules are

well geparated from one another with the closest intermolecular contact
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Figure 1.
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Table I. Bond Lengths (A) of {[(Me3Si)2N]2Yb}2

Yb1-N2 2.492(3) S14-C12 1.866(4)
Yb1-N3 2.445(3) © 815-N3 1.726(3)
Yb1-N4 2.300(3) S15~Cl13 1.871(4)
Yb2-N1 2.310(3) $15-Cl4 1.876(4)
Yb2-N2 2.573(3) - 815~Cl5 _ 1.860(4)
Yb2-N3 2.497(3) $16-N3 C1.721(3)
S{1-N1 - 1.710(3) S16-Cl6 1.829(6)
sil-Cl 1.870(5) S16-C17 . 1.837(5)
Si1-C2 1.868(5) S16-C18 1.831(5)
si1-C3 , ' 1.870(4) : Si7-N4 1.691(3)
Si2-N1 1.691(3) _ S17-C19 1.881(4)
Si2-C4 1.862(4) S17-C20 1.845(4)
Si2-CS ~ 1.898(4) : si7-C21 © 1.876(4)
$i2-C6 1.875(4) S18-N4 1.699(3)
S13-N2 1.728(3) - 518-C22 1.873(5)
$i3-C7 1.873(5) $18-C23 1.887(5)
Si3-C8 1.881(4) S18-C24 1.869(5)
si3-C9 1.872(4) ' Ybil-Cl1 2.823(4)
Si4-N2 1.726(3) Yb1-C19 . 2.888(4)
S14-C10 1.872(4) ¥Yb2-C5 2.785(4)

Si4-Cl1 1.891(4) Yb2-C8 2.820(4)



Table II.

N2-Ybl1-N3
N2-Yb1-N4
N3-Ybl-N4
N1-Yb2-N2
N1-Yb2-N3
N2-Yb2-N3

Ybl-N2-Yb2-

Yb1-N3-Yb2
Yb2-N1-Sil
Yb2-N1-S12
Si1-N1-S1i2
N1-Si2-C4
N1-Si2-C5
N1-S12-C6
C4-Si2-C5
C4-Si2-C6
C5-512-C6
N1-Sil-Cl
N1-511-C2
N1-S11-C3
Cl-si1-C2
C1-Si1-C3
Cc2-Si1-C3
Ybl-N4-S17
Yb1-N4-S18
Si7-N4-S18
N4-S17-C19
N4-S17-C20
N4-S17-C21
C19-517-C20
C19-s17-C21
C20-S17-C21
N4-S18-C22
N4-Si8-C23
N4-S18-C24
C22-518-C23
C22-S18-C24
C23-518~-C24
Yb1-N2-S1i3
Yb1-N2-Si4
Yb2-N2-513
Yb2-N2-S14
Si 3-N2-Si4
N2-S13-C7
N2-513-C8

93.54(9)
129.37(10)
126.87(10)
138.81(10)
130.40(10)

©90.37(9)

86.64(9)

89.38(9)
133.45(16)
103.27(13)
122.59(17)
116.44(18)
106.26(16)
115.51(17)

- 106.04(19)

106.89(20)
104.66(20)

0 111.08(18)

114.19(19)
112.17(17)
105.66(25)
106.34(23)
106.87(20)
104.02(14)
128.31(16)
125.28(19)
108.13(17)
114.66(20)
115.94(18)
105.21(22)
104.51(20)
107.40(21)
114.44(22)

 110.74(20)
© 110.87(19)

105.6(3)
107.0(3)
107.8(3)
129.69(14)

98.57(12) .

94.06(12)

132.60(14) .

116.24(16)
112.95(17)
108.94(16)

Bond Angles (deg) of {[(Me3Si)2N]2Yb}2

N2-5i3-C9
C7-513-C8
C7-513-C9
C8-513-C9
N2-814-C10
N2-$14-Cl1
N2-814-C12
C10-S14-Cl11
C10-514~C12

Cl1-Si4-Cl12

Yb1-N3-Si5
Yb1-N3-Si6
Yb2-N3-Si5
Yb2-N3-516
S15-N3-516
N3-515-C13
N3-S15-Cl14
N3-S15-C15
C13-S15-Cl4
C13-S15-Cl15
Cl14-515-Cl15
N3-516-C16
N3-Si6-Cl17
N3-516-C18
Cl6-5i6-Cl17
C16-S16-C18

- C17-816-C18

N2-Ybl-Cl1
N2-Ybl1-C19
N3-Ybl-Cl1
N3-Yb1-C19

N4-Yb1-Cl1

N4-Yb1-C19

Cl1-Yb1-C19

N1-Yb2-C5
N1-Yb2-C8
N2-Yb2-C5
N2-Yb2-C8
N3-Yb2-C5
N3-Yb2-C8
C5-Yb2-C8
Yb2-C5-Si2
Yb2-C8-513
Yb1-Cl1-Si4
Yb1-C19-S17
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115.82(18)
103.61(22)
108.55(21)
106.05(20)
115.56(17)

109.80(16) -

115.47(16)
103.55(19)
105.49(20)
105.91(19)
115.96(13)
110.24(13)

98.81(12)
117.93(13)

120.16(16)

107.30(15)
111.03(16)
117.88(17)
108.01(18)

106.59(19)"

105.62(18)
115.35(19)

- 113.13(20)

108.88(22)
107.4(4)
102.7(3)
108.7(4)

67.36(10)

149.17(10)
127.20(11)
93.04(11)
100.48(11)
66.70(11)
84.82(12)
67.92(11)
89.98(12)
97.27(11)
65.84(11)
122.54(10)
111.43(12)
123.63(13)
82.54(13)
83.21(13)
84.22(13)
80.20(14)
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being 3.785(6)A between the.methyl groupé C(5) and C(21).

The molecule consists of a dimer‘of the’empirical formula
Yb[N(SiMe3)2]2. This molecule has no érystallographically imposed -
symmetry, and there is not even any approximate symmetry in the
molecule. Both Yb atoms are bound to oné terminal N(SiMe3)2 group and
two N(SiMeq), groups which bridge the Yb atoms. The two Yb-N terminal
distances are 2.300(3)A and 2.310(3)A& for Yb(1)-N(4) and Yb(2)-N(1),
respectively. The rémaining silyléﬁide groups bridge the two Yb atoms'
asymmetrically with Yb(1)-N(2,3) diétances of 2.492(3)A& and 2.445(3)A
and Yb(2)-N(2,3) distances of 2.573(3)A and 2.497(3)A, respectively. In
addition to the bonding interactions with the nitrogen atoms, there are
close cqntacts between the Yb atoms and four of the methyl groups of the

silylémide ligands. The contact diétaﬁces between Yb(l) and C(19) and
c(11) are 2.888(4).énd 2.8é3(4)A, while the distancesAbethén Yb(2) and
C(8) and C(S5) are 2.820(4) and 2.785(4)A.- Thekcontacts betwéen the Yb.
atoms and the methyl groups are extremely short, and can.be compared to

the Yb(II)-C average distance forv(CSMes)sz(pY)z which is 2.74A.°

ring
Thevclose contacts between the methyl grdups and Yb atoms cause some
rather marked distortions of the molecule. The sz(u-N)z core is planar
to withinbo.OZA. The close methyl contacts on Yb(2), [C(8),C(5)] occur
from methyl groups disposed-above and below the sz(u—N)Z plane. The
methyl groups which approach Yb(l),tC(l9),C(11)] do so from the same
side of the Yb,(u-N), plane. The approach of C(19) and C(11) from the
.8ame direction causes N(4) to be displaced from the sz(u4N)2 plane by
1.07A. Two of the interacting methyl groups C(8) and C(11) are on the

same bridging N(SiMé3)2 ligand. Their interaction with Yb(2) and Yb(l)

causes the dihedral angle between the planes defined by Yb(1), Yb(2),
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.N(Z), N(3).and N(2), si(4), Si(3) to‘be 62°. The corresponding dihedral
angle between the planes defined by_Yb(l), Yb(2), N(2), N(3) and N(3),
S1(5), Si(6) is 79°. Thus, the methyl interactions cause a 17° twist of
the bridging (Me3Si)2N group containing N(Z)Vtoward the Yb atoms. The
remaining two Yb—C-ﬁéthyl interactions occur between methyl carbons én |
t he termiﬁél (MejSi)zN ligands (C(5), C(19)) and the Yb atoms. The Yb-C
~ interaction with methyl groﬁps on terminal (Me3Si)éN ligands causes a

distortion of these ligands and is shown in Figure 2. Examination of

Si

106

Figure 2

Figure é reveals that the Yb-C interaction has caused the Yb-N-Si
bridged angle to decreasé from 120° to 104°, and the Yb-N-Si unbridged
angle to open to 133°. The Yb-cbfidge-Si angles for all four Yb-C
interactions vary between 80° and 84°. This angle 1svsimilar to those
found in molécules in which methfl groups bridge two eleétropositivé
metal atoms such as [(CSHS)ZH]Z(uZ—MeS2 (M=Yb, Y)6 or.AIZMeA(uZ-Me)27.

The hydrogen atoms ﬁere located in the crystal structure of
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{[(Me3Si)2N]2Yb}2, but were not refined, and were placed in calculated
positions. The shortest Yb-H contact was between Yb(2) and H(82) (on.
C(8)) at 2.23A, and the remaining Yb-H distances range from 2.52-~
2.96A. Since the Yb(2)-H(82) distance was the only one which indicated
the .possibility of a Yb-H bonding interaction, difference Fourier maps
in the region of C(8) were calculated with H(81)-(83) missing to see if
pefhaps placing H(81)-(83) in calcuiated positions was unwarranted.
_ These difference Synthese§ indicate that the H afoms are in the correct
positions.

The observation that there is a short Yb-H contact: on only one of
the four methyl groups which are close to the Yb atom suggests that
these interactions are occurrihg primarily between the metal atoms andf’v
the carbon atoms. The Yb—Cbridge-Si angles also support such a.

" conclusion. Thesevsame types of Ln-Mevinteraétions have also been
observed in the solid state for the compoundé [(Me3Si)2N]2dempe2>and
v NaM[N(SiMe3)2]3 (M=Eu,Yb)l. The Yb~C distances and Yb-C-X angles for
compounds which contain bri&ging Me group are found in Table (III).
Since there is ng'evidence of these M-C interactions by eithef infrared
or low temperature NMR spectroscopy, the energy of the interactions must
be small. All of these molecules are highly coordinatively unsaturated,
and the ligands which are present are too bulky to allow further
oligomerizatibn;' The only way in which the metal atom can becoﬁe_'
glectronically and coordinatively saturated is to interact with the
hydrocarbon ligands.

The c§mp1exes {[(Me3Si)2N]2M}2 _(M=Mn,Co)3’4 are essentially
isostructural with the Yb complex, except that they have no short M-Me

interactions. The size of the metal atom must be important in
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Table III. Some Yb-Me Bridging Lengths and Angles

Compound
[(Me3Si)2N]2dempe

NaYb[N(SiMe3), ],
NaEu[N(SiMe3),]4
MezAl(u-Me)szCpZ.
Me,Al(u-Me),YCp,
{[(Me351),N],¥b},

[ (Me3Si )2N] 2Yb( A1M83)2

Si

Si

k-

Si

Si

,83’5<3)

x"Mesyp ' Yb-Me
- (deg) A References
80 3.04 2
78.6(3.0)  2.88(3) S
83.4(1.0)  3.07(7) 8
78.9(6)  2.59(3) 9
80.8 2.58(1) this work
82(1) 2.83(4) this work
73.8(1) 2.767(6) this work
65.9(7) - 3.12(8) this work

3.053(14)
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determining if such interactiéns are to océur. Both high spin Mn(II)
and Co(II) are smaller than Yb(II) by 0.19 and 0.37A, respectively.
Replacing a smaller metal atom in a bridged structure, as is observed.
for {[(Me3Si)2N]2M}2, with a larger one will lengthen all the M-N bonds
thereby exposing more of the metal, and increasing the possibility for
interaction with the hydrocarbon portion of the ligands.

| ~The preparatioﬁ of the complex [(Me3Si)(t—Bu)N]2Yb was attempted to
see what effect réplacing a Me3Si gréup with a bulkier t-Bu group would
ﬁave on the observed Yb-C interactions. Unfortunately, the complex
[(Me3Si)(t_-Bu)N]2Yb(OEt2)x was isolated in poor (10%) yield. However, a
.reinvestigation of this complex is warranted since the importance of the
stoichiometry of the reaction between YbI, and NaN(SiMe;), wés not known -
when these experiments were carried out. The synthesis of the amine an;
NéN(SiMe3)(t-Bu) are found 1A the Experimental Section.

The complex {[(Me3Si)2N]2Yb}2 undergoes‘a variefy of.réactions with
Lewis bases to form adducts. It does not react with internal.
acetylenes, or simple olefins. It does react with carbon monoxide to
give a red hydrocarbon insoluble material which contains a band at
2090cm~! 1n its iﬁfrared spectrum. The ingolubility of this material
prevented further characterization. The band at 2090cm™} in the
infrared spectrum is consisteﬁt with the presence of a CN or Me3SiNC
ligand. Such a reaction has precedenée since NaN(SiMe3)2 reacts with CO

" to give NaCN and (Me3Si)20011

Reactions with Protic Acids

The observation that H~-C=C-Ph reacts with [(Me3Si_)2N]2Yb(OEt2)212 to
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give the known divalent complex [Yb(CECPh)Z]x13 suggests that a wide
variety of protic acids might give novel complexes of divalent Yb. In
addition, unlike the complex (CSMéS)ZYb'OEtZ, electron transfer
reactions do not usually occur during the protonolysis reactions of
[(Me3Si)2N]2Yb complexes. ‘

The easiesﬁrway in which the reacfion between {[(Me381)2N]2Yb}2'and
protic acids can be viewed is that the reaction occurs between the
étrong base (Me3Si)2Nf and a proton soufce. Thus, a reaction is
pfedicted to be thermodynamically feasible if the pKa of the proton
source is less than the pKa of HN(SiMe3)2. The pKa of HN(SiMe3)2 has
not been measured, but it must be less than that of NH3 (pKa=35)14 since
HN(SiMe3)2 reacts with NaNH, to give NaN(SiMe3)2 and NHj. The fact that
{[(Me3Si)éN]2Yb}2 reacts with HCgMeg suggests that the pKa of HN(SiMe;),
is greater than 27.5 since the-pKa'pf CsMegH is 27.5.15 The Yb complex
does not react with HCPhy which has a pKa of 31.516, but the steric bulk
of HCPh3 méy prevent the reaction for kinetic:reasonsvrather t han
thermodynamic ones.

When {[(Me;Si),N],¥Yb}, is mixed with two molar equivalents of
(CgHg)W(CO) 4H per monomer, an instanténeous reaction occurs which gives
a yellow solid that is insoluble in hydfocarbons. The yellow solid may
be crystallized from THF or a mixture of THF and hexane. The infrared
spectrum of the complex has'three bands in the vCO region qf the

1

spectruﬁ at 1895, 1755, and 1675 cmf + The presence of the 1675 crn_l

band 1s strong evidence for a Yb-0-C-W interaction. The infrared
spectrum of the complex is virtually identical to that of the complex -
[Mg(THF), ] [ (1,=0C)Mo(CO),(CsHs)], which 1s known by X-ray

17

crystallography. The structures must be similar, if not identical,

-8
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and are shown in II. 1In this reaction, the transition metal hydride

I1

hydride behaves as a weak acid and removes the (Me3Si))N groups from the
 Yb atom as HN(SiMe3)2.' '

As has been briefly mentioned, the complex {[(Me3Si)2N]2Yb}2‘reacté
with pentamethylcyclopentadiene. When {[(Me3Si)2N]éYb}2 is mixed with
one molar équivalent éf MeSCSH or EtMeéCSH’per monomer, the reaction
mixture immediately turns dark red. Both reactions yield red coﬁpléxes
which may be crystallized as large octahedral prisms. Both complexes
have a stoichiometry of one ring and one silylamide‘group, but_the
solubilities of the'two complexes are strikingly different. The CgMe ,Et
complex 1s soluble in pentane while the CgMes complex is insoluble-in
pén;ane and only sparingly soluble in warm toluene. The complex
{(CSMeS)Yb[N(SiMe3)2]}2 has a dimeric structure in the solid sfate‘which
has been'confirmed by a single crystal X-ray diffraction study. The
complex {(EtCSMeA)YS[N(SiMe3)2]}2 also has a dimeric structure as

indicated by the observation of [M-CSMeZ‘Et]+ and [M-N(SiMe3)2]+ ions in
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the mass spectfum-ét.M/e 917 and 906amu, respectively.

The complex [(CSMeS)YbN(SiMe3)2]2 crystallizes in the orthorhombic
space group Pbca with four dimers in the unit cell. Tables (IV) and (V)
contain lists of bond lengths and bond angles, while an ORTEP drawing of
the molecule is found in Figure 3. The data collection parameters for
the low tempérafﬁre (-95°C) structure éan be found in the Experimental
‘Section, and tables of positional and thermal parameters are found in
Apbendix (I);

The dimeric molecules pack as well separated units with the closest
intermolecular contacts‘being C(12) to €(30) and C(12) to C(34), both at
3.61A. Each Yb atom is éoordinated to two N(SiMe3)2 groubs which bridge
the Yb atoms and one CgMeg ring; The molecule has crystallographically
imposed inversion symmetry, but the Yb-N(bridge) distances are quite
unsymmetrical at 2.630(3) and 2.445(3)A, respectively. The averaged Yb-
Cring distance is 2.743(24)A. The large standard deviation in this
number is dﬁe to a large spread in the ¥Yb-C distances :ather than large
uncertainties in the individual numbers. The centroid of the CgMes ring
sits only 0.001A out of the plane defined by Yb(1l), N(1), Yb(l'),‘
N(1'). The dihedral angle between thié plane and the one defined by
N(1), S1(1) and Si(2) 1is 91°.

The averaged'Yb-Cring distance, at 2.74A,’1s exactly the same as
that found in the divalent cdmplex_(CSMeS)ZYb(py)Z.S There is a large
difference between these two molecules since the pyridine complex is
formally eight coordinate while the complex {(CSMeS)Yb[N(SiMe3)JZ}2 is
formally only five coordinate. Since the ionic radius of a metal atom

in a given oxidation state decreases as the‘coordinatidn number falls,

it is expected that the Yb—Cave bond length in the five coordinate
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Figure 3. ORTEP of {(CgMes)YbIN(SiMes),]),

Ce2

C e c— ————— -



Table IV. Bond Lengths (A) of {(CgMeg)Yb[N(SiMes),1},

Ybl-N1
Ybl-N1"'
Yb1-C30 -
Ybl-C31
Yb1-C32
Ybl-C33
Yb1-C34
Yb1-C100
Si1-N1
Si1-Cl1
Sil1-Cl12
Si1-Cl13
S12-N1

Cl100 is the centroid of t

N atom.

2.630(3)
2.445(3)
2.749(4)
2.767(4)
2.754(4)
2.719(4)
2.724(4)

T 2.465(1)

1.715(3)
1.876(5)
1.895(5)

1.862(5) -

1.706(3)

Si12-C21
§i2-C22
S12-C23
C30-C31
C31-C32
C32-C33
C33-C34
C34-C30

C30-C35 -

C31-C36
C32-C37
C33-C38
C34-C39

1.868(5)
1.860(5)
1.872(4)
1.391(6)
1.409(6)
1.425(5)
1.437(6)
1.403(6)
1.520(7)
1.508(6)
1.490(6)
1.492(7)
1.506(6)

be CSMeS’ ring N1' is the inversion :elated
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Table V. Bond ‘Angles (deg) of {(CSMeS)Yb[N(SiMe3)2]}2

N1-Ybl-N1' 83.28(11) Yb1-N1-Sil 105.87(14)
N1-Ybl1-C100 149.51(7) Ybl-N1-Si2 114.08(16)
N1'-Ybl-C100 127.22(7) S11-N1-Si2 127.39(20)
N1-Sil1-Cl1 111.10(18) C30-C31-C32 109.2(4)
N1-Si1-Cl2 108.99(18) C31-C32-C33 107.4(4)
N1-Si1-Cl13 118.34(20) C32-C33-C34 107.1(4)
Cll-sil-Cl2 105.53(20) C33-C34-C30 107.7(4)
Cl1-si1-C13 104.88(21) C34-C30-C31 108.5(4)
C12-Si1-Cl13 107.18(22) C30-C31-C36 126.0(5)

- N1-8i2-C21 111.04(18) C32-C31-C36 123.5(4)
N1-Si2-C22 110.25(20) C31-C32-C37 125.5(4)
N1-Si2-C23 116.74(19) C33-C32-C37 126.5(5)
C21-812-C22 106.12(21) C32-C33-C38 126.4(4)
C21-812-C23 105.99(22) C34-C33-C38 125.9(4)
C22-812-C23 106.05(23) €33-C34-C39 125.5(4)
Ybl-N1-Ybl' 96.72(11) C30-C34-C39 126.2(4)
Yb1-N1-Sil 99.21(14) C34-C30-C35 124.8(4)
Yb1-N1-S8i2 108.25(14) C31-C30-C35

125.6(4)

Cl100 is the centroid of the CgMes ring.
The primed atoms are the inversion related atoms.
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complex will be shérter,than that in the eigﬁt coordinate complex. The
discrepancy in the oSserved and expected bond lengths can be explained
when the 1ntramoiecu1ar contacts bétween the CSMe5 aﬁd (Me3Si)2N ligands
are examined.

There are three rather short intramolecular contacts between the
methyl groups onrthe silyl amido ligand and the methyl groups on the
 CgMeg ring; C(llj—C(35)(3.41A), €(22')-C(36) (3.55R) and C(12')-C(37)
(3;56A). The observed close_contaéts cause a tilting of the CgMeg ring
away from the Y$ atom. This is 1llustrated by the Yb-C(30, 31, 32)
averaged length of 2.757(9)A as compared to the Yb-C(33, 34) average of
2.724(4)A. Thus, the CgMeg ring carbons which are bbund to the metﬁyl
' groups which are in contact with the silylamido methyi groups, are
pushed away from thg metal atom. The net result of all the intraligand
interactions is that the averaged Yb-C. ring bond length inAthis molecule
is prevented from being as short as it would bé in absence of ligand-
ligand repulsions. Since this is the case, the distoftion is easily
rationalized. '

Even though the complex {(CSMeS)Yb[N(SiMe3)2]}2 is rather insoluble
in hydrocarbons, it undergoes instantaneous reaction with dmpe.to give
t he purple monomeric compiex (CSMeS)Yb[N(SiMe3)2]dm§e. This complex 1s
soluble in toluene, and slightly soluble in pentane. The low
temperature 31P{IH} NMR spectrum of the complex has one broad peak at
§ -39. This indicates that the dmpe is probably undefgoing.monddentate
to bidentate 1ﬁterconversions which afe.fast on the NMR timescale. The
complex undergoes reaction with‘AgI, but the products have not yet been
characterized. |

When the complex {[(Me3Si)2N]2Yb}2 1s reacted with two equivalents
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of CSMeSH per monomer in pentane, the red complex
- {(CSMeS)ZYb[N(SiMe3)2]}2 precipitates out of solution within 10-15
miﬁutes. Stirring of the solution for an additional 24hr results in
disappearance of the precipitate and formation of a dark orange-brown
solufion. The green complex (CSMeS)ZYb[HN(SiMe3)2] can be crysfallized
from this §olution (see Table (VI) for spectral data). If the same
:eaction 1s carried out with CSMeAEtH, an 6ily black solid may‘be
isolated from the pentane reacfion liquors'at -70°C. This black solid
gives é red solution in ben;ene, and contains a 2:1 ratio of bound
CSMeAEt to HN(SiMe3)2 by IH NMR spectroscopy. This solid may be
dissolved in diefhyl ether to give a green solution from which
(CSMeaEt)sz°OEt2 may be crystallized. 1In an attempt to rémove thé
exéess HN(SiMe3)2, the mdther liquors which produced the black solid

2torr for 12hr. The only product which could

were heated to 145°C at 10~
be isolated from the pyrolysis was the trivalent complex (CSMeAEt)zYB—
N(SiMe3)2. Figure (4) contains the calculated and observed parent ion
'envelbpe of the mass spectrum of this complex.

If the reaction between {[(Me3Si)2N]2Yb}2 and two equivalenté of
CsMegH is carried out in toluene a different product can be obtained.
After 24hr of reaction, an orange-brown solution results which is
similar in color to the one observed if the reaction is done in
pentane. Removal of the toluene at room teﬁperature results in a.greeﬁ
solid which may be redissolved in pentane. A dark green material can be
_ crystallized froh t he pentane solutidn.which, unlike
(CSMeS)ZYb[HN(SiMe3)2], loses solvent when dried under vaéuum t§ give a

greenish-brown microcrystalline powder. This material is the base-free

complex (CgMeg),Yb. The complex (CSMeS)sz dissolves in non-polar
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Figure 4. Observedvvand‘ Calculated Mass Spectra of (CgMe,Et),Yb
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Table VI. ly NMR Data for Some (CSMeS)szL Complexes’

Compound Color 'H MMR (CgDg, 31°C)

(CgMes),Yb[HN(SiMe ), ] Dark green §0.087(s, 18H):61.93(s, 30H)
' (CsMeS)ZYb ' Green-brown §1.92(s)

(CgMe ,Et),Yb * OEt, ~ Green | 5’0.914(:,3JH_H=6.9Hz,3H)_:

§1.19(t, 33y _y=7.4Hz,3H);
62.190(s,6H);82.15(s,6H);
§2.55(q,33y_y=7. 40z, 2H)
2.99(q, 3Jy_y=6.9Hz,2H)
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solvents to give red'snlutions, but crysfallizes from them as green
crystals. The complex is rather stable thermally since it melts
reversibly at 190°C to give a fed liquid which solidifies and turns -
green when cooled. In a similar manner, if the reaction between
CgMe ,EtH and {{(Me3S1),N],¥b}, is carried out in tnluene, and the
toluene removed under reduced pressure and the residue redissolved in
pentang, a red powder may bé isolated from the pentane solution at
-70°. This red powder has not yet been charactérized. The reactions
described above are:shown in Scheme I.

The observatinn that removal of toluene from a toluene solution of
(CSMeS)sz[Hﬁ(SiMe3)2] results in displacement of H-N(SiMe3)2 indicates
thnt toluene in large excess displaces HN(SiMe3)2 from (CsMes)sz.

Thus, toluene functions as a Lewis base towards (CgMeg),Yb.  If the
pentane from a penfane solution of (CSMgs)sz[HN(SiMe3)2] is removed
under reduced pressure, and the resultant green solid crystallized fronm
pentane, the complex (CSMeS)ZYb[HN(SiMe3) ]} is isolated. These
experiments indicate that pentane does not displace, though toluene does
displace, HN(SiMe,;), from (CsMes),Yb[HN(SiMe,),].

‘ The complex (CSMes)ZSm has been prepared very recentiy, by

18 All attempts to prepare the

sublimation of (CgMeg),Sm(THF), at 135°C.
analogous ytterbium process by high temnerature sublimation techniques
have failed. When (CSMeS)ZYb(L) (L=THF, OEtz) is heated in vacuum the
only material that sublimates is an orange waxy solid which is
paramagnetic, as judged by lH NMR, indicating the formation of a Yb(III)
pfoduct.12 The amide (CSMeaEt)sz(N(SiMe3)2 can be synthesized by

heating the résidue of the reaction between CSMeAEtH and

{[(Mé3Si)2N]2Yb}2 to 145°C (10-2torr) after the solvent has been

vl
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removed. It appears tﬁatvat‘high temperafures (CSMeS)ZYbL is quite
reactive toward hete;o-atom donors so that the only way in which
(CSMeS)ZYb can be synthesized is by displacement of L with an excess of
a very weak ligand at room temperature. The verf weak ligand may then
be removed at room temperature under vacuum. Further experimental study

of this system is wa;rdhted.

Reaction with Lewis Acids

The observation that {[(Me3Si)2N]2Yb}2 is a dimer in the solid state
with (Me3S1),N groups that bridge the two Yb atoms indicates that the
nitrogen atoms of the. coordinated amido groups can act as Lewis.bases.
Sinée the [(Me3Si)2N]2Yb fragment is very coordinatively unsaturated,
compounds containing both Leﬁis abid and base sites can.coordinate to
both the nitrogen Atoms of the (Me3si)zu.groupé and the ytterbium
atom. This behavior 1s observed in the compound NaYb[N(SiMe3)]3 in
which the two métal atoms are bridgea by (MejSi)zN groups..

- The reaction of electropositive metal alkyls and hydrides Qith
{[(Me3Si)2N]2Yb}2 should produce complexes in which the (Me3Si)2N groups
bridge the two metals.! Since the [(Me3Si)2N12Yb fragment 1is
coordinatively unsaturated, tﬁe élkyl or hydride ligands might also be
expected to bridge the two metal atoms. ‘Trialkylaluminum complexes are
likely candidates to form élkyl bridges bgcause éomplexes which contain
alkyl groups that bridge between the Al agoh and an early d or f bldck
metal have been isolated.19 Such materials ;re of interest relﬁtive to

the mechanism of the Ziegler-Natter polymerization p):‘ocesszoa—d

20e-h

as well

as their structure and bonding.

The reaction of {[(Me3Si)2N]2Yb}2 with two equivalents of Al,Rg
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(R=Me, Et)iis instantanéous at room temberature. The products of these
reéctions have thé stoichiometry [(Me3Si)2N]2Yb(AlR3)2 as determined by
their In R spectra, and the observation of a parént ion in the mass
spectrum of the AlMej complex. The cohplex [(Me331)2N]éYb(AlMe3)2 may
be crystailized from pentane, in high yield, as bright yellow plates.
The complex [(Me3Si)2N}2Yb(AlEt3)2 is a low melting solid which does not
crystallize from pentane in a reproducible fashion. Since the
stoichiometry of these complexes rule out struétures that contain more.
than one YS atom (assuming that the Al atom is bound to the N(SiMe,),
group), there was a good possibility that the complexes contain alkyl
groups which bridge the Al and Yb atoms. A single crystal X-ray
diffracfion study at low temperature was performed on the complex
[(Me3Si)2N]éYb(A1Me3)2 to inQestigate this possibility.

~ An ORTEP drawing of the molecule-i; given in Figure 5. The bond

lengths and angles in this molecule are found in Tables (VII) and
(VIII).. A listing of positional and thermal parameters can be found in
Apﬁendix-(I), while the details of the data collection are found in the
Experimental Section. The structure determination was carried out at
=95°C in order to minimize fhe effects of thermal motion on the
structure determination. |
| The complex consists of a ﬁonomeric.fb[N(SiMeB)z]z fragment in which
each lone pair of electrons on the nitrogen atoﬁs is coordinated to
aluminiﬁm so that the cobrdination number of the nitrogen and aluminium
atoms 1is féﬁr. The averaged Al-N distance of 1.963(5)A and the averaged
Yb-N-Al angle of 80.1(7)° are similar to those found in MeaAlz(u-Mej(u—
NPh,)2! at 2.003(3)A and 85.6(1)°, and Me,‘A.lz(-u—NMez)Zzz at 1.96(1)A and

91.6(2)°, respectively. The YbN(1,2) bond lengths of 2.510(2) and



Figure 5. ORTEP of [(Me3Si)2N]2Yb(AlMe3)2

1B B&T-1i6.
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Table VII. Bond Lengths (A) of [(Me3S1),N],Yb(AlMe;),

Yb1-N1 2.510(2) S12-C21 ' 1.883(2)
Yb1-N2 2.573(2) S12-C22 1.868(2)
Ybl-Cl 3.202(3) $12-C23 1.864(2)
Ybl-C2 . 2.788(2) Si3-N2 - 1.761(2)
Yb1-C5 3.042(2) - Si3-C31 1.866(3)
Ybl-C6 . 2.756(2) $13-C32 1.861(3)
Ybl-C12 3.067(2) s13-C33 1.860(2)
Ybl-C21 3.039(2) S14-N1 - 1.758(2)
Si 1-N1 1.755(2) S14—C41 1.862(2)
si1-Cl1 1.865(2) Si4-C42 1.870(2)
S11-C12 1.879(2) S14-C43 1.866(2)
S11-C13 | 1.862(2) N1-All 1.973(2)

Si2-N2 1.753(2) N2-A12 1.953(2)



Table VIII.

N1-Ybl-N2
N1-Ybl-C2
Nl1-Ybl-C5
N1-Ybl-C6
N1-Ybl-Cl12
N1-Ybl-C21
N2-Ybl-C2
N2-Yb1-C5
N2-Yb1-C6
N2-Ybl-Cl2
N2-Ybl-C21
C2-Ybl-C5
C2-Yb1-C6
C2-Ybl1-Cl12
C2-Ybl1-C21
C5-Ybl-C6
-C5-Ybl-Cl2
C5-Yb1-C21

. C6-Ybl-Cl2

C6-Yb1-C21
Cl12-Ybl-C21
Yb1-Cl-All
Yb1-C2-All
Yb1-C5-A12
Yb1-C6-A12
Yb1-C12-8i1
Yb1-C21-512
N1-5i1-Cl11
N1-S11-C12

131.56(5)
73.52(6)
152.56(6)
100.68(6)
63.01(6)
135.16(6)
148.35(6)
68.77(6)
71.94(6)
90.06(6)
63.59(6)
81.72(7)
85.76(7)
121.20(7)
115.39(7)
65.24(7)
143.19(6)
66.73(6)
137.74(7)
123.13(6)
77.00(6)
64.68(7)
74.03(7)
67.21(7)
73.65(7)
83.22(8)
83.90(8)

114.66(10)

108.66(9)

Bond Angles (deg) of [(Me351),N],Yb(AlMes),

N1-Si1-C13
C11-511-C12
Cl1-811-C13
C12-5i1-C13
N2-S12-C21
N2-S12-C22
N2-S12-C23
C21-512-C22
C21-812-C23

- €22-512-C23
| N2-513-C31

N2-513-C32
N2-513-C33
C31-543-C32
C31-513-C33
C32-513-C33
Ybl-N1-581i1
Yb1l-N1-Si4
Ybl-N1-All

S11-N1-Si4

Si1-N1-All
Si4-N1-Al1
Yb1-N2-Si2
Yb1-N2-S5i3
YB1-N2-AL2
Si2-N2-Si3
Si2-N2-A12
S13-N2-Al12

113.45(10)
104.26(11)
106.37(11)
108.95(11)

110.18(9)
114.70(10)
112.82(10)
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102.97(11)

108.23(11)
107.32(12)
112.69(10)
112.79(10)
111.55(10)
104.60(12)
109.25(11)

105.49(11) "

104.47(8)

122.97(8)
81.83(6)

115.79(10)

'114.28(9)

113.08(9)
101.95(7)
126.93(8)
79.24(6)
116.37(10)
114.34(9)

o 112.77(9)
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2.573(2)A are longer than the equivalent bond length of 2.46(2)A in
NaYb[N(SiMe3)2]3,1 and within the range of the four Yb-N bridge bond
lengths in {[(Me3Si),N],Yb}, (from 2.445 to 2.573A). The N(1)-Yb-N(2)
‘angle of 131.56(5)° is similar to that found in [(Me3-Si)2N]2dempe2
which‘is 123.6(6)°.

The nonlinearity of the N(1)-Yb-N(2) angle is caused by coofdination
of the AlMe, methyl groups C(2,6) and C(1,5) to tﬁe Yb atom. The Yb-u-C
bond lengths fall into three ranges; two short distances, Yb—C(2,6) of
2.788(2) and 2.756(2)A, respectively having Yb-C(2,6)-A1(1,2) angles of
74.03(7)AR and73.65(7), respectively, one intermediate diétance, Yb-C(5)
of 3;042(2).and the Yb-C(5)-Al angle of 67.2(7)°, and one long distance,
Yb-C(1) of 3.202(3)A. .The two shortest Al-C distances are close to
those found in (C5H552Yb(u—Me)2AlMe28 a“d-[(CSHS)aY]Z (u—Me)26 of
‘ 2.59(2) and 2.54(1)A, respectively. The bridging angles Yb-C-Al are
also similar to tﬁe eqﬁivalent angles found in szYb(u—Me)zAlMez8 and
Csz(p—Me)zAlMez9 of 78.9(6)° and 80.8(4)°, respectively.  Since the
radius of Yb(II) is ca. 0.1A larger than that of fb(III) or Y(III), the
two lohger Yb-C distances are still shorter than the sum (3.3A) of the
van der Waalé radius of a carbon atom and the metallic radius of
divalent ytterbium (1.7R). |

The Al-Me bond lengths show significant variation depending upon
whether or not the methyl gfoup'bridges between Yb and Al. The averaged
Al-ne(cemiﬁal) bond length (A(1,2)-C(3,4)) is 1.959(2)A. The Al-
Me(bridge)”bond lengths fall into two categories. The averaged Al1(1,2)-
C(3,6) bond length 1s 2.029(2)A, and the averaged A1(1,2)-C(1,5) bond
length is 2.009(3)A. Thus, tﬁe methyl groups which have the shortest

contact with Yb have the longest bonds to Al. The averaged N-Al--
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 C(bridge) angle is 106.1(1.6°), and the averaged NfAl—C(term) angle 1is
116.6(4)°. Tﬁese angles are similar to the equivalent angles in
M¢4A12(u-Me)(u—NPh2) of 108.9(10)° and 113;1(1.1)?, respectively.

A comparison of the M-C, and M—beidge bond lengths.for

erm
[(Me4S1),)N],Yb(AlMe;), and related complexes is found in Table (IX).
Inspéctidn of Table (IX) reveals ﬁﬁat the bridging Al-C distances in
[(MeS1),N],Yb(AlMe ), a;e ca. 0.1A shorter than these distances in
related éompounds. This 1s shown quanfitétively by defining A as the
averaged terminal Al-C distanceAminus the averaged bridging Al-é
distance for the related compounds in Table (IX). The A-values show
that the bridge bonds in [(Me3Si)2N]2Yb(AlMe3)2 are ;pproximétely midway
“between bridging and terminal Al1-C bonds in length and presumébly in
strength. As a consequence of the éhorter Bridging Al-C lengths 1in
[(Me3Siij]2Yb(AlMe3)2; the bridging Yb-C bonds are proportionally

" longer and weaker.. )

The relative weakness of the Yb-Me-Al interaction in '

‘ [(Me3Si),N],¥b(AlMe4), in the solid state is apparently true in sdlutioq
Qince oniy one type of Me environment is observed for both the AlMe3 and
N(SiMe3)2Aprotons in the 'H WMR spectrum at -80°C. 1If there were a
chemical shift difference between the bridging and terminal ﬁe protons
oﬁ>the AlMe3 groups of 1.0Hz at -80°C, then the upper limit of AG%Cis
ca. 10kcal mol—l. This may be compared'with Acicfor briage—terminal
exchange in MeaAlz(p-Me)z and in CpZY(u-Me)zAiMez of ca. 11 and 16kcal
mol'l, respectively. in the case of the compiex'[(Me381)2N]2Yb(AlEt3)2,
the !H NMR resonances for both the (Me4S1),N and AlEt, resonances

broaden severely as the temperature is lowered from 25° to -80°C. .

Unfortunately, even at -80°C still only one Et and one (Me3Si)éN



Table IX. Comparison of Al-C Briding and Termin

Bridging Alkyl Groups

Al-C.b

. Al—Cba t
Compound - (A) (A)
MeaAlz(u-Me)z 2.125(2) 1.935(2)
MeaAlz(u4Me)4Mg 2.13(2)  '1.96(1)

* Me,Al(u,Me),YCp, 2.10(1)  1.94(1)

[(Me,S1),N],Yb(AlMe,) 2.009(2) 1.959(2)

3 2772 372 2.029(1)

al Digtances in Some Al Complexes Which Contain

AC

[

0.17

0.19

0.17

0.16
0.13

0.05
0.07

wtear  xAlaye
(deg) v (x, deg?
75.7(1)  Me. 104.3(1)
78.9(2) N, 94.7(2)
77.7(3) e, 105.7(1)
80.8(4) Me, 112(1)
78.9(6) Me, 113.3(8)
65.9(7)  107.7¢4)
73.8(1)  104.5(6)

References

7
21

23

this work

a.) b = bridging carbon atom

b.) t = terminal carbon atom

c.) A1is tAl-Cb]—IAI-Ct]

L1
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environment are observed. .Presﬁmébly, the bridge;terminal exchange
could be stopped on the NMR timescalg by using AlR3 compounds with
bulkier R groups. |

Because of the Yb-C(2,6)-Al Bridge bonding, there is a possibility
of substantial interactions between the Yb atom and the H atoms on
C(2,6). The H atoms on C(Z,S) were located in the étructqre
determinafion and it was féund that H(2,3,4,6,) are 2.63, 2.72, 3.13,
and 2.53A from Yb. SinceAfwo H atoms on each methyl group are
relatively close to Yb while the third points away the structure found

is that of III rather than IV (below). This suggests that the Yb-Me

N W
‘) // _ ’(Og*

C .

/ \ H—C
e

III v

interaction occurs by way of carbon rather than through hydrogen.

In addition to the short Yb-C-Al distances, two of the methyl groups
on the gsilicon atom have short Yb-C contacts. The Yb-C(12,21) distances
are 3.067(2) and 3.039(2)A, réspe;;ively. Similar interactions are
observed in {[(MejSi)zN]ZYb}z, NaYb[N(SiMe3)2]3.1 and

[(Me3Si)2N]2dempe.2 The longer Yb-C(12,21) contacts suggest that the
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Yb;C—Si interactions are weaker than the anaiogOus Yb—C-Ai
1nteracfion{ The averaged Si-Cterminal distance is 1;864(3)A, while the
Si-C(12,21) averaged distance is 1.881(2)A. Due to the'small esd's in
‘the structure, the difference is statistically significant, and the
absolute bond lengthgning of 0.017A& is consistent with the hypothesis
that the Yb-C-Si bridging interaction is very weak indeed.

Although the Yb-C-Al bridging interaction is weak, the chemistry of
[ (Me 4S1),N],Yb(AIMe,), is subétantially different from
trime:hylaluminium or its coordination complexes. In particular,
[(Me3Si)2N]2Yb(AlMe3)2 polymerizes ethylene at 20°C and 12atm whereas
trimethylaiuminium does not polymerize ethylene under such mild

conditions.,.24

The complgx [(Me3Si)2N]2Yb(A.-1Me-3)2 does not react with
PhC=CPh, though it does react with PMey to give an orange crystalline
material which has not yet been characterized. When
[(Me3Si)2N]2Yb(A1Me3)2 is reacted with propyléne a very slow reécfion
occurs which results in small amounts of polypropyleng, but because of
the smali yields, small amounts of. impurity ﬁay be éatalyzing the
reaction, ﬁnd not [(Me3S£)2N]2Yb(AlMe3)2.

The complex'{[(Me3Si)2N]2Yb}é also reacts with two equivalents of a
variety of other Lewls acids such as Mg(CHZCMe3)2, LiCH(SiMe3)2,‘and
HAl(i—Bu)z'to give complexes. Unfortunately; these materials are oils
which are difficult to purify and characterize. The.complex between
HAl(i-Bu)Z ana'[(Me3Si)2N]2Yb is of interest because of the possibility
that it has YB-HQAl interactions. Clearly, the reaction between HAlMeé
and {[(Me3Si)2N]2Yb}2.shou1d bé investigated since the product shoula be
more tractable. |

Finally, when {[(Me3Si)2N]2Yb}2.is mixed with two equivalents of KH
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in pentane for three days, a reaétion occurs which gives a light red
, solution. and a light red précipitate.' The coﬁplex formed is only
sparingly soluble in hexane, but is quite soluble in toluene. ~A white
- solid may also be crystallized from the_reaction mixture which has been
shqdn to be Kﬁ(SiMe3)2 by 1ts_mélting POint.27 The H NMR spectruﬁ at
25°C contains one resonance at §0.26 due to Me3Si protons and two broad

resonances at 1.43 and 3.556; respectively. The integréted intensity of

these peaks indicates that they occur in an 18:1:1 ratio. The peaks at
6§1.43, and §3.55 are in the region found for Lu and Y hydr:ides.z-5 The

1VH NMR spectrum is temperature dependeﬁt with the Me3Si resonance

| "splitting into three peaks with a 1:3:1 ratio at -40°C. The hydride
resonances aiso split, but the peaks are very broaq and weak makihg
accurate integration difficult. The complex ap;ears'to be diamagnetic
by 1y NMR, and the stoichiome:ry'appeats to be {K[HZYbN(SiMe3)2]}x. The
temperature debendence of the IH NMR suggests that the complek might

have a complicated structure in solution. Unfortunately, attempts to

grow X-ray quality crystals of the complex have not yet been successful.
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Experimental Section

General

Iﬁfrared spectra were recorded on a Perkin—Eimer 557 grating
spectrophotometer as Nujol mulls between CsI or KBr windows. Mass
spectra were taken with an AEI 12 mass spectrometer. The ly (90MHz)
13C{1H} (22.5MHz) nuclear magnetic résonance spectra were recorded on a
JEol Fx-90Q spectrometer and referenced to Me451(6=0, 1-H and 13C
spégtra). The 31P‘NMR spectra were measured at either 72.9 MHz or 8IMHz
on the departmental machines at the University of California, Berkeley
and referenced to 85% H,P0,(6=0). Elemental analyses were performed by
the analytical iaboratories at the University of California, Berkeley.
Melting points were measured in sealed capillaries and are

uncorrected. The optical sbectra-were measured on a Cary 17 UV-visible

‘ spectrophotometer.

A1l of the compounds studied here are air and moisture sensitive,
consequently all operations were conducted under a nitrogen atmosphere

using standard schlenk techniques or a vacuum atomosphere inert

' atmosphere gler box. Reactions which were carried out at elevated

pressures were performed in Fischer-Porter glass pressure bottles.

All solvents used for reactions were distilied from benzophenone
ketyl under nitrdgen prior to use. Pyridine was distilied from sodium,
and phosphines ﬁére dried over KOH prior to use. Deuterated solvents
for NMR studies were distilled from molten potassium and stored under
nitrogen over sodium prior to use. All other chemicals were of reagent
grade quality unless otherwise specified. | |

Pentamet hylcyclopentadienide and tetramethylethylcyclopentadiene
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were prepared according to literature-procedures.1 Sodium

pentamethylcyclopentadiene was prepared by reaction of the diene with
NaNH2 in THF. The sodium salg is solubie in THf, and isolation of the
sodium salt is accomplished by filtration of the THF solution followed
" by evaporation of the THF. The resultant gray-green powder is then
washed with diethyl ether (3x200m1) to give NaCSMeS as an off-white

2 and the lanthanide dihalides

powder. Sodium bis(trimethylsilyl)amide
(EuIz, Yb12)3 wefe‘prepared according to literature procedures. -The .
[CSHARM(CO)X]2 molecules were prepared according to literature
proceduresa, but were purified via recrystallization rather than
sublimation. The compounds (CSH4R)C0(CO)2 (R=Me3Si, Me, H) were
preﬁared by feaction of the diene with Coz(CO)Sé, but were purified by
‘filtering thevcrude-reactioh nixture through a frit filled with ca. 60cm

of alumina. Removal of excess CH2C12 left the pure products as dark red

oils.
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Magnetic susceptibility Studies :

Magnetic susceptibility measurements were made on a S;H.E. Cérp.
model 905 SQUID magnetometer. Sample containers used in thése studies
were made from an.alloy of aluminum containing 37 silicon which was
purchased from Varian. The sample containers were héld togethef with a
2cm piece of 0.0127mm copper wire. and were sealed with silicon stopcoék
grease. The variation in the suséeptibility of the emp#y sample
container due to differinglamounts of grease was less than 3%. Design
of the sample containers is available from Dr. N. Edelstein at Lawrence
Berkeley Laboratories.

Approximately 30-40mg of the compound was finely ground with a
mortar and pestlé in an argon filled dry box. This sample was then
loaded.into the sample holder which was closed and sealed with silicon
grease. The sample container was then removed irom thé dry box. Any-
excess grease was removed. The container was then wired closed, and a
piece of cotton thread was tied to the wire. The sample was then.
.suspénded in.the sample chamber of the magnetometér. The sample chamber
was then evacuated to a pressure of 100 microns, and refilled with’dry
helium three times. |

Sample measurements were taken automatically at the following
temperatures and fields. At 5KG: 5-15K every 2.5K, from 15-50K every
5K, from 50-300K every 10K, and at 40KG: 300-100K every 20K, from 100-
30K every 10K, fréﬁ 30-5K every 5K. All sample runs were corrected for
containef magnetiém and ¢ompound diamagnetism using published Pascal
constants.

Temperature Inde#endenﬁ Paramagnétism was taken to be zero for

Yb(I1I). Magnetic susceptibility was calculated as
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(total signal-container signal) ° M.W.
H * Weight

XM = - Xdia -T.I.P.

Samples which followed Curie-Weiss behavior were fitted to the equation

L
XM -

using‘a linear least-squares program written by Dr. E. Gamp. The
effective magnetic moments of the compléxes were calculated using the

equation

e
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Chapter 1

[ (CsMe ), ¥b(II1)] [Mn(COY5] 4/, C;Hg

Bi s(Pentamethylcyclopentadienyl)ytterbium(II) diethyletherate (1.0g,
0.001%mo1) in»toluene (20m1) was édded to a solution of an(CO)lo
(0.38¢g, 0.0097mol) in toluene (20ml). The reaction mixture turned dark
blue upon mixing. After Eé: 12hr. of sfirring the dark blue solution
was filtered, concentrated to saturation at room temperature (53, 40ml),
and cooled to -10°C. The dark blue needles were collected and dried

- under reduced pressure. The mother liquors were then concentrated to
ca. 10ml, and cooled to -10°C;'combined yield 1.1 g, 82%. _Mp. darkens
at 270°C; decomposes at 318-320°C. Anai. Calcd. for 025H3005ManJQ”

1y R

C;Hg: C, 48.6; H, 4.88. Found: C, 48.6; H, 4.70.
(+25°C):68.75(v1%; 47Hz, 3QH), 2.11(0.75H) (the aromatic protons oﬁ the
toluene of crystallization were obscurred by residual C6DSH in the C¢Dg
solvent). Ir (Nujol): 2735w, 1965vbrvs, 1937sh; 1928sh, 1882m, 1840s,
1775vbrvs, 1062w, 1024m, 800w, 735m, 728m, 695sh, 682vé, 650m, 645m,
592w, 555s, 500m, 463m, 425m, 39Sm, 325s, 285w em ! (Cyclohexane)

1984m, 1962s, 1955s, 1945m, 1778m, 1762s, 1750m, 1723m cn~ 1.

[(CsMes),Yb(III)][Re(CO)g] 1/, CoHg

Bis(Pentamet hylcyclopentadienyl)ytterbium(1II) diethyle;herate (0.21g,
.90040 moles) in toluene (25ml) was addedvto a solution of ReZ(CO)IO
(.13g, .00020 moles). The reaction mixture turned dark red over the
course of two days. After ca. 48hr. of s;irring, the dark red solution

was filtered, and concentrated to ca. 5ml. and cooled to —lO°C._'TEe
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dark réd microcrystals were colleéted and dried undef reduced pressure,
0.17g (53%) yield: Mp. 315°-320°C (dec). Anal. Caled. for
CysHyo0sReYbd/ CoHg: €, 40.5: H, 4.07. Found: C, 40.4; H
4.18. ' MR (CgDg, 25°C): 69.56(v 1= 110Hz, 30H) 62.100.8H). (The
residual C¢DsH in the solvent obscured the aromatic protons on the’ o

toluene of crystéllization). Ir (Nujol): 2720w, 1982sh, 1972vs, 1950s,

1945sh, 1750brvs, 1015w, 950m, 795w, 715m, 625w, 585s cm-l.

Reaction of [(CgMeg),Yb(III)]}[Mn(CO)5] Y/, CoHg with CH,I.

1.7 M1 of a 0.10M solution of‘CH3I(.OOl7 ﬁoles) in toluene was added to
a toluene solution (20ml) containing 0.09g(0.0014m01) of
[(CSMesszb(III)][Mn(co)s]d%5C7H8 at room temperature.. The mixture
slowly turned from blue to redfbrown. Aftér 12hr. of stirring the
toluene was removed under reduced pressure. The residue was extracted
- with pentane (ca. 3ml), and the ir.spectrum of this extract was
measured, (2108m, 2040vw , 2010vs, 1990s cm ), which is identical to

the published spectrum of MeMn(CO)S.S

Reaction of [(CgMeg),Yb(III)]Re(CO)5]Y/,CoHg with CHsI

Methyl Iodide (0.26 ml. of a 0.50 M solution 0.00013mol) was added to a
solution of [(CSMes)sz(III)]rRe(Co)S]'l-/‘p7H8 (0.10g, 0.00013m01) in
 toluene (10ml) at room temperature. After stirfing for ca. 24hr., the
toluene was removed under reauced pressure. The residue was extracted
with pentane (10ml), and the ir spectrum of the pentane extract was -
measured, 2140w, 2095sh, 2b655, 203$vs, 2020vs, 1995vs, 1978vs, 196dwsh

1943m cm-l, due to a mixture of MeRe(CO)g and.ReZ(CO)lo.G’7
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Hydrolysis of the Mn-Yb and Re-Yb Compounds.

Ca. 30mg of the Mn or Re compounds were hydrolyzed with D50 in C6D6;

1

The only resonances observed in the "H NMR spectrum of the C6D6

solutions were those of CSMeSD and C7H8 in an 8:1 ratio.

{1(CqMe5),YB(III) ] [(CsHg)Fe(CO),1},

Bis(pentamethylcyclopentadienyl)yttefbium(II) diethyletheréte (0.57g,
0.0011mol) in toluene (30ml) was added to a solution of [(CSHS)Fe(CO)Z]é
(0.20gm 0.00056mol) in toluene (30ml). The reaction mixture turned dark
red immediately and tiny black crystals precipitated from solution;
After stirring. for 12hr., the reaction mixture was allowed to settle.
The toluene solution was then filtered and cooled to -10°C. The
crystalline residue was extracted with toluene (3 x 60ml). The toluene
extracts were combined and concentrated to ca. 30ml, and cooled to
-10°C. The combined yield of the black microcrystals was 0.55g (80%)
Mp. 350°C (dec). Anal. Calcd. for Cy;H;sFeO,¥b: C, 52.3; H, 5.68.
Found: C, 51.65 H, 5.70. lH NMR (C(Dg, 30°C) 68;09(v1k;36Hz, 30H),
'635.23(v14;13ﬂz, 5H). Ir (Nujpl): 3100w, 2730w, 2005w, 1965m, 1960m,
ISOOvbrvs, 1665ssh. 1165w, 1110w, 1060w, 1015m, 892w, 840m, 810m, 800m,
725w, 695w, 655m, 605sh, 583s, 512s, 395sh, 378m, 355w, 320s, 279sh |

cm L.

{[(CoMe ), YB(III) ] [(C5Hg)Fe(CO)y )Y,

Bis(pentamethylcyclopentadienyl)ytterbium(II) diethyletherate (1.25g.
0.00241mol) in toluene (50ml) was added to a solution of |
[(CH3C5HA)Fe(CO)2]2 (0.46g, 0.0012mol) in toluene (40ml). The reaction

mixture turned dark red upon mixing. After stirring for 12hr. the
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. solution was filtered, and concenttafed to ca. 40ml un&er reduced

. pressure and cooled to -10°C. The small black prisms were collected
and dried under reduced pressure. The mothef liquors were then
concentrated to ca. 10ml and cooled to ~10°C. More black prisms were
collected. The combined yield was 1.2g (78%), Mp. 340°C .(dec). Anal.
Calcd. for CygH3;Fe0,¥b: C, 53.0; H, 5.88. Found: C, 52.7: H, 5.76.
1y R (CgDg» 25°C) §7.91(v14;45ﬂz, 30H), 38.52(v14;7.8Hz, 3H), 4ﬁ.31
(vlé?8.6ﬂz, 2H) . 44.19(v1A;11Hz ;H). Ir'(Nujol): 3095w, 2730w, 2015w,
1972m, 1958sh, 1785brvs, 1725brvs, 1665s, 1165w, 1062w, 1020Brm, 930w,
885w, 855w, 823w, 80lm, 725m, 695w, 660m, 630w, 5855, 51l4s, 390m, 360m,
322s, 285sh cm-l, (Cyclohexane) 1787vs, 1723vs, em™ L, Crystals suitable
for single crystél x-ray diffraction were grown by éoqling a saturatea

- methylcyclohexane solution from.60° to rooﬁ temperatufe over a period of

24hr.

{[(CsMe ), YB(III) ] [(Me4SiCgH,)Fe(CO)4]),

The complex (CgMeg),Yb*OEt, 0.50g (0.00097 moles) in toluene (20ml) was
added to 0.24g (0.00048 moles) of [Me3SiC5H4Fe(CO)2]2 in toluene
(20m1). The mixturé was allowed to react qu'sgf 20hr. The feadtion
mixture was then filtered and concentrated to ca. 15ml, and cooled to
-10°C. The black prisms of product were collected, and dried under
feduéed pressure. A second crop of crystals was 6btainedvby‘_
concentrating the mother liqudrSVCO_gg. 2ml and cooling to -10°C. The
combined yleld was 0.57g (86%). Anal. Calcd. for Cygl,30,FeSivb: C,
52.0: H, 6.26. Found C, 51.4; H, 6.13. Ir (Nujol): 3100w, 3170w,
2720w, 1795brs, 1730brs, 1365m, 1243m, 1158m, 1059w, 1040m, 1017§, 902m;_

865m, 832s, 798m, 750m, 690m, 630m, 620w, 585m, 579sh, 508m, 430w, 380m,
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Lo lumr (cgpg 29°C): 850.21(v 1=3Hz 2H);

340w, 315s, 280m cm
632.33(v14;12Hz, 2H); 619.45(v14;10Hz, 9H) ; 68.0l(v1[;37ﬁz, 30H). When
heated in a sealed capillary the compound lightened in color at 100-

120°C, and melted with decomposition at  40-245°C.

[(CSMeS)ZYbI]2[(C5H5)2Fe2(C0)4]

Bis(pgntamethYIcyclopentadiényl)ytterbium(II) diethyletheraté (0.44g,
0.00085mol) in toluene (40ml) was added to a solution of (C5H5)Fe(CQ)21
(0.25g, 0.00082mol) in toluene (20ml). Upon mixing, copious amounts of
red-purple precipitate formed. After stirring for ca. 24 hr. the
precipitate was allowed to settle. The supernatent was discarded. The
red~pu¥p1e powler was dried under reduced pressure. The complex melted
with decompbsition 220°-240°C. Anal. Calcd. for 054H70Fe21204Yb2: c,
43.40; H, 4.72; I, 17.0. Found: C, 42.4: H, 4.73; I, 17.5. 1Ir
(Nujol): 3960w, 3310w, 3110w, 3070w, 2720w, 2015vs, 1985sh. 1945 msh,
1825m, 1740m, 1640BrVs, 1425m, 1165m, 1051w, lOlOﬁ,.995m, 869wsh, 860w,
840s, 830sh. 817w, 660vs, 608m, 595s, 587m, 570w, 523s, 509 w, 490w,

470w, 445w, 370brm, 355m, 298s, 275sh cm L.

Dissolution of the complex in THF (20ml) gave a violet colored

solution. The vioiet éolution was filtered and concentrated to ca. 3ml,
and cooled to -10°C. - The purple prisﬁs wére collected and dried under
reduced pressure, and were shown to be (CSMeS)ZYbI'THF by comparison of
the IR to that of an authentic sample, and by mass spectrscopy M*-
THF=571). The solvent from tﬁé supernatent was removed under reduced
pressure. The residue contained [(CSHS)Fe(CO)Z]Z by comparison of its

ir with the literature value.
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~ [(CsMeg),YB(ITIT) (py) ][ (Me4S1CsH,)Fe(CO),]

Bis(pentamethylcyclopentadienyl)ytterbium diethyletherate 0.4g(0.002mol)
in toluene (60ml) was reacted with 0.50g (0.0010mol) of |
[Me3SiC5HAFe(CO)é]2 for 12hrs. at room,temperafure. Pyridine (0.1l6ml,
0.0020moi) was a&ded and the reactiéh mixture was stirred for 8hr. The

~ toluene was’removed under reduced pressure, and tﬁe resultant residue
was dissolved in diethylether (ca. 30ml). 'The ether solution was
filtered, concentrated to ca. 10ml and cooled to -10°C for 1 week. Dark
-red-black pfisms were isolated, and dried under reduced pfessuré to givé
a yield of 1.3g (82%). Anal. Calcd. for CscH,gFeNO,SiYb; C, 54.47: H,
6.27: N, 1.81: Found* C, 52.14: H, 6.23; N, 1.61. Ir (Nujol): 3710w.
3250w, 3085w, 3065&, 2720w, 1870VsBr,‘1678vsbr, 1601s,v1570w, 1488m,
1440m, 1360m, 1300w, 1244s, 1218m. 1215m, 1180w, 1166m: 1157s, 1067w,
ldbls, 1032w, 1021m, 1008m, 900m, 880w, 865m, 833s, 802m, 790w, 758s,
706s 692m, 643m, 630m, 594m. 550s, 507s 448w, 435w, 385m, 375m, 3155,
290msh, 245w em~l. lg R (C,Dg, 29°C): &4.46, (30H); 66.30, (9H);

© o 69.92, (ZH): §10.24. (2H).

{[(CgMes),Yb(III)] [ (Me3SiCsH,IRu(CO),1},

Bis(pentamet hylcyclopentadienyl)ytterbium(II) diethyletherate (0.72g,
0.0014mo0l) in toluene (40ml) was added to a solution of
[(Me3SiC5H4)Ru(CO)2]2 (0.41g, 0.00070mo1l) in.toluene (30&15. The
reaction mixture slowly turned dark red as it was stirred for ca. 24hr.
The mixture was filtered, concentrated to 53, 25ml and cooled to
-10°C. The resultant purple prisms were colleéfed, and dried under

reduced pressure. Two more crops of crystals were obtained from the
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mother liquors, and the combined yield was 857 When heated in a sealed
capillary the compound melted with decomposition at 250-255°C. Anal.
Calcd. for C30H4302 RuSiY¥b: C, 48.8; H, 5.87. Found: C, 48.3; H,
5.67. lH MR (CgDg, 31°C): 68.27(v y=41Hz, 30H), §19.55(vy=7.4Hz,
94), 631.87(v1A;10Hz, 2H), 643.80(v14§9.4Hz, 2H). Ir (Nujol): 2730w,
1815vs, 1730vs, 1242s, 1156s, 1037m, 1015w, 898m 865m, 833s, 816s, 782m,

. 75lm, 740w, 690m, 625m, 523s, 520w, 487m, 415m en L.

Reaction of CHyI with {[(CgMeg),Yb(III)][(CsHg)Fe(CO),1},

:Hethyl Iodide (0.00019mol) in toluene solution (1.5ml, ;13§) was added
to a solution of ~{[(C5Me5)2Y.b(III)][(CSHS)Fe(CO)Z]}2 (0.10g, 0.00016mol)
in toluene (30ml) at room temperature. After stirring for 24hr., the
toluene was_femoved under reduced pressure. The residue was extracted
with pentane (15ml), and'the.ir spectrum of the pentane extract ‘
contained the folloﬁing bands in the v-CO region; 2045vw, 2017s, 1984w,
1965vs, 1945wsh, 1798s, due to (Csﬁs)zFez(CO)z.8 The mass spectrum of
the residue had peaks consistent Qith the folléwing.ions:
(CsMes),YIF(571), (CoMes),Yb¥(444), (CoMeg)YBIT(435), and

v(CSMes)Yb+(3O9).

Reaction of CH3I with {[(CSMeS)ZYb(III)l[(CSHACH3)Fe(CO)2]}é

Methyl Iodide (0.00016 moles) in toluene solution (0.33m1, 0.50M) was
added to a solution of {[Yb(CgMeg),]{(CsHg)Fe(CO),]}, (0.10g,
0.00016mo0l1) in toluene'(ZOﬁl) at room temperature. After stirring for
24hr., the toluene was removed under reduced pressure. Thé résidue was
extracted with pentane (10ml), and the ir spectrum of the pentane

extract contained the following bands in the v-CO region; 2005s, 1955vé.
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1885s, due to (MeCSHQ)ZFez(CO)A. The mass sﬁectrum of the residue had
péaks congistent with the following ions: (CSMeS)szI+(571),

(CsMes),Yb (444), (CoMes)YBIY(435), and (CgMes)Yb*(309).

{[CSMes)sz(III) ] [(CSHS)MO(CO)3] }2

Bis(pentaméthylcyciopentadienyl)yttéfﬁium(II) diethyletherate (0.53g,
0.0010mol) in toluene (30ml) was'addedvto a solutioﬁ of [(CgHgIMo(CO) 5],
(0.25g, 0.00051mol) in toluene (10ml). The reaction mixture turned dark
purple upon mixing. After stirring for ca. 12hr the solution was
filtered, concentrated to ca. 5ml, then ca. 5ml pentane was added; ‘The
reéultantvSOIution was then cooied to -70°C. The dark purple prisms
(0.36g, 51%) were collected aﬁd dried under reduced pressure. Mp. 335°C
(dec). Anal. Calcd..for CygHy5Mo04Yb:  C, 48.8; H, 5.12. Eound: C,
49.0; H, 5.14. I1H NMR (25°C) 68.16(v16;62ﬂz, 30H) 632:85(v14?10Hz,
SH). Ir (Nujol): 3110brw, 2730w, 2030w, 1942vs, 1931vs, 1730brs,
1680brs, 1609s, 1165w, 1110w, 1057w,1022w, 1005m, 783s. 725w, 640w,
615m, 585&, 503s, 482m, 470sh, 390m, 321s, 268sh em™ L. (Cyclohéxane)

1940vs, 1730vs, 1680vs, 1680vs cm L.

{[(CgMe5),Y(IIT) ] [Me4S1CsH, Mo(CO) 5]},

The ether complex of Bis(pentamethylcyclopentadienyl)ytterbium(Ii)
(0.79¢,0.0015m01) in toluene (60ml) was added to |
‘Tfimethylsi1y1cyclopentadieny1 molyﬁdenum tricérbonyl dimef (0.48g,
0.00076mol) in toluene (15ml1). The reaction mixture was stirred for ca.
12hr. The purple solution was filtered, and the filtrate was
concentrated under reduced pressure to ca. 20m1."Cooling to -10°C

afforded purple prisms of product. The product was collected, and dried
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under reduced pressure. The mother liquors were concentrated further to
.ca. 2ml, and cooled to -10°C producing another crop of crystals in a
combined yield of 0.87g (76%). Mp. 300-310° (dec). Anal. Calcd. for
CeoHgeOpStoYboMoy: C, 48.9: H, 5.70. Found: C, 48.3: H, 5.79. lH Nmr
(250MHz, 25°C); 634.8, (1.76H); 34.63, (2.0H); 33.50, (1.76H); 32.05,
(2.0H); 25.58, (7.92H): 25.30, (9H): 8.98, (13.2H); 8.27, (30H): 7.55,

(13.24). Ir (Cy¢lohexane): v-C0-1944s, 1730s, 1682s cm-l.

Reaction of {[(CSMeS)ZYb(III)][(CSHS)MO(CO)3]}2 with Methyl Iodide

Methyl iodide (0.00017mol) was added via syringe to a solution of
{[(CgMes),¥b* 1 [CsH,Mo(CO) 371}, (0.108,0.000072m01) in toluene (30ml).

The solution was stirred for_ég, IZBr, and the solvent was then removed

" under reduced pressure. The residue was then extracted into pentane and

the ir spectrum of the pentane extract showed bands attributable to

0

Reaction of {[(CSMeS)ZYb(III)][05H5M0(00)3]}2 with

[ (CsMe ), Yb(III) ] [Mo(CO)4CsH, SiMe ]

The complex {[(CsMeg),Yb(III)]{CgHMo(CO)5]}, (0.11g,0.000016mol) in
toluene (30ml). The resultant solution was then stirred at room
temperature for ca. 24hr. The solvent was then removed under reduced

pressure. ly NMR studies were then carried out on the residue.

- [(CgMe 5),YB(III) Py (C5H5)2003(0054]

Bi s(pentamethylcyclopentadienyl)ytterbium(II) diethylether (1.0g,

0.001%mol) in toluene (30ml) was added to cyclopentadienycobalt
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_dicérbonyl (0.50g, 0.0028mol) in toluene (5m1). The solutionrsldwly
'tufned'dark blue as it was stirred for 48hr. It was then filtered, and
céoled to -10°C.- The dark blue microcrystals were collected and dried
under reduced pressure. A second crop of microcrystals was isolated
from the mother 1iqhor, and the combined.yield was 0.74g‘(59Z).V When
heated in a sealed éapillary t he compbund melted at 130°C with
decomposition as a green gas evolved Vhich crystallizgd on the sides of
the capillary. Anal. Caled. for C54H70C0304Yb2: C, 49.7; H, 5.46.
Found: C, 49.6; H, 5.38. lH MMR (25°C): 85.39(v 1=47Hz, 30H); 32.51
(y14;34Hz: SH). Ir (Nujol): 3240w, 3100w, 2730w, 1590vs, 1075brw,

1010w, 900w, 843w, 835w, 812m, 725w, 660s, 572w, 543m, 530shw cm™l.

I(CSMeS)ZYb(iII)]2[(Mé05H4)2C03(C0)4] * CyHg

| Bi s( pentamethylcyclopentadienyl)ytterbium(II) dieﬁhylethéf(l.lg,
0.0022m01) in toluene (50ml) was‘mixed with meﬁhylcyclopenté— v
dieﬁylcobaitdicarbonyl (.66g, .0032mol) in goluene (5ml1). The solutioﬂ
was heated to 90°C for 12hr, then cooled to room temperature, filtered,
‘and cdnéentrated to ca. éSml. Cooling to -10°C yielded small dark
pufple prisﬁs which were collected and dried under feduced pressure.

Two more croﬁs-of crystals were isqlated from the mother liquor, and thé
combined yield was 0.93g (65%Z). When heated in a sealed capillary thé

- compound decomposed at 195°C with melting, and evolved copious
QuAntities of a green gas. Anal. Calcd. for C56H740030aij."C7H8: c,

$3.1; H, 5.79. Pound: C, 53.2; H, 5.75. !

H NMR (30°C): 64.84(v
1/2=-48Hz, 30H); 28.87(\:1/2-39}12;‘ 2H); 30.12 (\),1/;32}12; 2H);_84.07(v_1/2=lo9Hz,

"3H); §2.09 (3H); the aromatic hydrogens of the toluene of solvation were

obscured by the residual C¢DgH in the C¢D¢ solvent. Ir (Nujol): 3217w,
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3070w, 2715w, 1575vs, 1051w, 1035w, 1013m, 962brw, 923w, 885w, 858w,
845w, 819w, 800m, 790sh, 760w, 712m, 650s, 610wsh, 580w, 564m, 531m,

432w, 390sh, 365m, 308s, 295msh, 260w, 225w, 205w cm-l.

[(CsMES)ZYb(III)]2[(Me3SiCSH4)2CO3(CO)AI

Bi s(pentamethylcyclopentadienyl)ytterbium diethylether (d.96g,
0.0019mol) in toluene (30ml) was mixed with trimethylsilylecyclo-
pentadienylcobaltdicarbonyl in toluene (Sml).’ The solution slowly
turned.deep blue upoﬁ heating to 70°C for 12hr. The solution was cdoled
té room temperature, filtered, and thén concentrated to ca. l5ml.
Cooling thevconcent;ate to -10°C produced dark blue prisms which were
collected and dried under reduced pressure. Two more crops of crystals
were isolated from the mother iiquor, and the combined yield was 0.89g
(65%). Anal. Calcd. for C60H68C6304512Yb2: c, 49;7; H, 5.98. TFound:
.C, 47.83; H, 6.01. ly NMR (25°C): 64.09(v14;12ﬁz; 9H);. 5;34(v14;49Hz,
30H); 17.25(v1é;40Hz, 2H); 75.45(v14;39Hz, ZH)f: Ir (Nujol): 3120w,
3080w, 2715w, 1658w, 1575vs, 1350w, 1240m, 1157m, 1034m, 1015w, 895m,
870w, 826s, 800m, 745m, 715w, 682w,_6455, 623m. 608wsh, 562w, 530m,
509w, 433w, AlOw,v390w, 380w, 360m, 307s, 295msh, 280m, 260w, 225w

c:m-1 EPR: g=2;0827 in methylcyclohexane at room temperature, and at

77K.

[(CSMeSYb(III)]Z[(CSHS)ZRh3(CO)4]

_Bis(pentamethylcyclopentadienyl)ytterbium(II) diethylether(.25g,
0.00043mol) in toluene (20ml) was mixed with cyclopentadienylrhodium-
dicarbonyl (0.17g, 0.00074mol) in toluene (5ml). The solution turned

blue-green immediately and was stirred for 12hr, filtered, and the
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filtrate concentrated to ca. 5ml. Cooling the concentrate to -10°C
prodﬁced dark blue microcrystals which were collected, and dried under
redhced pressure in a yleld of 0.12g (38%). Anal. Calcd. for
C54H7004Rh3Yb2: C, 45.10; H, 4.90. Found: C, 44.2; H, 4.81. 1Ir
(Nujol):l3130w, 3080w, 2715w, 1583vs, 1335@, 1050w, 1020w,_1000m; 887w,
'828m, 804wsh, 787s, 720w, 610m, 560m, 506w, 385w, 340w, 315s, 300msh,
278w, ZZéw, 210w em ', B WMR (CgDg » 2?°C): 66.30(v1£?48Hz, 30H5;

—l3.26(v1ﬁ?56ﬂz, SH).

Reaction of Me3SiCsHg with [(CsMeg),Yb(ITI)THF][Co(CO),]

Bis(pentamethylcyclopentadienyl)ytterbiun(III) tetrahydrofuran;
tetracarbonylcobaltate (0.30g, 0.00044mol) in toluene (50ml) was mixed
with 1ml (0.006mol, an éxcess) of MeiSiCSHS in toluene (5ml) and the
reaction mixture was refluxed for 48hr. During the reflux\period a
black‘precipitate formed,‘and the solution darkened. The toluene was
then removed under reduced preésuré,_and the resultant residue was
extracted with pentane (2 x 30ml). The combined extracts were
concentrafedvto ca. 10ml. Cooling of the extract to -70°C produced a
dark blue microcrystalline solid which was identified as
'[(CSMgS)ZYblz[(Mé3SiC5HA)2Co3(CO)4] by its ir in Nujol. The infrared
gpectrum of the residue which did not extract into pentane exhibited

bands due to [(CSMeS)ZYb]2[(Me3SiCSHA)2Co3(CO)4].

Presence of H2

[(CSMeS)sz(III)]2[(Me3S;CSHA)2Co3(CO)4] (0.30g, 0.00021mol) in toluene

(30ml) was reacted with lml of HZO under an atmosphere of H,. The
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reaction mixture was stirred for 12hr. .During the course of the
reaction the toluene layer turned bright green, and the Hy0 layer was
milky white with precipitate. Anhydrous Mgso, was added ot ﬁhe mixture
in air. The toluene layer was then decanted, and the toluene was
removed under reduced pressure. The residue was then dissolved in
pentane (10ml). The pentane solution was then concentrated to ca. 5ml,
and cooling to -70°C produced green prisms. Ir (Nujol): 1775s, 17605,
1352m, 1300w, 1243m, 164m, 1035m, 1020wsh, 898m, 835s, 755w, 720w, 695w,
638&, 627w, 590&, 540w, 520w e !, 1H mMR: §-0.08(9H); 1.24(15RH); 4.74

(apparent triplet J=2Hz, 2H); 5.04 (apparent triplet J=2Hz).
Belumer:  60.33(MeyS1); 8.64(MesCs); 84.79; 86.04; 94.72; 96.32. The

above spectra are consistent with the compound beilng (Me3SiC5H4)

The second érop of crystals contained the above compound as well as a
compound with the following ir absorptions: 2025w,1966m,1795s,1775w,
1760cm™!, and the peaks due to (Me;SiCsH,)(CqMes)Con(u=C0),. The !t NMR
spectrum contained absorptions at § 0.04(9H); 4.46 (apparent triplet
J=2Hz, 2H); 4.87 (apparent triplet J=2Hz, ZH).. The data are consistent
with the preseﬁce of (Me381C5H4)2C02(C0)2.11 The two peaks at 2025 cm™ !
and 1966 cm™ ! are due to a smali amount of Me451Co(CO),. Finally, a
solution ir study (pentane) of the residue from the mother liquor from
the second crop of crystalé'showed bands at 2025s, 1968s, 1799m, 1776m,

1760w cm’l. The 1H NMR spectrum shows weak peaks due to the compounds

described above as well #s peaks due to Me3SiC5HACo(c0)2 at §.103(9H);

4.45 (apparent triplet J=2Hz, 2H); 4.70 (apparént triplet J=2Hz).
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The compound (CSMeS)ZYb(III)]2[(Me3SiC5H4)2Co3(CO)4] (0.30g, .00021mol)
in toluene'(30m1) was placed into a thick walled glass pressure bottle,
and pressurized with HZ (18atm) at 100°C for two weéks. During this

time the solution turﬁed green, and copibus quantities of a black
precipitate forméd. The toluene solution was filtered,-and‘the filtrate
was evaporated to dryness. The residue was dissblved in pentane (10ml),
and the solution was concentrated to ca. Iml. Cooling to -70°C yiélded

green prisms. Ir (Nujol): 175Qs, 1360m, 1150m, 1070w, 1022m,‘720w,
633w, 590w,'545w; 525w, 420w, 405m cm-l. ly NMR: &1.41 (singleg).

13 Ly v 68.83(MesCs): 94.57(MesCs). Ms m/e 444( (CsMe 5)Co(C0)* Jamu:
m/e 194[(C5Me5)Co+]amu. As a control e#periment, N
[ (CaMe ), ¥b(ITT) ], [Me 581 (CgH, )Cog(CO), ] (0.30g, +00021mol) in toluene
(20ml) Vés placed into a glass pressure bottle and pressurized with
argon to 18atm,.and heated to 100°C for 2 weeks. The toluene was then

-removed under reduced pressure and the ir épectrum of the residue

revealed that it was unreacted starting material.

Reaction of (CSMeS)ZYb'OEtz with Acetylmanganesepentacarbonyl

Bis(pentamefhylcyclopentadienyl)ytterbium(II) diethyletherate (0f42g,
0.00081m01) in toluene (40ml) was reacted with acetylmanganese-
pentacarbonyl (0.21g, 0.00084mol) in toluene (20ml). The reaction
mixture turned deep red.upon mixing. The solutiqn was stirred for 12hr,
filtered, and the filtrate was concéntrated ﬁo EE: 3Qm1. Cooling the
solution to -10°C overnighf produced red-brown prisms which were

iéolated énd dried under reduced pressure. Mp 140-145°C (dec). Anal.



L]

195

Caled. for C26H3306Man: C, 46.6; H, 4.96. Found: C, 45.7; H, 4.32.

~Ir (Nujol): 2725w, 2120m, 2076m, 2062m, 2042m, 2010m, 2000m, 1970vsbr,

2045vs, 1922s, 1768w, 1585vs, 1545s, 1485m, 1395s, 1332m, 1100m, 1075m,
1015w, 965w, 930m, 722m, 650ssh, 633vs, 617ssh, 579m, 550w, 502w, 470m,

443m, 400m, 380w, 340w, 307s, 298sh cm™l.

Reaction of (CSMes)sz'OEtZ with MeMn(CO)S Under CO

Bis(pentamethylcyclopentadienyl)ytterbium(I1) diéthylether (0.49¢g,
0.00095m01) was dissolved in 40ml of toluene and a stream of carbon
monoxide was passed throught the sélutionvfor_gg. 1 min. In a separate
flask, (0.20g, 0.00095;01) of methylmanganesepentacarbonyl was dissolved
in 20ml of toluene and a stream of carbon monoxide gas was passed
through the squtién for ca. 1 min;-»The'solution containing the
ytterbium complex was then added to the MeMn(CO)S-under'a blsnket of CO.

The reaction mixture turned dark red immediately. The solution was

stirred overnight, and then filtered, and the filtrate was concentrated

to ca. 30ml and then cooled to -10°C. The dark brown-red prisms were

~collected and dried under recuded pressure. Mp 185°C (dec). Anal.

Calcd. for C31H4307Man: C, 49.3; H, 5.69. Found: C, 49.4; H, 5.27.
Ir (Nujol): 3185w, 2725w, 2005s, 1970brvs, 1945brs, 1590vs, 1485s,
1332m, 1125m, 1020m, 734m, 795w, 722m, 688w, 640ssh, 632s, 616s, 577s,

550msh, SOlw, 465m, 430m, 413w, 380m, 340w, 306s cm !. 1H NMR (CeDg):

. 8§1.36 (v1A;64Hz, 3H), 7.97 (v1A;110Hz, 30H). When a sample of the

compound was hydrolyzed with D50, and extracted with C6D6 and 1y mMR

speértum of the extract revealed CSMeSD and CAHIOO in a 2:0.2 ratio.
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Bis(pentamethylcyclopentadienyl)ytterbium(II) diethylether (0.69g,
0.0013mol) in toluene (30ml) was added to cyclopentadienylﬁickelcarbonyl
dimer (0.20g, 0.00066mol) in toluene (20ml). The reaction mixture was
stirred for ca. 10hr. The toluene was removed under reduced pressure
and the black residue was then dissolved in ca. 30ml of diethylether.
The ether §olution was filtered, and the filtrate was concentrated to
.EE: 15ml and cooled to -10°Conernight. The greeh—black plates were
isolated and dried under reduced pressure. Anal. foﬁnd: C, 48.4; H,
5.71. Ir (Nujol): 3390w, 2725w, 2000s, 1875m, 1855m, 1832s, 1815m,
1735w, 1645sbf, 1258w, 1160w, 1017m, 783s, 725w, 630brm cm . When this
reaction was caried out under an atmosphere of carbon monoxide, the
reaction mixture turned dark red, and the only product that was 1solated
was a red powder from pentane. The infrared spectrum of this cémpound

had extremely broad peaks and was totally uninformative.

[(CsMe5),¥b] [ (CoHg)Co(u=COIPMe, ],

Cyclopentadienylcobaltcarbonyltfimethylphosphine (0.52g, 0.0023mol) was
dissolved in toluene (ca. 20ml) and the resultant solution added to a
toluene solution (ca. 30ml) (1.2g, 0.0023mol) pf bis(pentamethylcyclo-
pentadienyl)ytterbium diethyletherate. The reaction mixture was heated
to 80°C for. 8hr. The solution was allowed to cool to room temperature,
filtered, and the filtrate was concentrated to ca. 10ml and cooléd to
—10°C5 The dark green crystals were collected and dried under reduced
pressure to give 0.87g of product (847 yield based upon

(CSHS)CO(CO)PMe3). Anal. Calcd. for C38H58C0202P2Yb: c, 50.?; H,
6.50. Found: C, 50.7; H, 6.45. 'H NMR CgDg, 30°C): 61.05 (d, Jp_
y=9-3Hz, 18H): 62.23 (s, 30H): 64.72 (s, 10H). Ir (Nujol): 3100w,
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2720w, 1923m, 1866vs, 1837vs, 1406w, 1345w, 1300w, 1282m, 1278m, 1105m,
1007m, 979m, 948s, 935ssh, 890w, 847m, 830w, 791s, 730ssh, 722s, 688m,

673sm 569s, 480m, 455w, 398m, 362m, 323m, 260s, 215w el

. A sample of
the complex was dissolved in C¢Dg and hydrolyzed. The 1y nMR spectrum
of the C¢D¢ solution revealed the presence of (CSHS)CO(CO)PMe3

84.63(s,5H); 60.96 (d, Jp_y=9.1Hz, 18H) and CeMesH in a 1:1 ratio.

[(CsMeS)ZYb][HCo(u-CO)(PMe3)3]2

Bis(penfamethylcyclopentadienyl)ytterbium diethyletherate (0.19g,
0.00038m61) in ;oluene (10ml1) was réacted with hydriddcobalt
tris(triméthylphosbhine)carbonyl (0.12g, 0.00038mol) in toluene

(20m1). The reaction solution turned brown-orange upon mixing. The
solution was stirréd for ca. 10hr, and then filtered. The filtrate was
Concentrated to ca. 5ml and cooled to -10°C.overnight. Green prisms
were collected and dried under reducéd'preséure. A second crop of
crystals was obtained by concentrating the mother liquors to ca. lﬁl and
cooling to -10°C. .The combined yield was 85% based upon

HCo(CO)(PMe3)3. Anal. Calcd. for C,gHgePc0,C0,Yb: C, 44.7; H, 8.06..
Found: C, 44.2; H, 7.49. ly NMR, (C;Dg, -78°C): 62.64 (broad singlet,
30H), 60.99 (broad singlet, 54H). 3P NMR C;Dg -70°C: 65.23 (broad
singlet); Ir (Nujol): 2720w, 1913s, 1833m, 1795vs, 1420m, 130lwsh,
1294s, 1278s, 1150brw, lOlSw,‘957s, 930vs, 840m, 712s, 670msh, 661s,

583w, 480w, 365s, 260m cm ..

[(CsMes),¥b] [MeCo(uy=CO) (Pes)s]

Bis(pentamethylcyclopentadienyl)ytterbium diethyletherate (0.37g,

0.00073mol) in toluene (10ml) was added to methylcobalﬁcérbonyl,
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tris(trimethylphosphine) (0.24g, 0.00073mol) in toluene (10ml). The
reaction mixture immediately turned orange-green. The solution was
stirred for ca. 12hr. The reaction mixture was filtered, and the
filtrate was concentrated to ca. 5ml and cooled to -10°C. Green prisms
were isolated and dried under reduced pressure to give 0.4g of
product(7IZ). Anal. Caled. for Cq,HgoOP3CoYD: C, 48.1; H, 7.82.
Found: C, 47.8; H, 7.83. Ir'(Nﬁjol): 2720w, 1900s, 1795s, 1l417s,

1305m, 1293s, 1276s, 1145brs, 1017w, 930s, 845m, 713s, 7025, 665msh,
657s, 565m, 360s, 275m cm . H NMR (C,Dg) 25°C: 6-0.45 (q, Jp_
g=l4.3Hz, 3H); 61.08 (m, 27H); 62.30 (s, 3OH).‘ Some éamples may contain

excess PMej. 31p nur (C7D8) -83°C: 61.25 (broad singlet).

Reactions of [(Me3Si)2N]2Yb(OEt2)2 with Transition Metal Carbonyl

Complexes
Reaction of Bis(hexamethyldisilylamido)ytterbium diethyletherate with

the transition metél carbonyl complexes Mo(CO)6, Coz(CO)s, MnZ(CO)lo,
and Fe3(CO)12 produced Yb[N(SiMe3)213 as the only isolable product. The
residues from the reactions contaiped products having Yb-0-C-M
interactioﬁs, bdt attempts to crystallize these matérials were
unsuccessful. Reaction of [(Me3Si)yN],¥b°(OEt,), with CgH,Fe(CO),I
resulted in the formation of a red precipitate and a red solution in
toluene. The red solid had an ir spectrum similar to [CSHSFe(CO)zl2 :
ZYb(CSMeS)ZI, and the red éolution contained [CSHSFe(CO)2]2'
Recrystallization of the red ppt from THF gave yellow crystals of

YbI3'(THF)x.

[(CsMe5),Yb] [(CHgIMN(CO) 4]
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Bis(pentamefhylcyclopentadienyl)ytterbium diethyl ether (0.44g,
0.00085m0l) in toluene (30ml) was added to cyclopentadienylmanganese
tricarbonyl (0.17g, 0.00083mol) in toluene (20ml). Upon mixing a green
preéipitate formed while the solution remained dark green. The mixfure
was stirred overnight and the green solution was filtered from the green
precipitate. Tﬁe green solid was dissolvéd in ca. 40ml of toluene. The
toluene solution was filtered and'combined with the green reéction
liquors. The combined extracts were then concentrated to ca. 40ml and
cooled to -10°C. The green hair-like needles were collected and dried
uﬁder reduced pressure. A second crop of crystals was grown by
concentrat;ng the mother liquors to ca. 10ml and cooling to =~10°C. The
combined yleld was ca. 0.25g, 80%. Anal. Calcd. for Cygy50qMnYb:  C,
51.9; H, 5.40. Found: C, 48.7; H, 5.55. Ir (Nujol): 3070m, 2725w,
2016vs, 1941vs, 1925ssh, 1905vs, 1883vs, 1856vs, 1160brw, 1060w, 1010m,
845s, 728w, 695w, 668vs, 637vs, 558m, 537s, 518m,.505m, 375m, 310msh,

270s cm L.

'[(CSMeS)ZYb][(Mec5H5)Mn(co)3]

Bistpentamethylcyclopentadienyl)yttefbium diethylether (0.65g,
0.0013mol) in toluene (ca. 30ml) was reacted with me;hylcyclopentadienyl
manganese tricarbonyl (0.28g, 0.0013mol) in toluene (10ml). The
reaction mixture was percept;bly darker in color than thevoriginal
solution of (CsMesszb‘OEtz. The solution was stirred overnight, and
then concentratédbto'ggg 20ml and the concentrate‘was cooled to -10°C.
‘The combined yield was 0.36g, 65% (based upon the manganese compound) .
Anal. Calcd. for C29H3703Man: ¢, 52.6; H, 5.59. Found: C, 49.06; H,

5.26. TIr (Nujol): 3050w, 2710w, 2010s, 1954s, 1932vs, 1907m, 1870m,
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1840sbr, 1140vw, 1020w, 835wbr, 715w, 661lm, 630m, 528w, SOOw, 379w, ’
305m, 295m, 260w cm ! lH NMR 61.50(s); 2.29(s); 4.01(m); 4.05(m). Due
to observation of large amounts of decomposition prodﬁcts, the

integration of the above spectrum is meaningless.

Reaction of (CgMeg),Yb*OEt, with (CgHg)Co(CO)PPhy

Bis(pentamethylcyclopentadienyl)ytterbium diethylether (0.82g,
0.0016mol) iﬁ toluene (40ml) was added to cyclopentadienyl eobalt
carbonyl triphenyl phosphine in toluene (20ml). There was no visible
reaction in 12hr. Heating the solution té 90° forAiZhr causgd the
solution to turn dérk broﬁn.‘ The soiution was cooled to room
temperature, and filtered. Attempts to grow crystals ffoﬁvtoluene were
unsuccessful. The toluene was then removed under reduced pressure, and
tﬁe red-brown fesidue was extracted into_gg$ 30ml of diethylether. The
.ether solution was concentrated tb ca. 15ml and cooled to -10°C. Small
red prisms were collected and dried under reduced pressure. Anal.
found: C, 67.3; H, 5.19. Ir (Nujol): 3070W, 3050w, 2720w, 1933s,
1844vs, 1800msh, 1665w, 1606vs, 1434s, 1305w, 1181w, 1155w, lllOw;
1088s, 1010w, 995w, 790m, 740m, 723w, 691s, 674s, 565w, 529s, 507s,

448w, 420w, 330w, 260w cm l.
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Chapter 2

[(CgMes),¥bbipy] T [1]”

Bis(pentamethylcyclopentadienyl)ytterbium bipyridine, (0.76g, 0.0013mol)
1in toluene (15ml), was reacted with AgI (0.30g, 0.0013mol) for 24hr.
The resultant brown microcrystalline precipitéte was isolated by
filtration, and washed with pentane (2 x 10ml). The precipitate was
then dissolved in CH,Cl, (ca. 10ml), and the CH,Cl, solution was
filtered from silver metal formed in the reaction. Pentane (53:>40m1)
was éarefully layered onto the CH,Cl, solution, ahd diffusive mixing of
the pentane and CH2C12 at room ;emperature resulted in a quantitative
yield of btown.plates. Mp 125°-130°C (dec). Anal. Caled. for
CyoHygIN,¥b; C, 49.6; h, 5.27; I, 17.5; N, 3.85; Found: C, 47.9; H,
5.23; 1, 16.7; N, 3.63. Ir (Nujol): 3040w, 2620w, 1595s, 1560w,
1432vs, 1308s, 1275w, 1167w, 1150m; 10§2w, 1058&, 10163,.7705, 734m,

718w, 644w, 627w, 585w, 420w, 380w, 312s ca”l.

Reduction of [(CSMes)ZYbbipy]+[I]°

Bis(pentamethylcyclopentadienyl)ytterbium(III) bipyridineiodide (0.17g,
0.00023m01) in THF (50ml) was reacted with excess sodium amalgam. The
reaction turned dark brown and the reaction mixture was stirred for
12hr. The THF was then removed under reduced pressure, and the brown
residue was then extracted withlhexane (30ml), then filtered. The
hexane was then removed from the filtrate under reduéed pressure to
yield a brown microcrystalline solid which was identified as
31s(Pentamethylcyélopentadienyl)ytterbium bipyridine by its ir spectrum

and its melting point.12
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[(MegCs),Ybbipy] ™[ (MesCs),¥bCL, ]

The THF adduct of Bis(Pentamethylcyclopentadiényl)ytterbiUm_chloride
(0.23g, 0.00042mol) was dissolved in ca. 20m1 of toluene and was added
to 2,2'-bipyridine (0.03g, 0.00019mol) in 10ml of toluene. A reaction
occurred immediately forming a brown microcrystalline precipitate.

After stirring the reaction for 20min, the precipitate was allowed to
settle, and the supernatent liquid was discarded. The residue was
washed with toluené (2 x 10ml), and dissolvedvin dichloromethané_gi.
5ml. Pentane (gg} 50ml) was carefully layered onto the CH,C1,

solution. Diffusive mixing §§er the course of 3 days resulted in an
essentially quantitative yield. Mp 264-266°C(dec).“Anal. Calcd. for
C5oHggClyNy¥by: C, 53.9; H, 6.15; C1, 6.36; N, 2.51;: Found: C, 53.85;
H, 6.07{ Cl1, 5.55; N, 2.50. Thgvcompound has a conductivity [A) of 11.2
alen? mo17! in CH3CN solution. Ir (Nujol): 3060w, 2620w, 1598s,
1570w, 148§m, 1435vs, 1312s, 1230w, 1175vw, 1159w, 1126w, 1100w, 1058w,
1033w, 1018s, 799w, 766vs, 733m, 7L7W, 647w, 631w, 613vw, 586w, 415w,
380w, 370w, 291s, 275m, 232s cm l. 'H NMR (CDCl, 28°C): 658.00 (2H):
15.82 (2H): 3.23 (30H);VI.A3 (30H); -1.91 (2H). The remaining proton in

the bipyridine ring was not located.

[ (CgMe ), ¥bbipy] T [Co(C0), 1™

Bis(?entamethylcyclopentadienyl)ytterbiumbipyridine, (0.49g, 0.00082mol)
in toluene SE: 30ml was added to Co,(CO)g (0.14g, 0.00041mol)in tolueme
(20ml) at room teﬁperature. Upon mixing, a rust red microcrystalline
precipitate slowly formed. After stirring overnight the solid was

i1solated, washed with pentane (3 x 20ml), and dried under reduced
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pressure to givela.quantitative yield of red-brown microcrysfalsc Anal.
Caled. for C5,H4gN,0,Co¥b; C, 53.0; H, 4,.97; N, 3;63; Found: C, 50.8; H,
4.83; N, 3.62. Mp 183-186°C(dec). Ir (Nujol): 3070w, 2625w, 1885vvs,
1596s, 1570w, 1490m; 1435vs, 1322s, 1175m, 1160m, 1120w, 1105w, 1060w,
1043w, 1021m, 1013m, 969w, 898w, 762vs, 735m, 720w, 650w, 632w, 595w,

560vs, 430w, 390w, 320s cm l.

[(CSMeS)ZYb]24,4'—Bipyridine

A solution of 4,4' bipyridine (0.07g, 0.00047mol) in THF (20ml) was
addea to bis(pentamethylcyclopentadienyl)ytterbium diethyletherate
(0.49g, 0.00094mo0l) in THF (20ml). Upon addition of the 4,4' bipyridine,
.the reacfion mixture turned from red to dark blue-green. After ca. one
minute of reaction, a purple powdef begén to precipitate from solution,
and the mixture was stirred for 12hr. The THF,solution was filtered
away from.the purple preéipitate. Concentraﬁion of the THF filtrafe to
ca. 30ml and cooling it to -10°C produced a purple powder. The purple
powder waé collected and dried undef‘reducéd pressure. It 1is iﬁsoluble
lin aromati; and aliphatic hydrocarbons and diethyl ether, though it
reacts with CH,Cl,, and acetone. It was characterized only by its ir
spectrum (Nujol): 2720w, 2540w, 1595vs, 1550vs, 1495s, 1346s, 1287w,
1260w, 1217vs; 1195vs, 1162w, 1093w, 1065w, 1048w, 10l4vs, 971vs, 960vs,
922msh, 798m, 777m, 750w, 723w, 705w,A695w, 685&, 665&, 611s, 590w, 505w

em L.

[ (Me351)yN],¥b (bipyridine)

Bipyridine (0.12g,'0.00077m01e) in toluene (10ml) was édded to a

solution of [(Me3Si)2N]2Yb(0Et2)2 (0.50g, 0.00077mol) in toluene



204
(30m1l). The ;eaction mixture immediately turned a very dark brown-
yellow color. The solution was stirred for 20hr, and the toluene was.
removed under reduced pressure leaving avdark green—black residue. The
residue was dissolved in 75ml of pentane, thé pentane solution was
filtered, and the filtrate concentrated to ca. 20ml and cooled to
-20°C. The dark purple needles were collected and dried under reduced
pressure to give 0.40g of product, 80% yield. Anal. Calcd._for
CyoH44N,S1,¥b:  C, 40.7; H, 6.82; N, 8.62. Found: C, 40.8; H; 6.65; N,
8.49. Ir (Nujol): 1596w, 1495m, 1435m, 1365w, 1292w, 1245s, 1148m,
1079msh, 1065s, 985s, 945s, 876msh, 866s, 8465h, 82257 770w, 753s, 722m,
688w, 662m, 604w, 442w, 382, co-l. 1H NR (30°C, CeDg): 80.837
(v1A;12$z, 2H): 51.16(v1é710Hzf 24): 610.26(v]ﬁ;59ﬁz;'36H5. ﬁhe

remaining protons in the bipyridine rings were not located.

[(CsMes),¥b],(bipyrimidine) *(toluene)

Bis(pentametﬁylcyclopentadienyl) ytterbium diethyletherate (1l.2g,
0.0022m01) in 60ml toluene was added to 2,2'bipyrimidine (0.18g,
0.0011lmol) in'toluenev(SOml). The reéction mixture immediately turned
dark-red brown. After sﬁirring for 12hr, a red-brown crystalline
precipitate had separated frbm the reaction mixture. The solution was
2filtered and the filtrate was concen;rated to ca. 50ml. Cooling to
-10°C afforded black-brown needles which were collecte& and dried under
reduced pressure. The mother liquors were concentrated to ca. 20ml and
cooled to -10°C producing a second crop of crystals. A third crop may
also be obtained, and the red-brown precipitate ffom the original
reaction mixture may also be cfystallized from toluene to give

product. The total yield was 1.lg, 90%. Mp 305-308°C. Anal. Calcd.
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fof CggHygN, Yb,: C, 58.1; H, 6.48; N, 4.93. Found: C, 58.0; H, 6.81;
N, 5.01. 1Ir (Nujol): 2725w, 2670w, 2480w, 1735w, 1672w, 1635w,
1605msh, 1589vs, 1555w, 1365vs, 1270vs, 1160w, 1091s, 1040vs, 946m,
725n, 693m, 6755, 618s, 587w, 460w, 385m, 303s, 242w cm‘l. Ms(E.I., 70
E.V.) 1064 M*, 910(M-CgMe )™, 775(M-2CsMes)™, 641(M-3MesCs)™, 507(M-

4Me505)+. 467(CMe sYbbpm) ¥, 443(CgMeg),Yb) ™.

Phenylacetylene (0.23g, 0.0022mol) in toluene (10ml) was added to a.
solution-of (CgMeg),Yb*OEt, (0.86g, 0.0017mol)in tolﬁene (20ml) at room
température. The mixture slowly turned red over a period of 24hr. The
reaction mixturevﬁas-then filtered, and the filtrate concentrated to ca.
5ml under reduced pressure. cooling to -10°C afforded red needles of
product in 52% yield{vMore product may be obtained by adding ca. 10ml of
pentane to the mothgr'liquors and cooling_them to =-70°C. Mp 275-

278°C. . Anal. Calcd. for CyoHgoYby: C, 59.1; H, 5.50. .Found: C 59.3; -
H, 5.51. _1H NMR (26°C, C6D6): 63,49(v]ﬁ;25H;, 30H); 610.55(v1ﬁ;20Hz,
1H); 612.69(v14?20ﬂz, 2H) 625.47(vy=21Hz, 20). Ir (Nujol): 3076w,
3047w, 2718w, 2040m, 1593w, 1571w, 1483m,‘1441w, 1193m, 1070w, 1023m,

917w, 756s, 729m, 690s, 542m, 502m, 388m, 310s en 1.

[(CSMeS)Eu(CECPh)(THF)Z]Z

Bis(pentamethylcyclopentédienyl)eu?opium diethyletherate (0.76g, |
0.0015mo0l) was dissolvedkin-toluene (30ml). To this solution was added
phenylacetylene (0.26ml, 0.0015mol). The reaction mixture was stirred
for;ggf 20hr. Duriné.this time a yellow-orange solid precipitated from

‘the reaction mixture. The supernatent solution was then removed by
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filtration and discarded. and the solid was washed with pentané
(3x10m1), and the washings were discarded. The solid was dissolved in
THF (40ml) and filtered. Concentration of the filtrate t6 ca. 20ml ané
cooling to -10°C produced oranée prisms in 477 yield. ‘Anal; Caled. for
C,¢Hyg0,Eu; C, 58.64; H, 6.81. TFound: C, 43.36; H, 5.73. Ir
(Nujol):' 3070wsh, 3050w, 2715&, 2025w, 1593s, 1568m, 1482s, 1290w,
1189s, 1171m, 1066m, 1035vs; 995w, 905msh, 890s, 758vs, 7525§h,.720w,
693vs, 665w, 660w, 619w, 532m, 480m, 355w, 285s, 275msh, 252vs;‘240msh,
230w cm~l. The proton NMR spectrum of a hydrolyzed sample of the

compound revealed the presence of CSMeSH, THF .and phenylacetylene in a

1:2:1 ratio.
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Chapter 3

[(Me3Si)2N]2Yb(OEt2)2

Sodium hexaﬁethyldisilylamide (2.56g, 0.0140mol) in diethyl ether
(150m1) was cooled to 0°C and added to a slurry of YbI, (3.18¢,
0.00745mo0l1) 1in diethyl ether (50ml) at 0°C. The feaction mixture was
stirred at 0°C for lhr. The reaction mixture consisted of a blue-gréen
solution above a yellow-green precipitate. The reaction was then
allowed to warm to room temperature which caused it to turn light
orange. 4The reaction was stirred at room temperatureAfor 3hrs. The
1ight.orange ether solution was fil;ered and the filtrate concentrated
to ca. 30ml. Cooling of the concentrate to -70°C overnight afforded
large prisms of product which are yellow at -70°C and orange at room
temperature.;3 A second;crop'of'crysfalé,may bévgrown from the mother
liquors at -70°C to give a combined yield of 3.2g (71%). This reaction
must be run with a small exess‘of YbI,. If it is not,.then even small
amounts ofvexcess NaN(SiMe4), will catalize another reaction which
results in a§ yet uncharacéerized products. If this occurs, then yields

of the desired [(Me,Si),N] Yb(OEt ), may be as low as 2%.
3 2772 272

{[(Me451))N],¥b},

Bi s(Hexamethyldisilylamido)ytterbium bisdietﬁyletherate,(I.QZg;
0.00159mo01) was dissolvedvin 20ml of toluene. The red solution was
heated to 80° for 2hr, aﬂd then the‘toluene was then removed under
reduced pressure while maintaining the solution at 80°C. The bright
red-;tange residue waé then extracted with pentane (40ml), and the

pentane solution was filtered and concentrated to'EE:IIOml and cooled to
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-20°C. Bright red-orange needles were collected and dried under reduced
préssure. The mother liquors were concentrated to ca. lml and cooled to
-20°C to produce a second crop of crystals in a combined yield 0.60g,» )
76%. If the residue obtained from the removal of the toluene is a
solid, and not an oil, then a quantitative field of product may be
obtained és an orange microcrystalline powder by total removal of
pentane from the pentane extract of this solid. M.P. 150-153°C. ' Ir
(Nujol); 1250s, 1175w, 1020s, 930s, 875s, 820s, 755s, 660s, 605msh,
595s, 410s, 390msh, 375s, 362ssh, 285w, 245w em}. Anal. Caled. for
CyoH3gNpSi,¥b:  C, 29.2; H, 7.35; N, 5.67. Found: C, 27.4; H, 7.19; N,
4.85. 1H MR (31°C, CgH), 60.341(s). 13c NMR, 86.47.- Ms 988[M"],
828[M-N(SiMe3),1"%, 494[M-2N(SiMes),]", 479[YDIN(SiMey),], Me],

334 [YBN(SiMe),]+.

[YB( THF)'3] [ (uZ-CO)ZW(CO) (C5H5) ]2

Bis(hexamethyidisilylamido)ytterbium bis(diethylether) (0.34g,
0.00053mol) in téluene (10ml1) was added to cyclopentadienyltungsten
tricarbonylhydr;de (0.35¢, 0.0010mol) ih toluene (30m1). A yellow'
precipitate formed immediately. The reaction mixture was stirred for 1
hr, and then the toluene was removed under reduced preSsufe. The yéllow
solid was dissolved in ca. 20ml of THF, and the THF solution was
concentrated to;gg 2ml. Cooling of the THF concentrate to -ZQ°C
afforded bright yellow prisms. The yellow prisms were collected, and
dried uﬁder reduced pressure which caused them to become opaqué and
_crumble into powder. Addition of hexane(5ml) to the mother liquors
reSultéd in precipitétion more microcrystalline product. The combined

yield was 0.41g, 73%. Anal. Calqd. for CogHy,0qW,¥b: C, 31.87; H,
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3.25. Found: C, 31.63; H, 3.25. Ir (Nujol): 3775w, 3630w, 3080w,
1895s, 1755vs, 1675vs, 1420w, 1350w, 1295w, 1175w, 1103w, 1080s, 1007m,
955w, 913m, 873s, 837w, 818w, 794s, 720w, 616s, 60ls, 557m, 516s,

5O09msh, 494s, 330m cm !.

{(MegCs)Yb[N(SiMey) 5]},

Pentamethylcyclopentadiene (0.20ml, 0.0013&01) in toluene (20ml) was.
added to bis(hexamethyldisilylamido)ytterbium (0.63g, 0.0013mol) in
toluene (40ml). The reaction mixture turned dark red over a period of
lhr. The éolution was stirred for 12hr, was filtered,-and the filtrate
was thén concentrated to ca. 40ml and cooled to -10°C. The large red
octahedra were isolated and dried under reduced pressure to give 0.28g
of product:(462 yield). Mp 315-320°C(dec). Anal. Calcd. for
C,¢H33NS1,¥b:  C, 41.0; H, 7.10; N, 2.99. Found: C, 36.73; H, 6.81; N,
2.30. Ir (Nujol): 2725w, 1250s, 1050w, 1003vs, 854s, 826vs, 809s,
759m, 732s, 690w, 663m, 614w, 585w, 567m, 394s, 360m, 2605, 240s, 218m
cem . lH R (c6b6, 31°C, 200MHz) §0.090 (s, H); §0.228(s, H); 62.07
(s, H);:GZ.Ii (s, H). When a sample of the compound was hydrolized, a
C6D6extract'of the hydrosylate had the following NMR spectrum at room
temperature: 60.081 (s, 18H); 60.970 (t,3JH_D=1.1Hz,3H) 8§1.73 (s, 6H);
-61.78(s, 6H) which is the spectrum of a 1:1 mixture of CgMesD and

(CSMes)[(Me3Si)2N]Yb dmpe (dmpe=1,Z-Bis(dimethylphoéphino)ethane)

1,2 Bis(dimethylphosphino)ethane (0.10ml, 0.09g, 0.00060mol) was added a
solution of Pentamethylcyclopentadienyl ytterbium hexamethyldisilylamide

(0.28g, 0.0060mol)vin toluene (30ml). The solution immediately turned



210
dark purple. The reaction mixture was stirred for lhr, filtered; and
the filtrate concentrated to ca. 5ml and cooled to -10°C for 2 days.

The large pu:ple prisms were isolated and dried under reduced

pressure. The mother liquors were concentrated to ca. lml and cooled to
-20°C to produce a second crop of crystals. The total }ield was 0.35g,
95%. Mp 226-229°C. Anal. Caled. fo 022H49NP2812Yb: C, 42{7: H, 7.98:

N, 2.26; P, 10.0l. Found: C,41.5; H,8.00; N,2.08; P,8.23. 1

H.NMR
(C6D6, 31°C) 60.30 (s, 18H); 60.733 (s, 12H); 60.966 (apparent t;
separation = 6.3Hz, AH); §2.26 (s, 15H). ;3P{1H} NMR, (C6D6’ 30°C)
6-36.0 (broad singlet). Ir (Nujol): 2720w, 1417m, 1298w;'1283w, 1243s,
1230s, 1051s, 936m, 922m, 8705,i8255h, 812s, 758m, 742m,'719m, 690w,

$57m, 600w, 585w cm 1.

Pentamethylcyclopentadiene (0.5%ml, O.68g, 0.0038mol) in pentane (10ml)
-was added to'bié(hexamethyldisilylamido)ytterbium (0.93g, 0.001%mol) in
pentane (30ml). The reaction mixture slowly darkened, and a red-orange
microcrystalline:precipitate formed in 15min. The reaction mixture was
stirred.for an additional 15hr. The red-orange precipitate had
fedissolved, and the reaétién solution was orange-brown. The solution
was filtered and the filtrate concentrated to ca. 7ml and cooled to
-20°C. The green feathery needles weré isolated and driedvunder reduced
pressure.. Another crop of crystals may be obtained from the mother
liquors. Total combined yield was 0.56g, 49%Z. Mp Anal. Calcd. for
CogH,gNSL,¥b: C, 51.6; H, 8.16; N, 2.31. Found: C, 50.6; H, 7.84; N,
2.16. 1Ir (sujﬁl): 3205s, 2725m, 1305w,.12655, 1260s, 1250s, 1163s,

1156s, 1015m, 977m, 930m, 850vsbr,'797msh, 790wsh, 763s, 719w, 698s,
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679wsh, 653s, 620m, 586m, 551s, 365sbr, 260s cm '. i NR (31°C,
CeDg): 60.087 (s, 18H): 61.93 (s, 30H). 1!3c(lm} mMr (cgDg, 31°C):

.62.62(!235i); 610.72(!2505); 6113.82(§5Me5).

--(Csﬁes)sz
Pentamethylcyclopentadiene'(0.42m1, 0.36g, 0.0026m015 in toluene (20ml)
was added to alsolution of {[(Me3Si)2N]2Yb}2 (0.66g, 0.0013mol Yb) in |
toluene (20ml). The reaction mixture slowly turned dark red. After
stirring fpr 24hr, the toluene was removed under reduced pressure
leaving a sélid green.residué. The residue was dissolvea in pentane
(30m1) aﬁd the pentane solution was filtered. The filtrate was
concentrated to ca. 10ml and cooling to -ZS?C afforded large green
needles which crumbled and turned brown-gréen.upon remdval of solvent
under reduced pressure. A second crop of crystals may be obtained from
the mother liquors to>give a combined yield of 0.45g, 782._ When heated
in a sealed capillary, the compound gradually turns orange as the
temperature is raised above 130° until it melts from 189-191°C to give a
red 1iquid whicﬁ turns gréen when it resolidifies at room temperature.
Anal. Caled. for C20H30Yb: C, 54.2; H, 6.82. found: C, 53.8; H,
6.96. Ir (Nujol):; 2725w, 1155w, 1015m, 792w, 718m, 665w, 584w, 352m,
274s cm™l. H NMR (CgDg, 30°C): 61.92(s).. 13c MMR (CgDg, 30°C):

§10.61(MesCs) ;. 8113.43(CsMes).

{(EtMe,C5)YDIN(SiMe ) 5]},

Tetramethylethylcyclopentadiene (0.22g, 0.0015mol) -in pentane (10ml) was
added to bis(hexamethyldisilylamido)ytterbium (0.72g, 0.0015mol) in

pentane (30ml). Thé_reaction mixture slowly turned dark red after the
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addition of the diene. After stirring for 15hr the pentane solution was
filtered and concentrated to ca. 10ml. The concentrated solution was
cooled to —26°C overnight. The large red prisms were collectéd and
dried under réduced pressure. The mother liquors were concentréted to
ca. 2ml and gooled to -20°C to give a second crop of crysﬁals. The
total yield was 0.50g, 69%. Mp 252;255°C Anal, Calcd. for
C17H35N8i2Yb: C, 42.3; H, 7.31; N, 2.90. Found: C, 34.3; H, 7.50; N,
1.89. !H NMR (C7D8, 30°C, 200MHz) §0.232 (s, 18H): 61.02 (t, |

3Iy_g=7-3Hz, 3M); 62.05 (s, 6H); 62.12 (s, 6H); 62.55 (q, °

JH_H=7.3H2,
2H). Ir (Nujol): 2730m, 1375m, 1314w, 1260sh, 1243vs, 1125brw, 1062w,
1048w, 1013m, 948vsbr, 855vs, 825vsbr, 760s, 745s, 664s, 613m,5845,

402s, 353m, 305s, 268m, 240w cm '. Ms 816[M-N(SiMe;),*]; 804 [M—

CoMe ,Et™]; 667 {¥b,[N(SiMeq),1,%}; 655 [(sz(CSMeAEt)N(SiMe3)2)+]°

Reaction of EtMe,CcH with {[(Me;S1),N],Yb},

Tetramethylethylcyélopentadiene (0F89g, 0.0059m61) in pentane (20ml) was
mixed with [(Me3Si)2N]2Yb]2 (i.&6g, 0.0029mol) in pentane (20m1). The
reaction solution slowly tgrned deep :ed. After stirring for 20hr, the
soluﬁion was filtered and the filﬁrate conceﬁtrated'toigé: 10ml.

Cooling of the'cancentfate to ~70° precipitated a green-black solid from
- gsolution. The solid was isolated, but melted into a black oil at room
femperature. The 611 was dissolved in diethyl ether-(}Oml) to give a
bright green solution. The green ether solution was filtered and the
filtrate concentrated to ca. 5ml. Cooling of the concentrate afforded

green prisms, 0.50g, 37%. Mp. 161-165°C. Anal. Calcd. for CoeH, ,0YD:
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C, 57.2; H, 8.13. Found: C, 56.1; H, 7.92. Ir (Nujol): 2720w, 1305,
1144n, 1070s, 1037m, 1012w, 920w, 832w, 715w, 420w, 350w, 300m, 267w,
240w em™l. - ln WMR (CDg, 30°C, 200MHz): 60.914 (t, 334y = 6.9Hz, 3H);

§1.189 (t, 3Jy , = 7.4Hz, 3H); 62.105(2, 6H); §2.150(s, 6H); 62.550(q,
30y = 7.4Hz, 2H); 62.991(q, 334y = 6.9Hz, 20). 3¢ MR (CgDg,
30°C):  811.046(CgMe,Et); 611.277(CoMe,Et); 612.881(Me,CsCH,CH,);

616.547(0(Cﬂzgﬂ3)2); 619.754(C5Me49ﬂ2Me); 666.257(0(gﬁ2Me)2); 111.99

(Me ,C,CEt); 112.81(Me,C,CEt); 119.64(C,C,CEL).

The mother liquors from part a.) were evaporated to a dark red oil The

2eorr) for 12hr.

dark red.oil was heated to 145°C under vacuum (10~
During this time, a small amount of red material had sublimed up the
ﬁalls of the flask. The sublimate andvremaining resiude were dissolved
in pentane (20ml). The pentane éolutibn was concenﬁrated to ca. 3ml and
‘the concentrate was cooled to -70°C. The small purple prisms of product
were 1solated and dried under reduce& pressure to give.0.44g, 247 |
yield.‘ Mp. The-compound darkens at 190°C,.and melts from 235-245°C.
Anal. Calcd. for C,gHc,NSi,Yb: C, 53.2; H, 8.29; N, 2.21. Found: C,
50.94; H, 8.66; N, 1.84; Ir (Nujol) 2?30w, 1604w, 1308w, 1250s, 1240s,
vllSO&, 1095w, 1045m, 1018w, 984v§, 866vs, 8345, 815s, 772s, 743m, 660s,
6035, 588w, 437m, 365s cm’l.v Ms. 632 (Met); 617(M-Me™); 483(M-
CSMeaEt+); 471(M-N(51Me3)2+)._ Parent ion simulation M/e, Calc. (fouﬁd):
636, 5;01(5.135; 635, 15.47(14.78);.634, 42.98(42.04); 633,
39.15(38.39): 632, 100(100); 631, 65.30(69.23); 630, 67.03(70.18); 629,
36.88(44.20); 628, 7.36(12.70); 627, 0.10(6.11). There is some proton

loss on fragmentation which causes the slightly high values of the:
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relative peak areas for the lower mass portion of the envelope.

Bi s(Hexamethyldisilylamodoytterbium bis(trimethylaluminium)

Trimethyl Alumiﬁium (1.38m1 of a 1.6M solution, 070022mol) in penfane
was added to Bis(hexamethyldisilylamido)ytterbium (0.55g, 0.001lmol) in
pentane (20m1) at room temperature. ‘The reaction mixture tufned bright
yellow 1nstantaneously. The reaétion mixture was stirred for one Houf,
and was filtered. The filtrate was concentrated ca. 5ml, and cooling‘of
_ the concentrate to -20°C overnight afforded bright yellow plates which
were collected and dried nﬁder a stream of N,. The mother liquors were
concentrated to ca. lml and cooled to -20°C to give a second crop of
plates. The combined yield was 0.68g, 96%Z. Found: C, 31.9; H, 8.57;
N, 3.41. Ir (Nujpl): 2720w, 2640wBr, 1260s, 12505? 1213m, 1187m,
880BrS, 832s, 774m, 755@, 728wsh, 675sBr, 615w, 530m, SOSQ, 442s, 360w
co™l. 1w MR (30°C, C;Dg) 6-0.250(s, 18H); 80.278(s,36W). 3¢ W (-
75°C, C;Dg) 80.851(s), 65.36(s). Ms(C.I.) 637(M*-H), 550(M-H-AlMe,*),

492{[(Me331)2N]2Yb-u+j.

Bis( hexamethyldisilylamido)ytterbium bis(triethylaluminium)

Triethylaluminium (1;30m1 of a 0.994 solution, 0.0013mol) in péntane was
added to Bis(hexamethyldisilylamido)ytterbium (0.37g, 0.00065mol) in
pentane (20m1). Thé reaction mixture turned bright yellow upon.mixing
of the réagents. The reaction solution was stirred for one hour and was
.then concentrafed CO_SES lﬁl and cooled to -20°C. This did not result
in crystal formation. Further cooling to -70°C did not. induce
crystallization. The remaining pentane was removed under reduced

pressure to give a yellow oil. Sometimes prolonged standing at room
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temperature will induce this oil to crystallize. Attempts to wash thé
crystals so formed with cold (-70°) pentane have not yet proven
successful. lH NMR (30°C, C;Dg, 200MHz): 80.337(q, J=7.8Hz, 12H),

60.271(s, 36H), 61.375(triplet J=7.8Hz, 18H).

Reaction of {[(Me,Si),N],Yb}, with KH
) 351),NI,¥bly

Bis(hexamethyldisilylamido)ytterbium (0.80g, 0.0016mol) in pentane
.(30m1) was added to solid KH (0.l4g, 0.0035mol). The reaction mixture
was vigorousiy stirred for three days. Over this time period, the solid
KH took on a pink color, and the pentane solution turned pink. The
pentane waé then removed under reduced pressure. The red residue which
remained was extracted with hexane (2x50ml), and the combined extracts
were concentrated to ca. 75ml. Cooling of the concentrate afforded réd
plafelets which‘were 1solated-an&-dried under reduced pressure. Another
crop of cfystals may be obtained from the mother liquors,'but_sometimes
this and subsequent crops of crystals contaih white crystalsvof
KN(SiMe3)216 as a contaminant. The compound KN(SiMe3), may also be
extracted odt of ghe hexane insoluble residue with toldene, and
crystallized from tolueﬁ; or large volumes of hexéne. The total yield
of red product is 0.3-0.4g: M.p. 100-103°C. Ir (Nujol) 1240s, 1080sh,
1058vs, 1000vs, 862s, 815vsBr, 755s, 74ls, 653s, 602m, 5805,>3805, 356m -
em . 14 aMR (C7D8, 30°C): 60.26(2, 18H); 61.43(broad>s, 1H):
§3.55(broad s, lH).l 13c aMr (C7Dé, 30°C): 66.22. Anal. Féund: c,

25.81;H, 8.05; N, 4.09.

NaN(t—ﬁu)(SiMe3)

(t-Butyl)(trimethylsilyl)amine was made according to the procedure of
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Abel et. al.15 The preparation which follows is adapted from the
‘preparation of lithium amides by Reetz and Schuster._l6 Trimethylsilyl
(t-butyl)amineA(9.29g, 0.0639mo1) and smalllchunks of sodium metal
(1.47¢g, 0.0639moi) were added to a 3dOm1 three necked flask contaiﬁing
100ml of dry diethyl ether. A 100ml dropping funnel was charged with
styrene (3.33g; 0.0320mol) and 30ml of dry diethylether. The styrene
solution was added to the amine/sédium mixture over the course of -
l1.5hr. The solution slowly turned slightly yellow and cloudy. The
'sodium metal became shiny and a red cfust was evident in the cracks and
crevices in the sodium chupks. The reaction mixture was stirred for
15hr. At this time virtually all the éodium metal had reacted. The
ether solution was concentrated to ca. 100ml and cooled to produce
crystals of product which crumble upon drying under reduced pressure.
Two more crops of crystals may be grown from the mother liduors to give
a combined yield of 7.3g, 692Z. ly R (C6D6’ 31°C): 60.174 (s, 9H),
§1.21 (s, 9) 1IC{IHINMR (CgDg, 30°C): 67.34(MesS1), 639.15(Me,C)

651.85(CMe ).

{[(t-Bu)(Me3Si)]N}sz(OEtZ)Z

Sodium t-butyl trimethylsilylamide (1.23g, 0.00735mol) in ether (15ml)
was cooled to ~10°C, and added to a suspension of YbIé (1.57g,
0.00368mol) in‘diethflether (30m1) at 0°C. The reaction mixture slowly
turned oréngé-red. The reaction mixture was.stirred at 0°C for'lhr énd
fhen allowed to warm to room temperature. After stirring for 24hr the
ether solution was filtered and concentrated to ca. Bmi and cooled to

-70°C. After six days a red-orange microcrystalline powder was isolated

in ca. 107 yield. !H NMR (CgDg, 31°C), 60.336 (s, 18H); §1.43 (s, 18H);

o
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D3claimRr (31°C, CgDg) 86.08(MeySi); 86.78(MeySi); 614.93(0CH,Me);
§37.59(Me3C) 653.15(CMeq); 666.33(0CHMe).
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‘ X-Ray Experimental

[(CgMe 5),Yb(TIII) (4y=0C),Mo(CO)(CsH,SiMe3) ],

Purple crystals of the compound were obtained by slow cooling of a
toluene solution to -10°C. They were mounted in thin walled quartz
capillaries in an argon filled dry box, and then were flame sealed.
Preliminary precession photographs indicated monoclinic (2/m) Laue
symmetry and yielded preliminary cell dimensions. Examination of the
0k0, and hOl zones showed systema;ic absences ORO h$26fi; hOl,.i+h$2n+1
consistent only with space YgroupiPZI/n (non-standard setting of le/c)’

The data crystal was then mounted on an Enraf-Nonius CAD4 automated

23

diffractometer and centered in the beanm. Automa;ic peak search and
indexing yielded the same unit cell as did the precession photographs,
and confirmed the Laue symmetry. Accurate-cell diﬁensions and
'_6rientation matrix wefe determined by a 1ea§t—squares fit to the setting
angles of the unresolved MoKa components of 24 symmetry related
reflections with 26 between 24 and 30°. The results are given in Table
(I) along with the parameters used for data collection.

The 4709 raw intensity data were converted to structure factor
amplitudes and their esp's by correction for scan speed, background and

(17-19)

Lorentz-polarization effects Analysis of the azimuthal scan

26

data®" showed a small variation in the average relative intensity

18 using

(Imih/Imax = ,927) curve. An empirical absorption correction
the avérage relative intensity curve of the azimuthal scan'data was
performed because of the irregular shape of the crystal.

Rejection of systematically absent and'redundant,data yielded a
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unique set of 4293 data whiéh were used to solve and refine the
structure. Analysis of a three-dimensional Patterson map revealed the
positions of the ytterbium and molybdenum atoms. The remaining atoms in
the structure were found using the standard Fourier techniques, and the
structure was refined using standard least-squares techniques. Hydrogen
dtoms were placed in idealized_ﬁositions having fixed therﬁal paramters,
and were included in structure factor calculations, but were not
refined.

‘The final residuals for 335 vaiables refined against the 3327 data
for which F2>30(F2) were R = 2.07%, wR = 2.59% and GOF = 1.739. The R
value for all 4293 data was 4.35%. |

The quantity minimized.by the least-squares prbgram was Zw(lFol_
|Fc|)2, where w 1s the weight of a given observation. The p-factor ZQ,

‘used to reduce the weight of:intensevfeflections, was set to 0.015 in
the final stages of refinement. The analytical forms fqr the scattering -
factor tables for the neutral atoms were used 21 and al1 non-hydfogen
scattering factors were corrected for both the real and imaginary
components of ahomaldus dispersionzz.

Inspection of the residuals ordered in ranges of.sine/k, 'Fol, and
parity and value of the individual indexes showed no unusual features or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a correction for secondary extinction was

applied.zs. The largest peak in the final difference Fourier map had an

electron density of .384 e-/A3 near the Mo atom.
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Table I. Crystal Data (25°C) for [(CcMec),Yb(IIT)(u,-
- 577572 . 2

Space Group lelm

a, A - 13.771(1)

b, A - 15.294(2)

c, A o O 15.607(1)
8, deg | C o 93.434(8)

v, a3 3294

- 2

fw | 1520.70

d(caled), g em™3 | 1.535

u{calcd), em”! v 32.5

size, mm : 0.24?0.32x0.20
reflens, collected 4709

reflens, unique_v 4293

reflens, F°2>30(F°2) 3327

R, % - 2.07

Rw’ % | 2;59

GOF . , 11.739
monochromator highly oriented graphite
- radiation MoKa (A=0.71073A4)

scan range, type 3°€29<45°

sc#n speed, deg pin-l ' 0.69-6.7

scan width, deg A8 = 0.55 + 0.347 tan B
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A_;rystal_of approximate dimensions 0.3x0.25x0.15mm was sealed
inside a thin walled‘quértz cépillary under argon. Preliminary
'.precession photographs indicated monoclinic (2/m) Laue symmetry, and
yielded preliminary cell dimensions. Inspection of the hOl and OkO
zones showed systematic absences OkO k#2n+l; hOl, 1#2n+l consistent only
with ﬁhe space group le/c’

The crystal for data collection was then transferred to an Enraf-

Nonius CAD4 automated diffractometer 23

and centered in the beam.
Automatic peak search gnd indexing yielded the same unit cell as found
in the photographs, and confirmed the Laué symmetry. Aécurate cell
dimensions and the orientation.matrix ﬁere.determined from a least-
squares fit to the setting angles of the unresolved MoKa components of
24 symmetry related reflectipﬁs witﬁ 28 between 24 and 25°. The results
are givén in Table (I1) along with parameters for data collection.

The 9551 raw intensity data were converted to structure factor
amplitudes and their esd's by correction for'scan speéd, background,
17-19

lorentz and polarization effects Analysis of the azimuthal scan

26

showed a significant variation I , /I = 0.75 in the average

data max
relative intensity cdrye. After solution and refinement of the
structure confirmed fhe stoichiometry an analytical absorption
correction Qas applied to the data using the sizes of the indexed faces
of the crystal, and an 8x12x8 Gaussian grid of internal points.18 The

maximum and minimum transmission factors were 0.467 and 0.339,

respectively.
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Rejectioﬁ of the systematically absent and redundant data yielded a
- unique set of 8763 data which were used to solve and refine the
structure. Solution of the structure was ‘hindered by the strong pseudo
body centered nature of the crystal as observed in the precession
photographs, and by the fact that more than 50% of the data having the
condition hkl: h+k+1=odd are weak to the point of being unobserved. The
positions of the Yb atoms were found using MULTAN. The remaining carbon
atoms were found and refined using standard Fourier and least—-squares
techniques. All carbon atoms including those in.the benzene molecule of
solvation were refined anisotropically.

Hydrogen atoms were not refined and were included in structure
factor calculations having fixed thermal paramters for all carboﬁ'atome
except those in Cp3, Cp4, and the benzene molecule. The large thermal
parameters associated with Cp3, Cp4 and the benzene did not justify the
- inclusion of H atoms on thesevcarbon atoms. Evidence of secondary
ektinction was observed in the low—-angle, high-intensity data and a
secondary extinction correction was aeplied to the data.25

The final residuals fer 731 variables refined against the 5715 data
for which F2>30(F2) were R = 3.27%, wR = 4.57% and GOF = 3.05. The R
value for all 8763 data was 8.89%.

The quantity minimized by the least-squares program was Zw(fFol-
'FCI)Z, where w is the weight of a given observetion. The p-factor,zo
used to reduce the weight of intense reflections, was set to 0.3
throughout the refinement. The analytical forms for the scattering

421

factor tables for the neutral atoms were use and all non-hydrogen

scattering factors were corrected for both the real and imaginary

components of anomalous dispersion.22
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The largest peak in the final difference Fourier map had an electron
density of .655.e_/A3 and is found near Cgg, a methyl carbon atom on

Cp3;



224

Table ‘IT. Crystal Data (25°C) for (CSMeS)AYb3(CE=CPh)4°Bz

Space Group

fw

d(caled), g'c:m-1
size, mm

reflcns, collected

reflcns, unique

reflens, F 2>30(F %)

monochromater
radiation

scan tange,'type

1

scan speed, deg min~

scan width, deg

P2l/c

18.388(3)

13.598(1)

26.852(3)

90.916(10)

6713

.

1542.68

41.732

6.30x0.25x%0.15

9551

8763

5715

3.27

4,57

3.05

highly oriented graphite
MoKa (A = 0.71073A)
3°<26¢<45°, B-26
0.63-6.7

A8 = 0.45+0.347tanb
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X-Ray Write-up for [(CeMec)Eu C=C-Ph*(THF),]
5°€5 212

In an argon filied dry box, an orange prism of approximate
dimensions 0.38x0.27x0.lbmm was lodged in a thin-walled quartz capillary
which was“subsequéntly flame sealed. Examination of the crystal using
precession photography revealed orthérhombic (mmm) Laue symmetfy, and
yielded preliminary cell dimensions.

The crystal was then transferred to an Enraf-Nonius CAD4 automated

diffractometer23

and centered in the beam. Automatic peak search and
indexing yielded the éame unit cell as the precession photographs,‘and
confirmed the Laue.symmetry. Examination of the hOl, Okl; and hkO 2zones
showed the following systematic absences; Okl: k¢2n+l,‘h01: 1#2n+1, hkO:
- h#2n+1 consisteﬁt only with the space group Pbca. Accurate cell
parameters and the orientation matrix werevdetermined by a least-squares
fit to the setting angles of the unresolved MoKa components of 24
symmetry related refiections-with 26_between.24 and 28°; The results-
are given in Table'(III)'along with the data collection parameters.

The 3660 data were converted to structure factor amplitudes and

their esd's by correction for scan speed, background and Lorentz-

(17-19) 26

polarization effects Examination of the azimuthal scan data

showed a significant variation Imin/Imax = 0.79 for the average relative
intensity curve. An analytical absorption correction using the measured
size and indexed faces of the crystal and a 14x10x4 gaussian grid of
internal points was performed after the solution of the structure had

18 The maximum and minimum

 confirmed the stoichiometry of the molecule.
transnission coefficients were‘0.698 and 0.534, respectively.

Rejection of systeﬁatically absent data as well as redundant data
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gave a set of 3251 unique data which were used to solve and refine the
structure. The Europium atom positions were found using a three-
dimensional Patterson synthesis. The remaining atom positions were
‘found by standard Fourier and least-squares techniques. Hydrogen atoms
were found and included in structure factor calculations for all carbon
atoms except C31—C34. They were placed in idealized positions with
fixed thermal parameters, and were not refined.

The final residuals for 262 variables refined against the 1744 data
for which F2>30(FZ) were R = 2.64%, wR = 4.14% and GOF = 1.925. The R
value for all 3251 data was 8.61%. | - |

The quantity minimized by the leas:—squares program was Zw(lFO,-
IFCI)Z, where w is the weight of a given observation. The p—factor;zo
used to reduce the weighf of intense reflections, was set to 0.03 .
Athrdughout ﬁhe refiﬂeﬁent. The analytical forms for the scattering

21

factor tables for the neutral atoms were used and all non-hydrogen

scattering factors were corrected for both the real and imaginary
22

components of anomalous dispersion.

I, and

Inspection of the residuals ordered in ranges of sin8/), IFO

parity and value of the indiQidual indexes showed no unusual features or
trends. There was no evidence of secondary extinction in the low-angle,
high-intensity data.

The lérgest peak in the final difference Fourier map had an electrqn

density of .371e-/A3'near 0,.
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Table III. Crystal Data (25°C) for (CSMe5)ZEuZ(CECPh)Z(THF)A

Space group | Pbca
a, A 17.251(3)
b, A 15.445(2)
c, A 18.732(2)
v, A 4999
z : _ 4
fw | 1065.07
d(caled), g cn™3 | 1.417
p(caled), em ! | 25.33
size;, mm ) ' 0.38x0.27x0.10
reflens, collected _ | 3660
reflcns, unique v B 3250 .
" reflens, F02>30(F°2) : 1744
R, % : , _ 2.64
R, % | | 414
GOF | _ ' : : 1.925
_monochromater ' highly oriented graphite
radiation . MoKa (A = 0.71073A4)
scan range, type o , 3°¢206<45°, 6-28
scag speed, deg ain~l 0.95-6.7

scan width, deg A8 = 0.80+0.347 tan®
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[(CsMeg),Ybbipy) [ (CoMes)¥bCl,]™

Red needles of the compound were grown by layering a CH,Cl, solution
of the compound with pentane. Crystals were cleared in theAair, and
lodged in thin-walled quértz capillaries. The capillaries were flushed
with dry N, and then flame sealed. Examination of the crystals using
'  precess1on photography indicated triclinic Laue symmetry. A crystal
having approximate dimensions .43mmx.l7mmx.l15mm was mounted on an Enraf-

Nonius CAD4 diffractometer23

and centered in the beam. Automatic peak
search and indexing confirmed the Léue symﬁetry and yielded cell
'parameters. There were no systematic absences, and the space group 13
was confirmed by solution and refinement of the structure. '

Accurate cell parameters and tﬁevorientation matrix were determined
by a ieast-squares fit to the setting angles of tbe unrésolved MoKa
components of 24 symmetry re;éted reflections having 28 between 25 and
28°. lThe ceil‘ﬁaraméters are given in Table (IV) élong with the data
collection procedures and parameters.

The 6620 raw intensity daﬁa'wefe converted to structure factor
 amp11tudes and their esd's by correctionvfor scan speed, background, and

(17-19)

. Lorentz-polarization effects Analysis of the azimuthal scan

26

data“” showed a significant variation Imin/I = .83 for the average

max
relative intensity curve. An absorption correction using the measured
size of the crystal, its indexed faces and a 12x12x6 gaussian grid of
internal poin;s was performed after solution of the structure had

18 The maximum and minimum transmission

confirmed the stoichiometry.
factors were 0.622 and 0.509, respectively.

Rejection of redundant data gave a unique set of 6220 data which
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were used to solve and refine the structure. The structure was solved
by analysis of a three-dimensional Patterson map to give the positions
of<the Yb and Cl atoms. The rest of the atoms were located using
standard Fourier techniques and were refined using full matrix least-
squares techniques. Hydrogen atoms wefe located, and placed in
idealized positioné having fixed thermal parameters, were not refined,
but were included in structure factor calculétions.

The final residuals for 506 variables refined against the 5140 data
for which F2>30(F%) were R = 2.03z, WR = 2.64% and GOF = 1.719. The R
value for,ali‘6223.data-was 3.18%. |

The quantity minimized by the'least-squares progréﬁ was Zw(lpoi_
IFCI)Z, where w 1s the weight of a given observation. The p-factor,zo
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. . The analytical forms for the scattering -

21

factor tables for the neutral atoms were used and all non-hydrogen

ééattering fac;ors were corrected for both the real and imaginary
components of anomal‘ous.dispersion.22 |

Inspection of the residuals ordered 1in rangeé of sind/2, IFol, and
parity and value of the individual indexes showed no unusqal features or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a secondarylextinction correction25 was

applied.

There were 4 peaks between 0.6 and 0.8 e./A3 near the two Yb atoms.
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Table IV. Cryétal Data (25°C) for [(CsMes)sz(bipy)]+[(CSMeS)YbC12]_A

Space group

fw

d(caled), g cm™3

u(caigd),-cm-l'
size, mmv

reflcn#, collected
reflcns, unique
reflens, F°2>30(F°2)
R, |

R., %

w?
GOF
monochromater
radiation

scan range, type
scan speed, deg min~!

scan width,.deg

decay

P1

10.8462(9)
13.432(2)

16.462(2)

. 90.61(1)

93.988(8)

95.60(1)

- 2381

2

1114.10
1.554 .

40.40
0.43x0.17x0.15
6623

6220

5140

2,03

2.64

1.719

highly oriented graphite
MoKa(A = 0.710734)
3°<26<45°

0.62-6.7

A8 = 0.50+0.347 tan®
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2,2'-Bipyrimidine

Crystals were obtained by vacuum sublimation at 90°C and 102t orr.
The compound 1s extremely hygroscopic, and the crystals were loaded into
thin walled quartz capillaries in an argon filled dry box, and flame
gsealed.  The data crystal was a prism having approximate dimensioans
O.élmme.ZBmme.domm.

Preliminary precessioh photographs indicated monoclinic (2/m) Laue
symmetry and yielded preliminary cell dimensions. ﬁxamination of the
0k0, and hOl zones showed systematic absences 0k0:; k#2n+1; hOl; 1+h#2n+l
consistent only with space group le/n'

"The data cfystal was mounﬁed on an Enraf—Ndnius CAD4 automated

23 codled to -110°C and centered'ih tﬁe beam. Automatic

diffractometer,
peak search and indexing yielded thevsame cell as did the precéésion
photographs, and confirmed the Laue symmetry. Accurate cell diﬁensions
and the orien;ation matrix were determined by a least-squares fit to the
setting angles of the unresolved MoKa components of 24 symmetry related
reflections withvze between 22 and 32°. The results are given in Table
(V) along with the data collection paréméters.

The 1997 raw data were converted to structure factor amplitudes and
their esd's by correction for scan speéd, background, and lorentz-

17-19

poiarization effects. After removal of systematically absent data

averaging of the redundant data gave 932 unique reflections. Analysis

26

of the azimuthal scan data®” showed no variation in intensity so‘that an

absorption correction was unwarranted.
The unique set of 932 data were used to solve and refine the

structure. The positions of the carbon and nitrogen atoms were
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determined using MULTAN. The structure was refinea using full matrix
least-squares techniques, and the hydrogeﬁ atoms were 1ocated'by_Fourier
methods. The carbon and nitrogen atoms wefe refined anisotroﬁically,_
and the hydrogén atoms isotropically.

The.finﬁl residpals for 68 variables réfined against the 746 data
for which F2>30(F2) were R = 3.09%, wR = 4.66% and GOF = 2.141. The R
value for all 932 data was 4.02%.

The quantity minimized by ;he least—squafes program'was Zw('Fol—
’Fc')z, where w 1s the weight of a given observation. The p—factor,20
used to reduce the weight of intense reflections, was set to 0.03
throughout the réfinement. The analytical forms for the scattefing

21

factor tables for the neutral atoms?’ were used and all non-hydrogen

scattering factors were correctéd for both the real and imaginary
components of anomalous dispersion.22 |

Inspection of the residuals ordgred in ranges of sin8/2, ,Fol?'and
parity and value of the individual indexes showed no unusual features or
trends. There was strong evidence of secondary extinction in the'low—
angle, high-intensity data, and a correction was applied.25

The largest peak in the final difference Fourier map had an electron

density of 0.36 e~/ A3,
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Table V. Crystal Data (-110°C) for 2,2'-Bypyrimidine

Space group

fw .
d(calcd) g cm3
p(caled), em !
size, mm
reflcns, coilected'
. reflcns, unique
;eflcns, Foz)jo(Foz)
R, %

R., 7

w’
GOF
monochromater

radiation

scan range, type

1

scan speed, deg min ~

scan width, deg

decay

P21/n

3.8567(4).
10.796(2)

8.844(1)
1o1.ozs(10)

361.4

,

158.17

1.453

0.9

0.21x0.23x0.40
1997

932

746

3.09

4.66

2.141.

highly ofiented graphite -
MoKa (X = 0.71073A)
3°420455°, 6-28
0.69-6.7

A8 = 0.50+0.347 tan®

none observed



234

[(CSMeS)sz]Zbipm *PhMe

Shiny black needles of the complex were cleaved and lodged into thin
walled quartz capillaries in an argon filled dry box. The capillaries
were then flame sealed. Preliminary precession photographs indicated
triclinic Laue symmetry, and yielded preliminary cell parameters. The
data crystal was then mounted on an Enraf-Nonius CAD4 automated

23 and centered in the beam. Automatic peak search and

diffractometer
: indexing yielded the same unit cell as found in the precession
photographs. The space group PT was confirmed by solution. and
refinement of the structure. Accurate cell dimensions and the
orientation matrix were determined by a least-squares fit to the seﬁting
angles of the unresolved MoKa coﬁponents of 24 symmetry related
reflections with 26 between 27 and.3l°. The results are given in Table
(V1) along with the data coilection parameters.

The 6654 raw intensity data were converted to strﬁcture.factor
amplitues and their esd's by correcting for scan speed, background, and
Lorent z-polarization effects.(l7—19) Analysis of the azimuthal scan

26

data®"” showed a variation of Imin/I of 0.885 in the average relative

max
intensity curve. An analytical absorption correction was applied to the
data Qsing the sizes of the indexed faces of the crystal and a 14x8x6
Gaussian grid of internal points.18 The maximum and minimum -
transmission factors were 0.522 and 0.445, respectively.

The unique set of 6654 data were used to solve and refine the
structure. The Yb éﬁoms were located through the use of a three-

dimensional Patterson map. The remaining atoms were located through the

use of standard Fourier techniques. During the course of refinement,
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two types of disorder.were observed. One occurféd in the toluene
molecule of solvation, while the ofher was observed iﬁ three out of the
four (CSMeS) rings.

Thé disorder of the toluene molecules was modeled using two half
pcéupancy molecules which were refiﬁed as constrained isotropic
bond

bodies. The C-C-C angles were constrained at 120°, the C C

ring “ring

lengths at 1.40A&, and the C-Me length at i.SOOA. Unfortunately, the
methyl group on one of the half occupéncy_rings fefused.to refine

wéll. Evidently this ring is also :otationélly disordered over 2 or
more positions, and the methyl group would not refine sé it was removed
from the structure.

The disorder of the CgMeg rings was observed during refinementkﬁhen
ten half océupancy methyi groups were found for each disordered ring.
Thé disorder rotation of one CSMe5 ring component with respect to the
other as well as a difference in the distance of the components to fhe
Yb atom. The disordered ring carbon atomé could not be resolved from
one another. The model which was used consisted éf two half occup;ncy'
CsMes rings each of which were refined as rigid isotropic bodies. The
C—C(ring) distances were constrained to 1.420A and the C-Me bonds were
constrained to be 1.500A. The C-C-C(ring) angles.were constrained to be
108°, while the C-C-Me angles were constrained to'be-126°. The
positions of each of the ring carbon atoms was calculated form the
obserQed positions of the attached methyl groups. Each CSMeS ring was
allowed to refine independently; and this resulted in tﬁe observed .

variation in Yb-C bond lengths (see Chapter 2). The remaining CgMeg

ring

ring showed evidence of disorder when the ring was removed and a

difference Fourier was calculated, but the observation of only four half
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occupancy methyl groups did not allow calculation of the positions of
the remaining atoms of the half occupancy rings. A large spread in Yb-

c distance suggested that the disorder of the remaining CcMeg ring

ring
did not involve much of a rotational component, but rather the two rings.
are merely different distances from the metal atom.

The final residuals for 510 variables refined against the 5707 data
for which F2>30(F2) were R = 2.95%, wR = 14.87% and GOF = 2.51. The R
value for all 6654 data was 3.91%.

The quantity minimized by the least-squares program was Zw(IFol-
lFéI)Z, where w is the welght of a given observation. The p-factor,20
used to reduce the weight of intense reflections, was set to 0.03
throughout the refinément. The analytical forms for the scattering

21 were used and all non-hydrogen

factor tables for the neutral atoms
scattering factors were corrected for both the real and imaginary
components of anomalous dispersion.22 |
Inspection of tﬁe residuals ordered in ranges §f sinB/A,"Fo|, and

parity and value of tﬁe individual indexes showed no unusual features or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and given the large extinction coefficient |
célculated (2.57xIO'7) it was included even though the H atoms were not
included in the structﬁre factor caICulations.25

The largest peak in the final difference Fourier map had an electron

density of 0.73 e~1/23.
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Table VI. Crystal Data (25°C) for [(CSMeS)ZYb]prm * PhMe

Space group | PT
a,A' 10.5037(9)
b, A , A 11.233(1)
c, A | 22.203(2)
a | T v93.248(9)
8, deg , 90.529(7)
| Y. : ' 102.519(8)
v, A ' | 2553
oz 2
fw : 1137.31
d(calcd), g cm™3 | I 1.480
u(caled), cm ! " 36.67
size, mm " o 0.34x0.24x0. 20
reflens, collected 6654
reflcns, unique 6654
reflcns, F02>30(F°2) ' 5707
‘R, % 2.95
R, % 4.87
GOF ‘ 2.51
monochromater highly oriented graphite-
‘radiation MoKa (X = 0.71073A)
scan range, type ‘ 3°¢28¢45°, 6-28
scan gpeed, deg min~! o ~ 0.625-6.7
scan width, deg 48 = 0.50+0.357 tan®

decay none
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{[(Me351)2N]2Yb}2

Red-orange plateiets of the compound were grown by slowly cooling a
saturated pentane solution to -25°C. A plate of approximate dimensions
0.45mmx0.32mmx0.10mm was lodged into a thin walled quartzvcapillaty in
an argon filled dry box. The capillary was then flame sealed.
Examination of the crystals with preliminary precession photography
indicated triclinic Laue symmetry. The crystal was then mounted on an

23 cooled to -95°C and

Enraf-Nonius CAD4 automated diffractometer,
centered in the beam. Automatic peak search and indexing confirmed the
Laue symmetry and yielded cell parameters. The space group PT was
confirmed by successful solution and refinement of the structure.

.Accurate cell parameters were determined By a least-squares fit to
the setting angles of the unresolved MoKa components of 24 symmetry
related reflections having 26 between 25 aﬁd 30°. The cell parameters
are given in Table (VII) along with the data collection paraheﬁers.

The 6005 raw intensity data were converted to structure factor

amplitudes and their esd's by correction for scan speed, background, and

17-19 Analysis of the azimuthal scan

/1

lorentz-polarization effects.

26 = 0.478 for the average

data showed a significant variation 1

min’ "max

felative intensity curve. An analytical absorption_correétion hsing-;hg
measured sizé of the crystal, its indexed faces and a 6#10#14 gaussian
grid of internal points was performed.18 The maximum.and minimum
transmission factors were 0.492 and 0.232, respéctively.

Rejection of redundant data gave a unique set of 5821 data which
were used to solve and refine the structure. The Yb atom positions were

-determined by analysis of a three-dimensional Patterson map. The
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remaining atoms were found by conventional Foﬁrief'énd difference |
Fourier techniques. The non-hydrogeﬁ atoms were;refined
anisotropically, while the hydrogen aﬁoms were placed inlcalculated
positioné with fixed thermal parameters, and were included in structure
factor‘calculations, but were not refined‘ The large thermal motion on
C(i6,17,18) is due to a rotational disorder which cled not be resolved.

The final residuals for 344 variables refined against the 4844 data
for which F2>30(F2) were R = 2.19%, wR = 2.72% and GOF = 1.669. The R
value for all 5821 data was 3.447%.

The quantity minimized by the least-squares program was ZW(IFOI-
IFclz, where w is the weight of a given observation. The p-factor,20 |
used to reduce the weight of intense reflections, waé set tov0.02
throughout the refinement. " The analytical forms'for the écattering :

21

factor tables for the neutral atoms“” were used and all non-hydrogen

scattering factors were corrected for both the real and imaginary
»compoﬁents of anomalous dispefsion.21

Inspection of the residuals ordered in ranges of sine/X, Ifo‘, and
parity and value of the individual indexes showedvno unusual fea;ures or

trends. There was evidence of sécondary extinction in the-low—anglé,

high-intensity data, and a secondary extinction correction was

applied.25

The largest peak in the final difference Fourier map had an electron

density of 0»_97'e"l/A3 and was associated with Yb(1l).
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Table VII. Crystal Data (—95°C) for {[(Me3Si)2N]2Yb}2

Space group
a, A

b, A
c, A
a, deg
B, deg
Y, deg
v, A3
z
fw

d(caled), g cm 3

u(caled), em™!

size, mm

reflcns, collected |
reflens, unique
reflens, F02>30(F°2)
R, 2

R, %

w’
GOF
monochromater

radiation

scan range, type

1

scan speed, deg min®

scan width, deg

decay

PI

8.868(1)
12.561(2)
21.560(3)
73.84(1)
86.70(1) .
71.26(1)
2225

2

987.64
1.474
43,97
0.45x0.32x0.10

6005

5821

4844

2.19

2.72

1. 669

highly oriented graphite

MoKa (X = 7.1073A)

"3°<26<45°

0.69-6.7
A8 = 0.55+0.347 tan$

4.7%, corrected
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[(CsMeg)YBN(SiMe3),1,

A dark red octahedron of approximate dimension 0.23x0.22xo;32mm was
lodged int; a thin walled quartz éapillary iﬁ an afgon filled dry box.
The capillary was subsequently £1ame sealed. Prélimingry precessionv
photographs indicated orthorhombic (mmm) Laue symmetry, and yielded
preliminary cell dimensions. | |

The crystal was transferred to an Enraf-Nonius CAD& automated

diffractometer,23

cooled to =-95° and cen;ered in the beam. Automatic
peak search and indexing yielded the same unit cell as the precession
photographs and confirmed the Laué‘symmetry. Examination of :he h01,
Okl1, énd.kkO zones showed the following systematic absences: Okl;
k#2nf1, h0l; 1#2n+1, hkO; h#2n+l consistent only with the space group
Pbca. Accurate cell parameters and the orientation matrix were
determined by a least;squares fit to the setting angles of the:
~unresolved MoKa components of 24 symmetry reléted reflections with 26
betweeﬁ 25 and 28°. Tﬁe resﬁlts as wgll as data collection parameters
are found in Table (VIII).

The 2849 data were converted to structure factor amplitudes and

their esd's by correction for scan speed, background, and Lorentz-

polarization effects.17-19 Examination of the azimuthal scan data26

showed a significant variation Imin/I = 0.812 for the average

max
relative intensity curve. An analytical absorption correction using the
measured size and indexed faces of the crystal and a 8x10x8 gaussian
grid of internal points was performed.18 The maximum and minimum

‘transmission factors were .482 and .374, respectively.

Rejection of systematically absent data gave a set of 2506 unique
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data which were used to solve and refine the structure. The positions
of the Yb and Si atoms were found using a three-dimensional Patterson
map. The remaining atom positions were found using standard Fourier and'
difference Fourier techniques. The heavy atoms were refined
anisotropically using full matrix least-squares techniques. The
hydrogen atoms were located, and placed in idealized positions with
fixed thermal parameters, and were included in structure factor
calculations, but not refined.

The final :eéidﬁals for 182 variables refined against the 1878 data
for which F2>30(F2) were R = 2.76%, wR = 13.60% and GOF = 1.925. The R
value for all 2506 data was 4.61%.

~The quantity minimized by the least-squares program was Zw(,be—
Fc')z, where w 1s the weight of a given observation. Tﬁe p-factor, used
to reduce the weight of intensé reflections, was set to .025 in the
final stages of the refinement. The analytical forms for the scattering

21

factor tables for the neutral atoms®" were used and all non-hydrogen

scattering factors were corrected for both the real andvimaginary‘
components of anomalous dispersion.22

, and

Inspection of the residuals ordered in ranges of sing/), lFo'

parity and value of the individual indexes showed no unusual features or
trends. There was evidence of a secondary extinction in the low-angle,
high—intensity_data, and a secondary extinction correction was
appliéd.zs

The largest peak in the final difference Fourier map had an electron

density of 1.05 e-/A3 associated with the Yb atom.
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Table VIII. Crystal Data (-95°C) for {[(CSMeS)Yb[N(51Me3)2]}2'

Space ggSuE Pbca

a, A~ 17.031(1)

b, A - | 16.002(2)

c, A 14.099(2)

v, &3 | 3843

z . ‘ . : 4

fw ' 937.35

d(calcd), g cm™3 | 1.62

u(caled), cm”} 49.69

size, mm ' o 0.23x%0.22x0.32
reflens, collected _ : | 2849

reflens, unique ' - 2506 -

reflens, F02)30(F°i) ' 1878

R, % -  2.76

R, % | | 3.60

GOF - 1.925
monochromater highly oriehted graphite
radiation MoKa (A =-0.71073A)
scan range, type ‘ 3°¢208K45°, 9-26
scan speed, deg min~! 0.69-6.7

scan width, deg A8 = 0.50+0.347 tan.e

decay : less than 0.5%
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[(MeySi),N],Yb(AlMes),

Bright yellow plates of the compound were obtained by slowly cooling
a solution of the compound in pentane to ~-20°C. A fragment of one of
these crystals was lodged into a thin-walled quartz capillary in an
argon filled dry box. The capillary was then flame sealed.

Preliﬁinary precession photographs indicated triclinic Laue
symmetry, and the space group Pl was confirmed by subsequent solution
and refinement of the structure. The data crystal was then transferred

to an Enraf—-Nonius CAD4 automated diffractometer23

and.cooled to -95°C
and centered in the beam. Automatic peak indexing procedures yielded
the same triclinic cell fdund from the precession photos. The space
groﬁp P] was confirmed by solution and refinement of the structure.

Accurate cell dimensions and the orientation matrix were determined
by a least-squares fit to fhe setting angles of the unresolved MoKa |
components of the 24 symmetry related reflections having 26 between 23
and 31°. The results are given in Table (IX) along with the data
collection parameters.

The 4012 raw intensity data were converted to structure factor
amplitudes and their esd's by correction for scan speed, background and

Lorentz—polarization effects. 17719 Analysis of the azimuthal scan

26

data®" showed a significant variation in the averaged relative intensity

(Imin/Imax = 0.758). An empirical absorption correction using the
average relative intensity of the azimuthal scan data was performed.18
The unique set of 4012 data were used to solve and refine the

structure. Analysis of a three-dimensional Patterson‘synthesis revealed

the positions of the Yb,rAl and Si atoms. The remaining atoms in the
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structure were found using standard Fourier techniques;' The structure
was refined using full matrix least-squafes refinement. Hydrogen atoms
except for H(1-6) were placed in ideali zed positions having fixed
t hermal par;mbters, and were included in structure factor calcuiations,
but were not refined. Hydrogen atoms H(1-6) were placed where found in
the differenée Foﬁrier maps, were inclu&ed in structure factor
calculations, but.we;e not refined. .

The final residuals for 245 variables réfined against the.3814 data
for which F2>3o(F2) were R = .1.692, WR = 2.58% and GOF = 1.857.° The R
value for all 4012 data was 1.90%.

The quantity minimized by the least-squares program was XW(|FO|-
|Cl)2, where w is the weight of a givén observation. Thé p-factér,zo
used to reduce the weight of intense reflections, was set to 0.0l
throughout the refinement. The analytical forms for the scattering
' 421

factor tables for the neutral atoms were use and all non-hydrogen

scattering factors wére corrected for both the fealvand imaginary
components of anomalous dispersion.22
Inspectibn of the residuals ordered in ranges of sin6/1, IFOI, and
parity and value of the individual indexes showed no unusualbfeaturés or
trends. There was evidence of secondary extinction‘in the low-angle,
high-intensity data, and a secondary extinction correction.was applied
to the data.25 The hydrogen atoms were located in the final difference
Fourier maps, and were placed in calculated positions.and included in
structuré factor calculationé, but were not refined. |

The largest peak in the final difference Fourier map had an electron

density of 0.552 e 1/A3 and was associated with the ytterbium atom.
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Table IX. Crystal Data (-95°C) for [(Me3Si)2246]2Yb(A1Me3)2

Space group
a, A

fw

d(caled), g cm™ >
pu(caled), em™!
size, mm

reflens, coilected'

reflcens, unique

reflens, F02>30(F°2)

monochromater -
radiation
scan range, type

. scan speed, deg min~}

scan width, deg

.decay

Pl

9.871(1)
12.935(2)
13.108(2)
68.12(1)
83.19(1)

84.39(1)

1539

2
637.99

1.736

32.45
0.33x0.36x0.22
4012

4012

3814

1.69

2,58

1.857

highly oriented gfaphite
MoKa (X = 0.71073R%)
3°¢26¢45°, 6-20
0.69-6.7

0.50+0.347 tang

2.75%, corrected
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where C is the total count in the scan, B the sum of the two back-
ground counts, 1 the scan speed used in deg/min, and

1 sin 26 (1 + c05226m)
Lp

14+ c03226m - sin229

is the correction for Lorentz and polarization effects for a

‘reflection with scattering angle 2r and radiation monochromatized

with a 50% perfect single crystal monochrometer with scattering
angle 2r .

| 2
Z|lF,| - |7 || w(|F | - |7 D7) M2
R =317 R = )

ZwF
o

2 /2
zw(r | - IF D

GOF =
’ (no nv)

where n, is the number of observations, n, the number of variable
parameters, and the weights w were given by

o, 2.2 2,2
Ve g T F ) % (B + F)
c (P° )

where p 1is the factor used to lower the weight of intense
reflections.
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Reflections used for azimuthal scans were located near x = 90°
and the intensities were measured at 10° increments of rotation of
the crystal about the diffraction vector.
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APPENDIX I: TABLES OF THERMAL AND POSITIONAL PARAMETERS
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{[(CgMe5)Yb] [(Me3SLCsH,IMo(CO) 3],

Table of Positional Parameters and Their Estimated Standard Deviations

Table I.

.2
Atom X y 2 B(A )
Yot #.12175(1 g.000993(1) @A.39177(1) 2.735(4)
MO1 B.25049(3 #.41518(3) 02.62661(3) 3.834(9)
SI1 B8.3476(1) g.9168(1) #.8538(1) 5.21(4)
(0])] -9.0363(2) -0.0033(2) #.3294(2). 4.50(8)
02 #.1578(3) #.00831(2) B.4434(2) 4.45(7)
03 8.2652(3) -8.1868(3) 8.6312(3) 8.4(1)
cl1 0.2997(4) #.1370(4) #.7128(3) 5.8(1)
c2 9.3524(3) B.0648(4) B.7449(3) 4.9(1)
c3 9.4143(4) f.8386(5) B8.6794(4) 8.08(2)
Cc4 9.3978¢(5) #.0922(6) 2.6090(4) 10.6(2)
CcS 9.3288(5) 9.1544(4) '@4.6273(4) 9.1(2)
Cé 9.3962(7) -0.0949(5) #.8559(5) 14.4(3)
c? 8.2216(6) 9.0168(6) #.8854(5) 11.5(3)
cs £.4192(5) 9.4854(5) 9.9298(4) 8.3(2)
ci19 8.2195(3) -9.1423(3) #.3227(3) 4.98(1)
cil 9.2351(3) -A.1164(3) B.24108(3) 4.2(1)
ci12 B.1465(4) -8.1227¢(3)  @.1915(3) 4.2(1)
ci3 #.0761(4) -9.1531(3) 9.2454(3) 4.3(1)
Cl4 9.1228(3) -9.1647(3) #.3275(3) 4.9(1)
Cl15 9.3989(5) -8.1516(4) #.3925(4) 8.08(2)
Ccl6 #.3333(4) -92.1044(4) 9.2069(5) 8.8(2)
ci17 #.1385(6) -8.1129(4) #.0968(4) 8.9(2)
c18 -9.0267(4) -8.1796(4) 9.22098(5) 8.2(2)
c19 #.0751(5) -94.1979(4) B.4064(4) 7.7(2)
cz2g 9.2287¢(3) #.1374(3) #.2921(3) 4.3(1)
c21 f.1475(4) #.1652(3) #.3325(3) 4.6(1)
czz2 9.08682(4) B8.1615(3) B#.2748(3) 4.8(1)
c23 f.0991(4) B.1356(3) 8.1964(3) 5.1(1)
c24 P.2010(4) g.1188(3) 9.2078(3) 4.9(1)
c2% 9.3308(5) #.1363(4) £.3297(5) 18.2(2)
C26 8.1436(7) 9.2013(4) p.4218(4) 9.8(2)
cz2? -9.08338(5) 9.1934(4) 8.2873(5%) 108.2(2)
cz2s #.9387(6) #.1244(5) #.1133(4) 11.7(2)
c29 B.2664(6) 9.1028(4) g.1381(85) 11.1(2)
c3g -@.1194(3) -0.0069(3) 9.3449(3) 3.4¢(1)
c31 £.1958(3) . 9.00865(3) #.5141(3) 3.5(1)
c32 B.2595(4) -9.11086(4) #.6294(4) 5.5(1)
* -- Atoms refined with {sotropic thermal parameters.

Anisotropically refined atoms are given in the form of the
tsotropic equivalent thermal parameter defined as:

' 2 2
(4/3) * [a *B(1,1) + b *B(2,2) + ¢ *B({3,3) + ab(cos gamma)*B(1,2}

+ ac{cos beta)*B(1,3) + bc{cos alphal*B(2,3)]



252

(cont.)

Table I.

H283

8.2478
8.4572
9.4235
9.2984
9.3971
#.3612
9.4642
9.2173
" 9.1975
2.1813
8.4199

p.4873 |

#.3956
#.3299
#.3598
9.2752
£.3615
9.3282
B8.3772
P.1424
9.9633
p.1711
~-9.9288
-9.9658
~9.8539
8.9779
p.1960

g.8072

9.3627
B.3324
#.3680
#.1568
8.0849
#.1953

Wy

-9.9816
-P.9479
B.9378
P.08624
-9.8286

1<

#.1692
-9.9106
g.9941
B.20448
-9.1216
-#.1314
-9.9943
-9.0058
g.0768

-8.9154

8.9633

9.9894

g.1448
-9.2879
-8.1085
-9.1426
-9.1535
-9.08607
-9.9748
-9.1667
-9.8965
-9.0688
-9.2391
-8.1758
-9.1433
-9.2584
-8.1716
-8.1794

9.1898

8.1234

8.9993

9.26389

#.1899
#.1746
8.2545
#.1621
#.1859
#.1785
9.0798
#.1897

8.7422
#.6809
2.5569
8.5964
9.9482
9.8129
#.8366
£.9404
9.8847
9.8452
B.9881
£.9164
#.9319
9.3939
8.3884
f.4496
g.1884
8.1594
#.2501
#.0668
#.9799
f.8741
p.2014
9.2699
B.1761
f.4104
g.4567
9.4042
#.3218
8.3961
#.30837
B.4226
B.4455
#.4588
9.2764
#.2552
B.3486

9.06819 .

#.8760
g.12209

7.5-'
14.6**
18.8**
19.0**
15.8**
15.8"*
15.9**
12.8**
12.8™*
12.9**
8.0
g.o**
8.0"=
8.5+
8.5**
8.5**
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Table I. (cont.)

Table of Positional Parameters and Thetir Estimated Standard Deviations (cont.)

.2
Atom x Y z B(A )
H291 9.2868 g.1572 #.1131 12.6%"
H292 2.3247 #.9718 #.1569 12.0%»
H293 9.2348 #.8691 #.8923 12.8%#

* -- Atoms refined with f{sotropic thermal parameters.
*# -~ Atoms included but not refined.

Anisotropically refined atoms are given in the form of the
- isotropic equivalent thermal parameter defined as:
2 2 2
(4/3) * [a *B(1,1) + b *B(2,2) + ¢ *B(3,3) + abl(cos gamma)*B(1,2)

+ ac(cos beta)*B(1,3) + bcl(cos alpha)*B(2,3)]
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Table 1a.

Name

ysl

MO1

S11
o1
02
03
cl
c2
Cc3
C4
(3]
ce

c?

cs
cle
c11
c12
c13
Cla
C1s

Table of General Temperature Factor Expressions - B's

2.696(7)
2.69(2)
4.81(7)
3.1¢1)
5.9(2)

19.3(3)
5.7(3)
3.8(2)
2.7(2)
6.8(3)

11.2(4)

23.6(9)
6.5(4)
9.2(4)
4.8(2)
3.6(2)
5.8(3)
3.8(2)
4.2(2)

8.8(4)

8(2,2)

2.635(7)
5.75(2)
6.75(9)
4.2(1)
3.9(1)
7.8(2)
6.4(3)
7.9(3)

16.1(5)

28.5(6)

18.1(3)
9.4(5)

22.9(8)

19.8(4)
3.4(2)
3.6(2)
3.3(2)
3.1(2)
2.8(2)
6.4(3)

8(3,3)

2.871(7)
3.808(2)
3.91(6)
6.3(2)
3.3(1)
9.1(3)
5.1(3)
3.8(2)
5.1(3)
4.8(3)
5.6(3)
9.2(5)
6.104)
4.6(3)

- 4.4(2)
'5.6(3)

3.6(2)
5.9(3)
5.1(2)
9.2(4)

B(1,2)

-9.875(8)
-8.77(2)
8.13(7)
-g.201)
-8.3(1)
2.9(2)
-2.7(2)
-1.1(2)
-1.8(3)
-7.9(3)
-8.8(3)
6.1(5)
-2.6(4)
~2.104)
1.1(2)
-8.8(2)
g.2(2)
8.6(2)
8.3(2)
3.7(3)

B(1,3)

#.136(6)
-8.17(1)
-1.87(6)
g.9(1)
-1.801)
2.9(2)
-1.5(2)
-9.5(2)
-9.4(2)
1.1(3)
-2.5(3)
-6.2(5)
8.7(3)
-1.1(3)
-8.6(2)
1.3(2)
§.3(2)
-8.9(2)
1.6(2)
-3.6(3)

#.835(8)
-9.86(2)
-8.18(7)
-9.2(1)
g.201)
1.3(2)
g.1(2)
-1.1(2)
-2.4(3)
-1.9(4)
2.3(3)
-1.304)
3.8(4)
-1.2(3)
-8.7(2)
-1.4(2)
-8.6(2)
-1.2(2)
8.1(2)
-2.6(3)

Beqv

2.735(4)
3.838(9)
5.21(4)
4.58(8)
4.45(7)
8.4(1)
5.8(1)
4.9(1)
8.48(2)
18.6(2)
9,1(2)
14.4(3)
11.5(3)
8.3(2)
4.9(1)
4.2(1)
4.2(1)
4.3(1)
4.8(1)
8.8(2)
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Table Ia. (cont.)

Table of General Temperature Factor Expressions - B's (Continued)

Name B(1,1) B(2,2) B(3,3) - B(1,2) B(1,.3) B(2,3) Beqv

Ccl16 5.9(3) 5.2(3) 13.4(5) -9.3(3) 4.2(3) -2.8(3) 8.8(2)
Ci7 15.9(6) 6.5(3) 4.113) 8.304) -8.4(4) -1.5(3)  8.9(2)
cis8 ' 4.1(3) 5.8(3) 14.5(5) ﬂ.l(?) -1.5(3) -3.8(3) © 8.2(2)
C19 11.2(4) 4.8(3) 8.3(4) #.7(3) 4.3(3) 1.3(3) 7.7(2)
Cc29 3.4(2) 3.4(2) 6.1(3) -8.7(2) -8.08(2) 8.5(2) 4.3(1)
ca21 7.2(3) ' 2.6(2) 3.9(2) - #.3(2) -9.8(2) g.4(2) 4.6(1)
c22 4.8(2) 3.8(2) 7.7¢(3) #.5(2) 1.4(2) 1.7(2) 4;841)
ca23 6.4(3) 4.1(2) 4.6(3) -1.2(2) -1.3(2) 1.7(2) ‘5.1(1)
c24 6.5(3) = 3.3(2) 5.1(3) -g.6(2) 2.5(2) #.5(2) 4.9(1)
c25 5.7(3) 4.8(3) 19.6(7) -1.2(3) -3.6(4) o 1.904) 19.2(2)
€26 20.2(7) 3.8(3) 5.5(3) 1.804) 2.8(4) -9.2(3) 9.8(2)
c27 - 5.8(3) §.3(3) 19.6(7) 1.6(3) 3.2(4) 4.3(4) 18.2(2)
CZé 17.5(6) 7.9(4) 8.7(4) -4.204) =7.7(4) 3.4(3) 11.7(2)
c29 - 17.8¢8) 5.5(3) 12.8(4) -1.1(4) 19.4(3) 8.8(3) 11.1(2)
C38 3;9(2) 3.8(2) 3.4(2) -8.2(2) ~9.3(2) -9.3(2) 3.4(1)
c31 3.4(2) 3.6(2) 3.6(2) -9.8(2) g.1(2) g.102) 3.5(1)
c32 4.8(3) 7.2(3) 5.1(3) 1.4(2) -5.2(2) #.8(3) 5.8(1)

o S e e . e Tm S M D A R T T D e = e e A G P AR e b A W e P A e T e D WP e = -

The form of the anisotropic thermal parameter {s:
-2 2 2 . 2 2
exp{-8.25Ch a* B(1l,1) + k b~ B(2,2) + 1 c* B(3,3)' ¢ Z2hka*b*B(1,2) + 2hla*c*B(1,3)

+ 2klb*c*B(2,3))) , where a*,b*, and c* are reciprocal lattice constants.



256

Table II. [(CsMes),Ybbipyl [(CoMes),¥bCl,]

#.55087(2)
#.06735(2)

B.7467(1)
9.5014(1)
#.1699(3)

-8.8834(3)

B.5467(4)
£.5363(4)
8.6520(4)
£.7311(4)
#.6663(4)
0.4583(5)
g.4271(5)
9.6868(5)
8.8679(4)
8.7287(5)
g.4148(4)
§.3282(4)
£.3393(4)
£.4344(4)
P.4887(4)
0.4188(5)
#.2272(5)
9.2527(5)
9.4732(6)
8.5737(5)
-9.8821(4)
-8.8676(4)
-8.1519(4)
-8.1422(4)
-8.8495(4)
9.9885(5)
-9.0666(6)
-8.2472(5)

-8.2276(5)

-8.8226(5)
9.2889(4)
P.2236(4)
#.1322(5)
g.14085(5)
9.2358(5)
0.4859(5)

-9.22087(
0.28429(
-g.1611(1
-8.38895(
#.3629(2
8.2958(2
-8.2221¢(
-8.3238(
-9.34581
-9.2555¢
-9.18083(
-8.1778¢
-8.3999¢
-8.44611
-8.2466(
-9.8742¢
-8.8667(
-8.1521¢(
-9.1898(
-8.13089(
-8.08539¢(
8.8116(
-8.1876(
-8.2729¢
-8.1432(
8.8337(
0.4448(
9.3628(
#.3116(
8.3624(
B.4436(
#.5233(
#.3488(
8.2257¢
#.3433¢
8.5246¢
8.2397¢
8.2378¢
#.1557¢
8.1999¢
8.1606(4
#.3968(5)

WEaWWaEBNELEELEWWWWWEELEELAMEWWWWW

WhWEABEDNEMLW
- T e P W N WP e e s W P W et e W N e e WP e e W P P v e L) e S e

-~

#.9136¢
8.0732(3)
#.157404)
#.1638(4)
B.9884(4)
#.2169(3)
8.2193(3)
8.2982(3)
#.3445(3)
9.2931(3)
£.1519(3)

#.1563(4)

#.3309(4)
£.4324(3)
8.3185(4)
£.1964(3)
9.1496(3)
8.2096(3)
8.2766(3)
B.2744(3)
#.1646(3)
9.0594(3)

B.174704)

8.3442(3)
#.,3381(3)
#.2389(3)
#.1614(3)
8.1611(3)
9.2362(3)
9.2848(3)
9.2616(5)

VWU NRONPANNOLALLALNNNOAOLBTNEBLENOINOOAALLLWWDS

NOOORNN=RENWONNDROOADOURVAWRESNOONANOAN
o o s s o~ o~ o o o o~ - o o s o o o o o~ o~ o~~~ o~ o— o~ o~~~ o~ -~~~ -~

e e e & o e 8 & & & 8 e o & @ & & * & s & e o o
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(cont.)

Table 11.

Table of Postitional Parameters and Their Es}lmated Standard Daviations (cont, )

.2
Atom X yor B(A )
c37 8.2611(6) 4.2995(4) 9.9985(4) 8.2(2)
C3d 2.4548(6) F.1118(5) g.8883(4) 8.6(2
C39 D.4706(7) 9.4113(4) 0.2573(4) 9.3(2)
C49 B.2815(6) #.1274(5) 2.3681(4) 8.7(2)
Chy - -9.4932(4) B.1361(3) #.3821(3) 5.4(1)
C51 -9.1349(5) P.0853(4) B.4507(3) 5.9(1)
€52 -9.9839(5) g.120404) £.5248(3) 6.3(1)
C53 P.P1U5(4) 4.1978(4) 9.5286(3) S.1(1)
C54 9.0494(4) 9.2386(3) p.4564(3) 3.69(9)
C55 @.151104) $.3218(3) #.4556(2) 3.44(9)
CS6 g.221704) #.3554(3) #.5254(3) 4.4(1)
cs7 #.3108904) #.4356(4) 9.5218(3) 5.8(1)
c58 9.3273(4) B.4800(3) P.4472(3) 4.9(1)
Cc59 0.256404) f.4411(3) 8.3799(3) 4.3(1)
* -- Atoms refined with {sotropic thermal parameters.

Anisotropically refined atoms are given
" isotropic equivalent thermal parameter defined as:

2

) 2
(4/3) * {a *B(1,1) «+ b *B(2,2) + ¢ *B(3,3) ¢+ abl{cos gamma)*B(1,2)

in the form of the

+ ac(cos beta)*B(1,3) -+ bclcos alpha)*B(2,3))
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(cont.)

Table 1T1.

Atom

H61

H62

H63

H71

H72

H73

HEl

HB2

H83

H91

H92

H93

H141
H182
HIB3
H161
H162
H163
H171
H172
H173
Hi81
H182
H183
H191
H192
H193
H281
H282
H283
H261
H262
H263
H271
H272
H273
H281
H282
H283
H291
H292
H293

8.6158
$.9136

9.8938

9.8823
8.7594

#.6563

8.7804
#.3592
9.4987
#.3981
#.1565
#.2553
p.2856
#.1833
9.2259
#.2957

p.4235

P.4628
8.5584
#.5315
P.6369
‘B.6172

. P.0448

#.1453

p.1327
-9.1260

9.9137
-9.0868
-9.3218
-8.2154
-9.26590
-9.2975
-8.2546
-9.1845

<

-9.1898
-8.2060

-4.1968

~9.4299
-9.4508
-8.3678
~-0.4778
-8.4392
-0.4862
-8.2626
-8.1881
-8.2916

-9.8712.

-9.0318
~-8.9539

8.8575

f.8463
-9.0198
-8.1526
-8.1754
-9.2573
-8.2454
-8.3199
-9.,3085%
-8.1869
-8.2128
-8.1184

9.4866

g.9137

9.08568
#.5757
f.5494
#.4951
9.3862
#.3692
#.2792
9.2512
#.1862
8.1857
#.38082
8.2739
#.3638

-0.0481
9.8197
9.0232
#.0218
#.1135
8.87986
8.1131
8.2826
8.1721
#.1183
g.1814
8.2060
8.9379
9.0862
8.1314
#.1615
#.1532
9.1809
£.1631
#.10836
8.1621
#.3513
#.2884
8.3736
#.4650
#.4455
#.4425
#.3385
9.36080
8.2729

g.1421

9.2879
#.1237
8.4326
p.0426
0.9458
#.1539
#.1343
9.2205

- #.3351

#.3455
#.3948
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Table II. (cont.)

Table of Positional Pafameters and Their Estimated Standard Deviations (cont.)

. .2
Atom ) x y z BLA )
H381 -9.0779 g.5746 #.3285 g.o""
H3v2 -8.4336 #.4969 #.3983 . g.y""
H303 0.0606 #.5536 #.3361) 8.9**
-H361 9.4754 8.2749 B.2464 18.9%*
H362 - g.4034 #.3676 - 9.234) 14.0%*
H363 9.4129 #.3183 f.3188 16.8**
H371 9.3193 #.2670 #.0619 19.0%*~
H372 P.1899% . B.3875 #.8551 19.0**
H373 9.2979 #.3633 #.10896 19.9%>
H3B1 9.08946 9.0664 . 98.8596 19.09**
H3g2 -0.8227 8.8773 9.1065 19.0%*
H383 9.08294 p.1641 g.8532 V. LA
H391 #.1151 -0.9424 $.2413 19.8**
H392 B.0625 2.9093 #.3143 19.8**
H393 - -8.809% 9.90851 9.2293 19.8**
H401 #.3425 9.9822 #.3623 19.0=*
H402 #.3178 g.1841 #4.3995 16.8~*
H403 g.2141 9.08951 #.3948 19.8%*
H5@1 -8.1308 #8.1061 #.3387 7.8%*
H511 -9.1984 #8.8312 A.4469 7.8%*
H521 -9.1113 8.9915 9.5734 7.8"*
HS531 8.9478 9.2228 B8.5796 7.8%»
H561 B8.2091 8.3236 8.5758 : 7.0**
H571 P.3682 #.4598 #.5683 7.0=~
H581 #.3864 8.5364 f.4428 7.0%*
H591 #.2693 8.47189 #.3288 7.0**
® -~ Atoms refined with isotropic thermal parameters.
*® -~ Atoms ftncluded but not refined.

Anisotropically refined atoms are given in the form of the
isotropic equivalent thermal parameter defined as:

2 2
(4/3) * [a *B(1,1) + b *B(2,2) + ¢ *B(3,3) + abl(cos gamma)*B(1,2)

+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)]
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Table Ila.

Name

Y81
V82
cL1
cL2
N1
N2
c1
c2
c3
c4
cs
cé
c7
cs
co
cie
c11
c12
c13
Cl4
C15

Table of General Temperature Factor Expressions - B's

3.311(8)
3.344(8)

4.83(5)

7.59(7)
3.5(1)
3.401)
4.8(2)
3.3(2)
4.5(2)
3.2(2)
4.2(2)
7.8(3)
5.9(3)
7.3(3)
3.4(2)°
7.8(3)
4.1(2)
3.3(2)
4.3(2)
5.4(2)
4.3(2)

3.608(8)
3.517(8)
6.87(7)
4.74(5)
3.8(1)
4.4(2)
5.5(2)
5.4(2)
4.8(2)
6.8(2)
4.902)
9.1(3)
7.8(3)
6.8(3)
9.1(3)
6.6(3)
3.8(2)
4.702)
4.5(2)
5.2(2)
3.8(2)

B(3,3)

2.956(8)

2.945(8)

5.17(6)
5.62(6)
3.3(1)
3.8(2)
3.2(2)
4.3(2)
4.402)
4.8(2)
3.7(2)
3.9(2)
6.5(3)

8.4(3)

8.8(3)
7.4(3)
5.8(2)
5.1(2)
5.8(2)
4.4(2)
5.3(2)

B(1,2)

0.824(7)

9.294(7)
-8.12(5)
~0.83(5)

g.2(1)
g.1(1)
1.4(2)

9.4(2)

1.5(2)
#.9(2)
8.4(2)
3.2(2)

-9.8(2)

2.9(2)
8.9(2)
-3.5(2)
1.8(2)
8.5(2)

-8.9(2)

-g.1(2)
-8.102)

B(1,3)

-#.149(6)
g.0978(6)
-1.75(5)
8.91(5)
-8.1(1)
-8.1(1)
9.8(2)
g.3(2)
-8.1(2)
9.2(2)
1.8(2)
-8.9(2)
9.2(2)
g.4(3)
8.8(2)
2.7(2)
8.6(2)
g.2(2)
1.8(2)
8.9(2)
0.8(2)

9.655(6)
#.361(6)
#.37(5)
2.11(5)

#.5¢(

- 8.5

8.5
-0, 4
-9.8¢
-9.1¢
8.6(
1.2¢
-2.3¢
8.2¢
-8.4¢
1.5¢
8.3¢
-9.8¢(
-8.7(
-9.7¢
-9.3¢

1)

1)

2)
2)

2) .

2)
2)
2)
2)
3)
3)
2)
2)
2)
2)
2)

2)

Beqv

3.326(4)

- 3.27604)

5.76(3)
5.99(3)
3.56(7)
3.89(8)
4.2(1)
4.401)
4.501)
4.401)
4.2(1)'
6.5(1)
6.6(1)
7.1(2)
6.8(2)
6.9(1)
4.3(1)
4.401)
4.9(1)
5.8(1)
4.5(1)
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Table IIa. (cont.)

'Table of General Temperature Factor Expressions - B's (Continued)

Name B(1,1)  B(2,2) 'B(3,3) B(1,2) 'B(1,3)  B(2,3) Beqv
c16 C7.7(3) . 6.8(2) 7.803) 2.6(2) 1.8(2) 2.1(2)  6.7(1)
€17 4.2(2) 7.7(3) 8.3(3) 1.1(2) -8.3(2) -2.3(3) 6.8(1)
c18 6.3(3) 6.1(3) 19.5(4) -1.3(2) 4.3(2) £.3(3) 7.6(2)
c19 18.5(4) . 8.7(4) 4.3(3) 8.2(3) #.7(3) -8.1(3) 7.9(2)
c20 5.4(3) 4.9(2) 18.2(4) -1.802) ©  #.3(3) -8.7(3) 7.8(2)
c21 3.9(2) 4.402) 4.402) 8.902) -8.2(2) 1.3(2) 4.201)
c22 4.7(2) 5.3(2) 3.8(2) 8.7(2) -8.7(2) #.6(2) 4.7(1)
c23 3.8(2) 5.6(2) 4.6(2) -9.6(2) -1.8(2) 8.8(2) 4.8(1)
c24 2.9(2) 5.2(2) 4.6(2)  £.8(2) -8.8(2) 1.1(2) 4.2(1)
c25 4.8(2) 4.3(2) 4.5(2) 1.3(2) -9.3(2) 9.6(2) a.201)
c26 5.6(3) 5.2(2) 6.9(3)  £.8(2) £.6(2) 2.8(2) 5.9(1)
c27 S 8.1(3)  9.8(3) 3.5(2) 1.8(3) -1.8(2) 1.1(2) 6.9(2)
c28 5.5(3) 8.4(3) 7.8(3) - -1.8(3) “1.4(3) #.8(3) 7.5(2)
c29 4.402) 7.8(3) 7.1(3) 1.8(2) 1.7(2) 1.8(2) 6.1(1)
c3g 5.8(2) 5.3(2) 6.1(3)  1.4(2) 8.4(2) -8.5(2) 5.7(1)
c31 4.2(2) 5.5(2) 7.7(3) 1.3(2) 1.4(2) -1.5(2) 5.7(1)
c32 5.1(2) 5.3(2)  4.9(2) 8.9(2) 2.3(2) -8.1(2) 5.8(1)
c33 5.8(2) 5.4(2) 5.4(2) 8.5(2) 1.4(2)  -8.9(2) 5.5(1)
c34 - 6.9(3) 4.1(2) 5.6(2) 8.9(2) 1.8(2) g.102) 5.5(1)
c3s 6.4(2) 5.4(2) 6.5(3) 2.8(2) 1.4€2) 8.7(2)  5.9(1)
C36 4.8(2) 9.8(4) 15.3(5) #.8(3) 1.3(3) -4.104) 9.7(2)
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Table IIa. (cont.)

Table of General Temperature Factor Expressions - B's (Continued)

Name B(1,1) . B(2,2) B(3,3) B(1,2) B(1,3) 8(2,3) Beqv

c37 9.7(3)  7.4(3) 8.3(3) 1.5(3) 5.1(2) 2.2(3) 8.2(2)
c3s  18.2(4) 7.8(3) 7.5(3)  -8.2(3)  B.7(3)  -3.3(3) 8.6(2)
39 12.9(4) 4.8(3) 11,400 -8.2(3) 5.6(3) 8.2(3) 9.3(2)
C48  9.9(3) 18.2(3) 6.8(3)  6.8(2) #.4(3) 1.5(3) 8.6(2)
cs® 4.5(2) 5.8(2) 5.2(2)  -8.7(2)  -#.4(2) 8.7(2) 5.8(1)
cs1 4.7(2) 5.7(2) 7.8(3)  -1.8(2) 8.3(2) 2.6(2) 5.9(1)
cs2 5.9(3) 7.3(3) 5.102)  -1.1(2) 8.6(2) 2.7(2) 6.2(1)
cs3 5.2(2) 5.7(2) A.Biz) -8.4(2) #.3(2) 1.2(2) 5.8(1)
c54 3.6(2) 3.8(2) 3.7(2) #.6(2) #.2(2) 1.801)  3.66(9)
55 3.8(2) 4.1(2) 3.3(2) g.4(1)  -8.8(1) #.5(1) 3.45(9)
' 56 4.9(2) 5.1(2) 3.2(2) 8.7(2)  -8.8(2) 8.9(2) 4.401)
c57 4.9(2) 5.4(2) 4.3(2) £.1(2) -1.2(2) 8.1(2) 4.9(1)
cs8 4.3(2) 5.2(2) - 4.9(2)  -1.8(2) - -B.6(2) 8.7(2) 4.9(1)
c59 4.8(2) 4.42) 4.202) -B.1(2) 8.8(2) 8.8(2)  4.2(1)

e - - - > == - - - " = = e SR S = - e e m e - = N A A S R A e S R TR R D M e YR e Y e S - P R e e . -

The form of the anisotropic thermal parameter {s:
2 2 2 2 2 2
expl-8.25C(h a* B(1,1) + k b* B(2,2) + 1 c* B(3,3)' + 2hka"b*B(1,2) + 2hla*c"B(1,3)

+ 2k1b*c*8(2,3)1) , where a*,b*, and c* are rectiprocal lattice constants.
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2,2'-bipyrimidine

Table I1I.

" Table of Positional Parameters and Their Estimated Standard Deviations

Atom X

N1 g.4178(3)
N2 #.6512(3)
Ci 9.5194(3)
c2 B#.4531(3)
Cc3 #.5911(3)
C4 A.6851(3)
H2 g.36404)

H3 #.623(4)

H4 g.783(4)

®* -~ Atoms refined with

2 . 2 '
(4/3) * [a *"B(1,1) ¢+ b *B(2,2) + c *B(3,3) + abl{cos gamma)*B(1,2)

(
{
{
p.2164(1
£.1645(1
g.9419(1
#.299(1)
g.212(1)
-9.802(1)

. Anisotropically refined atoms are given

ifsotropic therma)l parameters.

—em A NNR WS
LI B I

WWWNNN=NN
e o © s o o o o
WWW ™ ™ o~ -~
— - NNNNNN

R Y APy, W

tn the form of the
isotropic equivalent thermal parameter defined as:

+ ac(cos beta)*B(1,3) + bclcos alpha)*B(2,3)]

- - A - - - " — - S - W p T - O o = T e o . S = = - = e D G Y = A e -

inciuded but not refined.

** -- Atoms

9.783(4)

-0.982(1)

B.114(1)

3.1(3)*
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Table I1la.

Name

N1
N2
Cl
c2
Cc3
c4

Table of General Temperature Factor Expresstions - B's

2.79(4)
2.56(4)
1.69(4)
2.908(4)
2.48(4)
2.65(4)

1.54(3)

1.89(3)
1.45(3)
1.74(5)
2.76(4)
2.74(4)

2.28(3)

1.74(3)

1.63(3)
2.76(4)
2.94(4)

1.83(3)

8.12(3)
f.87(3)
-9.18(3)
B.88(4)
-g.32(4)
B.83(4)

8.75(3)
#.67(3)
g.24(3)
#.68(3)
g.48(3)
9.73(3)

Eeqv

.1402)
.53(2).
.68(2)
.45(2)
.42(2)
.37(2)

- —— - P on - - - TR S e An TP T - T 4 mr = e s P e R e = =S M e e T e e e A A S D Ep e S e e AR Gm e S - - e -

The form of the anisotropic thermal parameter is:

2 2

2

2

expl-9.25Ch a* B(1,1) + k b* B(2,2) + 1 c* B(3,3)°'

+ 2k1b*c*B(2,3)1)]

+ where a*,b*, and c* are reciprocal lattice constants.

¢+ Z2hka*b*B(1,2) + 2hla®c*B(1,3)
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CPh),

(CsMe5), Y3 (uy=C

Table 1IV.

Table of Positional Parameters and Their Estimated Standard Deviations

€22
c23
C24

#.13852¢(
B.36922¢(
#.25199¢
g.2107(5
8.2320(5
9.25808(5
9.30908(7
#.3278(8
9.2886(7
B.2334(7
P.2144(6
9.1832(5
#.1831(5
#.1791(5
g.1421(6
#.1379¢(6
g.1722(8
p.2081(8
Bp.2131(7
8.3727(5
0 3915(S
.4183(5
ﬂ 4669(7
.4938(7
ﬂ 4675(8
.4199(8
B 3941(7
#.2523(5S
#.1969(5S
#.1319(5
#.1361(6
B.8746(7
g.2181¢(7
9.9046(7
#.9657¢(6
p.8371(5
#.6395(5
#.0163(5
-8.0834(5
8.9192(5
P.8541(6
9.8016(7
-9.0479(7
7

2
2
3
)
)
)
)
)
)
}
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
-0.08858(7)

-

1<

8.
#.32421¢
a.

-9.113(1)
-9.192(1)
-9.2149(9
-9.1556¢(
-g.8781¢(

#.32631

f.4147¢

8.726(1
#.683(1
B8.5787¢
#.3334¢(
9.3556¢

9
8
7
9
7
8
9
}
)
9
8
8
9
)
)
)
)
9
7
8
8
7
9
)
)
)
9
8
7
9
(8
}
9
)
)

#.349¢(1

#.14861¢(
#.36064(
0.25425¢(
9.2128(3
B.2401(4
B8.2711(4
9.2597(4
#.2915(S
#.3318(4
B.3414(4
9.3136(4
8.1799(4
#.1831(3
#.1842(4
9.2223(5
B.2249(5
B.18987(6
#.1537(5
B.1491(5
9.2718(4
8.2291(4
#.1811(3
#,.1559(5
#.1112(8
#.9918(5
B.1178(5
g.1614(4
#.3486(4
9.3645(3
9.3873(3
f.411304
9.4338(5
D.4279(S
B.4851(5
P.3846(4
9.2119(4
9.2127¢4
P.1658(4
P.1364(4
#.1654(4

-]

1
1
2
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
}
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
#.2566(5)

- 8.1522(6)

9.8878(S)
#.1497(S)

3.224(9)
3.60(1)
5.24(1)

N W
- -
~nN
-

1
1

NOONELALMMOOVOO VAWV EELENOOUNNENANNNONLL.
e e o o o e s e o e o 4 s s 4 6 0 © 5 o e = = e 6 e e o s e ° e a e o o o e
NOR~ VAN RRNWANNOANLONNOONDWWER OO LR = ON = &

P gpiiag =g aghaiudigpagh g A - dghng =g g e DA e
ENBEWWWNWWWNAWWNNNWANVARAWNNWABWWNWNWWWEWNN
T St N e T N Nt N NP g v P N N Nt N P it P kN P N Nt N N b W it N ar wwr w
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(cont.)

Table IV.

Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

Atom

C49
CS59
Ch1
Ccs2
C53
CS54
C55
C56
Cc57
cs8
C59
cegd
C61
€62
C63
C64
C65
€66
~C67

T - - " - e S em - Y T - e D = e = G Me e N S B e e e e G YR e P m L Ok e W S e G -

9.8516(6)
8.2566(5)
8.2159(6)
8.1538(6)
8.1558(7)
9.2195(7)
8.1801(8)
8.1867(9)
#.249(1)
8.3387(7
#.2381(
8.3768(
8.48211
9.3484(
8.2837(
9.2954(
g.412(1
8.4779(
#.361(1
#.2163(
g.2314¢
9.4948(

)
8)
7)
7
8)
6)
7)
)
9
}
8
9
6
£.4886(5
6
6
7
)
8
9
7
7
)
)
)
9
)
)

)

f.4322¢(
f.40861¢
P.4437¢
§.434(1
9.3518¢
#.4156¢
B.5452¢(
B.5557(
B.765¢(1
#.693(1
8.669(1
0.7288¢(
#.785(1
g.807(1

)
)
)
)
)
)
)

)
)
)
)

)

<

9.367(

8.2566(4
B2.0975(4

B.0742(4
#.9397(5
#.9189(5
#.P675(6
#.1234(5
#.1863(5
ﬂ 3539(4

.4002(5

8.4331¢(
#.3201¢(
#.3958¢
#.3488¢(

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
9. 3451( )
)
)
)
)
)
)
)
)
)
)

-]

-

N

[

- R

-~
ONODONONSUNEPINNAD

-5.5541(5)

- =8.8186(6)

9.8838(6)

5.8¢(

9.3¢(

Anisotropically refined atoms are given in the form of:the
isotropic equivalent thermal parameter defined as:
2 : '

(4/3) * [a *B(1,1) +«+ b *B(2,2) + ¢ *B(3,3) + abl{cos gamma)*B(1,2)

2

2

+ aclcos beta)*B(1,3) + bc(cos alpha)*B(2,3)].
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Table IV. (cont.)

Atom

H41

H61
H71
HB1
H121
H131
H141
H151
H161
H201
H211
H221
H231
H241
H281
H291
H3g1
H311
H321
H451
H452
H453
H461
H462

H463
HAT1

‘H472
H473
H481
H482
H483

H491

H492
H493
H551
H552
H553
H561
H562
H563
H571
HS72
H%73

g.
g.
8.
9.
9.
.
.
9.
9.
.
g.
8.
8.
8.
.
g.
g.
-9.
-9.
g.
.
g.
g.
-9,
9.
8.
-g.
-9.
-9,
-9.
.
a.
g.
8.
a.
g.
g.
9.
8.
g.
g.
g.
.
g.

3362

3693
2992
2056
1747
1187
1115
1716
2398

2386
4839 -

5299
4817
4935
3647

1812 -

#2769
#331
2495
4616
2141
#2741
g878
2465
#0962
8354
2989
2399
2334
8545
#9268
992
g0a84
2899
#662
1189
8967
2544
1245
8594
1876
2762
2089
2781

1<

-9.1015
-9.2382
-9.2787
-8.1685
-8.9379
8.5326
9.7947
#.7969
8.7223
#.5493
9.2747
9.3380
8.4779
#.5692
9.5203
9.0499
-9.98261

#.9582.

0.2034
9.2726
8.8399
-9.9108
9.09828
-8.0427

. -8.8354

-9.8671
8.1546
8.2219
9.1885
8.3656
8.3921
8.3559
9.2869
8.2532
8.3434

-9.8895

-9.8438
8.9413
#.2368
8.2166
8.39899
9.3253
9.3683
9.3489

#.2303
g.2844
#.3520
p.3782
98,3237
B.2469
#.2504
#.1923
#.1295
9.122%
#.1683
9.9939
P.0692
#.1039

#.1791.

9.4126
g.4508

P.4412

p.4826
B.3679
8.2737
#.2463
p.2781
p.1619
#.1178
#.1696
9.8954

8.8717.

B.8672
#.1581
#.1669
#.1149
B.2754
#.2772

. #.2452

9.8983
9.9612
9.8354

-8.8142
8.9285
9.8285
8.8374
9.9639
9.0947
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Table IV. (cont.)

Table of Postitional Parameters and Their Estimated Standard Deviations (cont.)

: .2
Atom ' x y z B(A )
H581 §.3667 #.1399 8.9992 12,7**
H582 9.3366 9.2128 #.1386 12.7**
H583 9.3324 #.09994 #.1475 12,7%*
H591 P.2656 -9.98686 #.P8BRAY 18.4%>
H592 §.2659 -9.9349 ‘#.1361 16.4**
H593 #.1953 -9.9768 F.1118 18.4**

e - Atoms {included but not refined.
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Table IVa.

Table of General Temperature Factor Expressions - B's

Name 8(1,1) 8(2;2) B(3,3) 8(1,2) B(1,3) B(2,3) Beqv

vel 3.67(2) 3.28(2)  2.72(2) -8.88(2)  B.83(1)  £.12(2) 3.224(9)
Y82 3.52(2) 4.07(2) 3.2602) -8.21(2) -8.81(2)  B.02(2) 3.68(1)
vB3 5.98(2)  5.93(2) 3.75(2)  -1.67(2)  -1.23(2)  9.38(2) 5.24(1)
c1 4.2(5) 4.7(5) 4.804) 1.8(5) g.904) 8.3(4) 4.3(2)
c2 3.7(5) 4.9(57 4.8(5) WY 8.804) -8.5(4) 4.2(2)
c3 4.6(5) 3.4(4) 4.2(4)  1.204) S8 8.7 4.8(2)
C4 8.1(7) 6.7(7) 6.6(6) 2.3(6) 1.3(6) B.7(6) 7.143)
c5 1i.1(8)  8.7(8) 8.5(8) = 5.9(7)- 8.8(7) 8.4(7) 9.4(4)
C6 . 9.4(8) 5.8(6) 6.1(6) 2.6(6) 8.7(6) 2.8(5)  7.1(3)
c7 7.147) 8.8(7) 6.5(6) 2.2(6) 2.1(5) 4.3(5) 7.2(3)
cs 7.2(6) 5.4(6) 5.3(5) 1.4(6)  1.4(5) 1.6(5) 5.9(3)
€9  5.8(5) 2.7¢4) 4.7(5) g.8(4) -8.3(4) -9.304) 4.102)
c18 4.1(5) 7.9(7) 3.8(4)  -8.3(5)  -8.304) #.9(5) 5.8(3)
ci1 5.2(5) 2.6(4) 5.3(5) -8.404) ~2.1(4) -8.2(4) 4.402)
ciz 5.4(6) 3.4(5) 8.4(7) B.4(5) -8.2(5) -1.8(5) 5.8(3)
c13 5.6(6)  5.8(6) 8.9(7) 1.9(6) -8.1(6) 8.3(6) 6.8(3)
cie 9.5(9) 7.9(8) 18.9(9) 1.1(8) -9.6(8) -3.7(8) 9.404)
C15 18.9(9) 6.8(7) 18.3(9) “2.47) -8.9(8) 3.8(7) 9.104)
ci6 7.7¢7) 5.3(7) .8.1(7) -1.8(6) 2.2(6) 1.8(6) 7.8(3)
c17 3.9(4) 4.8(5) 4.104) 8.8(5) 8.1(4) 8.7(5) 4.3(2)

cis 4.5(5) 4.5(5) 3.9(4) -g.6(4) #.204) -g.2(4) 4.3(2)
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(cont.)

" Table IVa.

Table of General Temperature Factor Expressions - B's

(Continued)

Name

ci9
Cc29
c21
cz2
c23
C24
c2s
c26
c27 .
c28
c29
cig
c3l1

€32

Cap
C4l
C42
C43
Cad
C45
C46

8.9(8)
3.6(4)
4.3(55
4.5(5)

' 6.4(6)

7.3(7)
6.4(6)
6.4(7)

4.1(5)"

3.104)
3.7(5)
4.1(5)
3.7(4)

4.2(5)

4.7(6)

6.8(7)

6.

7(6)

111

18(1)

16(1)

10.6(9)

5.
3.
5.
6.
2.9(56)

5.

6(6)
9(5)
7(6)
5(6)

8(6)

12(1)

17¢1)

9.
7.

5

3
7

4(8)
2(7)

.3(6)
.B(5)
JBL7)
.5(5)
.8(8)-
.8(6)

B(3,3)

3.4(4)

5.5(6)
5.7(6) -

4.8(6)
4.7(6)
4.9(5)
4.204)
3.204)
3.1(4)
6.2(6)
7.8(6)
7.98(7)

5.8(6)
4.4(5)
4.6(5)
4.9(5)

1 6.1(5)
4.1(5)
6.1(5)
7.8(7)

13(1)

8(1,2)

-1.4(5)

-2.5(8)

-4.3(9)
-6.5(9)
-5.8(8)
-1.7(6)

g.3(4)

1.8(5)
-1.4(5)

-8.9(5)

=2.7(6)

-4.5(7)
-9.8(9)

9.3(6)
-8.2(5)
8.8(5)
g.204)
8.4(5)
8.504)
9.6(6)
-1.3(6)

B(1,3)

8.1(4)
2.8(6)
4.4(5)
-8.4(7)
-1.8(7)
-9.8(6)
-8.1(4)
8.304)
g.3(4)
8.9(5)
2.8(6)
2.7(5)
8.406)
g.4(4)
g.4(4)
1.2(4)
-8.204)
-9.8(4)

. #.504)

1.8(5)
2.5(7)

8(2,3)

-8.9(5)
-8.7(7)
~1.8(8)
2.8(7)
g.5(7)
1.9(5)
-g.104)
-8.3(4)
-1.6(4)
-1.8(5)
8.2(6)

- =8.3(7)

-0.3(8)
#.2(6)
#.2(5)

1.8(5)

8.5(4)
-8.2(5)
1.6(4)

3.1(6)

-1.8(7)

4.9(3)
8.2(4)

19.9(5)

18.9(5)
9.5(4)
6.5(3)
3.9(2)
4.402)
4.6(2)
5.2(3)
6.7(3)
8.5(4)
9.3(5)
6.9(3)
5.8(3)
4.6(3)
4.402)
4.9(3)
4.6(3)
7.1(3)
8.9(4)
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Table IVa. (cont.)

Table of General Temperature Factor Expressions - B's

(Conttnued)

Name

C47
Cas8
C48
(.7}
Cs1
Cs2
Cs3
Cs54
Cs5
C56

cs7

css
cs9
c68
(|
c62.
C63
c64
(31
C66
c67

B(1,1)

5.3(6)
6.3(6)
6.7(6)
3.9(8)
7.5(7)
6.9(6)
8.4(7)

S 9.4(7)

9.2(8)
13(1)
21(1)

7.1(7)
11.1(9)
11.3(9)

7.6(7)
13(1)

6.2(6)
11.7(7)
48(2)
18(1)
33(2)

B(2,2)

17¢(1)

8
7.
5.
6.
6.

4

13,

.5(8)
.3(8)
8(7)

1(6)
4(6)
1(6)

.7(6)

4(9)

15(1)

4.

1(7)

18(1)

g W W e W

2.

6(9)

.9(6)
.9(6)
.6(6)
.9(%)
.8(6)

9(7)

13¢1)

14(1)

6.3(7)
8.2(7)
4.7(5)
4.5(5)
4.i(5)
3.2(4)
4.1(5)
5.8(5)
9.8(7)
5.7(7)
12.2(9)
7.8(8)
6.1(7)
5.5(6)
8.7(7)
6.8(7)
13.8(8)
7.5(6)
20.5(9)
38(2)
A7)

-1.1(9)
2.7(6)
-1.1(6)
-1.1(5)
1.8(6)
-1.2(5)
3.4(6)

-8.5(6)

~4.7(7)
6(1)

=3.5(8)

-3.3(9)

2.3(8)

8.3(6)
-8.7(6)
-8.1(7)
~8.7(5)

4.8(5)

an
-1(1)

6(2)

-1.4(5)
-9.6(6)
2.5(5)
1.104)
1.7(5)
g.8(4)
#.4(5)
4.1(5)
1.8(7)
2.3(7)
18.1(8)
1.4¢7)
1.9(7)
2.6(6)
-1.5(6)
2.2(7)
1.6(6)
-6.1(8)

26.3(9)

-8(1)
=2(1)

#.9(9)
1.8(7)
-1.6(5)
~1.7(5)
g.3(5)
-2.8(4)
"9.8(5)
8.8(5)
-7.7(6)
3.7(8)
-1.5(7)
-4.309)
-8.5(7)
-8.5(5)
-1.6(6)
-1.2(5)
-3.7(5)
-3.2(5)
3.2(7)
-1(1)
-1.9(9)

6.5(3)
5.4(3)
5.6(3)
5.2(3)
6.2(3)
6.3(3)

19.5(4)

11.4(5)

12.4(5)

18.8(5)
8.6(4)
6.9(3)
7.1(3)
7.9(4)
7.8(3)
8.2(3)

23.5(7)

20.5(8)

17.2(8)
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Table iVa. (cont.)

Name B(1,1)
ce8 13.8(8)
C69 27.8(9)
c78 6.1(6)
c71 4.3(5)
c72 6.2(6)
c73 5.2(6)
c74 18.4(8)
c75 35(2)

c76 6.4(8)
€77 18(1)

c78 6.5(7)
c79  8.9(7)
ceg  18(1)

- c81 20(1)
c82 16(1)
€83 12(1)
ces 16(1)
85 13(1)

'8.1(9)
16.9(9)
6.1(7)
6.3(6)
3.5(5)
9.9(7)
13.2(9)

28(1)

13.5(8)
9.3(8)
24(1)
9(1)
18(1)
13(1)
1201)
9.1(9)
12(1)
16(2)

25(1)
27¢(1)

9.3(7)

6.7(6)

19.6(8)

13.8(8)
4.4(6)
4.8(7)

39(2)

17¢1)

14(1)

38(2)
7.8(8)
6.8(8)

18(1)
7.7(8)
8.1(9)
9(1)

B(1,2)

-3.2(8)

- 19.08(6)

1.1(6)
2.1(5)
1.8(5)
1.9(6)
6.8(7)

.26(1)

g.6(7)
8.3(8)

4.2(9)

1.9(8)
41
-9(1)
-2(1)
2.7(9)
2(1)
401)

8(1,3)

15.0(7)
-23.47)
-3.5(%5)

1;6(5)
-3.8(6)

3.3(6)

8.7(6)
4.8(9)
S(1)

-11.(8)

5.2(7)
-14.(8)
~2.7(9)

~F.8(9)

2(1)

2.0(8)
1.7(9)
#.6(9)

B(2,3)

~5.9(9)
~13.(9)
-2.5(6)
2.8(5)
#.5(6)
7.7(6)
2.7(6)
5.5(8)
19.6(8)
-7.4(8)
19.6(9)

-1

-1.6(9)
-1.3(8)
-3(1)
-1.2(8)
-1.2(9)
-2(1)

The form of the anisotropic thermal parameter is:

2 2

2

2

: 2
expl-8.25Ch a* B(1,1) + k b* B(2,2) + 1 c* B(3,3) + 2hka*b*B(1,2)

+ 2hla®c"B(1,3) + 2kib*c*B(2,3)))

15.2(5)
23.9(5)
7.2(3)
5.8(3)
6.8(3)
9.8(4)
9.3(4)
22.7(6)
19.6(6)
15.08(5)
13.5(5)
18.7(6)
12.8(6)
12.9(6)
12.7(6)
9.7(5)
12.2(6)
12.7(6)

where a*,b", and c* are reciprocal lattice constants.
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Table of Positional Parameters and Their Estimated Standard Deviations

.2
Atom x y z B(A )
Eul 9.98391(2) ©H.85139¢(3) £.89804(2) 3.648(8)
ol p.1984(3) #.1693(4) #.1203(4) 6.2(2
02 -9.9718(4) g.2011(4) 0.089990(4) 6.8(2
cl #.1939(5) -8.0198(5) P.9046(5) 4.4(2
c2 B.1717(5) -8.8311(5) f.8198(4) 4.2(2
c3 P.2549(4) -9.94308(5) 9.9188(4) 4.2(2
C4 9.3911(8) -#.8597(7) -§.8369¢(6) 7.6(3
Cc5 #.3836(6) -9.8703(8) -9.0264(6) 8.5(4
(of A.4116(6) -9.9611(7) P.9393(7) 8.1(3
c7 #.3663(6) -9.0463(7) P.9964(6) 7.94(3
cs #.2875(5) -0.0354(7) #.98854(5) 6.2(3
cil #.9288(5) -9.0894(6) £.1925(5) 4.7(2
c12 -9.09488(5) -9.9938(6) #.1729(%) 4.8(2
c13 -9.06885(4) -§.9239(6). 9.2853(5) 4.9(2
Ci4 -9.8335(5) #.9258(6) 9.2426(5) 4.6(2
C15 B.8377(5) =~-9.0148(6) #.2352(4) 4.6(2
Cl6 #.9937(6) -8.1531(7) #8.1716(6) 8.9(3
ci7 -9.0828(7) -8.1651(8) #.1298(6) 8.8(3
- cis ~-P.1746(5) -9.9986(8) P.2013(6) 7.9(3
~ c19 -9 .9489(7) 9.1936(8) §.2873(6) 7.5(3
E c2g #.1137¢(6) 9.8099(9) 9.2698(6) 8.4(4
= c21 #.11081(6) 8.2279(8) #.1788(6) 8.3(4
N c22 9.1763(6) #.1882(7) #.8792(6) 7.3(3
- c23 #.2359(6) £.2156(9) #.1281(8) g.1(4
Y c24 #.1962(6) B.2448(8) £.1935(7) 9.8(4
o c31 -9.98636(8) 9.2518(9) #.8338(8) 11.8(5%
IS c32 -0.1288(7) #.3148(9) p.934(1) (6
&q c33 -#.1719(8) £.293(1) 9.883(1) (7
a Cc34 -9.1389(8) #.230(1) #.1331(8) (s
5“ * -- Atoms refined with {sotropic thermal parameters.
ﬁk Anisotropically refined atoms are given In the form of the
—~ tsotropic equivalent thermal parameter defined as:
w 2 2
& (4/3) * [a *B(1,1) + b *B(2,2) ¢+ c *B(3,3) + ab(cos gamma)*B(1,2)
i » . _
Ei + ac{cos beta)*"B(1,3) + bc(cos alphal)*B(2,3)]

Table V.

@ . *
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(cont.)

Table V.

Table of Positional Parameters and. Their Estimated Standard. Deviations (cont.)

: .2
Atom X y z B(A )
Ha1l p.2799 -8.8645 ~-9.90836 8.0**
H51 P.4161 -9.9836 -9.9654 8.a**
H61 #.4660 -9.0652 9.04680 8.0%*
H71 : 9.3878 ~-8.8433 - B.1431 R Ak
HB81. P.2554 T -8.8223 #.1251 8.p""
H161 g.9974 -9.1974 9.20866 - 8.An.
H162 g.9821 -9.1782 #.1265 8.0*"
H163 g.1416 -9.1238 f.1687 g8.9*"
H171 -9.8985 -9.2111 #.1593 8.o0%~"
H172 -#.1264 -9.1438 9.1935 8.g*"
H173 ~@.9450 ~@.1856 #.09961 8.o**
H181 -p.1994 = -0.0369 f.2401 8.g"*
H182 -9.1848 9.8518 #.2038 - 8.gw"
H183 - -8.1941 -9.0309 #.1576 8.9%*
H191 -9.0604 #.9861 0.3347 8.o%*
H192 -9.8044 #.1398 #.2875 8.8*"
H193 -h.8917 #.1345 9.2682 8.9*"
H281 f.1174 -8.9169 #.3153 8.o**
H282 #.1554 -9.p988 p.2496 g.o""
H2083 f.1160 2.8719 #.2752 8.0**
H211 p.0861 #.2629 §.2195 18.8**
H212 P.2384S B.2804 #.1669 19.9%*
H221 - B.1656 g.2331 9.8459 i9.0""
H222 8.1926 #.1379 P.B542 19.8**
H231 B.2659 8.2617 . B. 1088 18.8*»
. H232 "#.2696 #.1686 #.1387 18.8**
H241 #.2053 9.3047 9.20915 18.9%*
H242 9.2133 #.2126 #.2337 18.8**

* -- Atoms refined with {isotropic thermal parameters.
** -- Atoms fincluded but not refined.

Anisotropicaliy refined atoms are given {n the form of the
tsotropic equivalent thermal parameter defined as:

2 . 2 : 2
(4/3) = [a *B{(1,1) + b *B(2,2) + ¢ *"B(3,3) + ab{cos gamma)*B(1,2)

+ aclcos beta)*B(1,3) + bclcos alpha)*B(2,3)]
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Table Va.

Name

EUl

o1
02
c1
c2
c3
ca
cs
c6
c7
ce
cii
c12
c13
Ci4
Cis
Ci6
c17
c18
19

Table of General Temperature fFactor Expressions - B's

3.58(2)
6.9(3)
6.6(3)
3.5(4)
3.8(4)
3.1(3)
4.2(4)
6.3(6)
4.7(5)
5.9(5)
4.7(4)
4.7¢(4)
5.3(5)
3.7(4)
5.7(4)
3.9(4)
7.3(6)
18.8(7)
4.6(5)
8.4(6)

4.22(2)
6.8(3)
5.6(3)
5.3(6)
5.8(5)
4.704)

12.6(8)

12.3(9)
9.9(8)
8.1(7)
6.5(6)
5.104)
5.5(5)
6.8(5)
4.7(5)
6.1(5)
7.1(6)

18.1(7)

12.8(8)
8.4(7)

8(3,3)

3.23(2)
6.404)
8.4(5)
4.5(4)
3.704)
4.8(4)
5.9(6)
6.9(7)
9.8(8)
9.8(8)
7.4(7)
4.304)
3.6(4)
4.204)
3.4(4)
3.7¢4)
9.5(7)
5.6(6)
7.1(6)
5.8(6)

B(1,2)

-8.17(3)
-1.9(3)

1.6(3)
8.2(3)
g.2(3)
g.804)
3.1(5)
1.7(6)
1.1(6)
-8.7(5)
8.704)
8.6(4)
-1.204)
B.404)
8.204)
-8.6(4)
2.3(5)
-5.1(6)
8.2(6)
-8.7(6)

8t1,3)

#.13(2)

#.3(3)
~-9.8(4)

-8.2(4)

-@.1(3)
-9.304)
g.3(4)

2.2(5)

8.1(6)
-3.3(5)
~1.8(4)
1.204)
-8.3(4)
8.7(4)
8.9(4)
-9.4(3)
8.4(6)
8.5(6)
1.8(5)
2.8(6)

B(2,3)

9.82(2)

-1.7(3)
-9.5(4)
#.1(5)
-9.8(4)
2.9(4)

2.4(6)

2.5(6)
2.9(6)
-8.4(7)
-1.3(5)
1.4(4)
1.3(4)
1.4(4)

- 8.304)

1.8(4)
4.6(5)
1.5(6)
2.3(7)
#.3(6)

Beqv

3.648(8)
6.2(2)
6.8(2)
4.4(2)
4.2(2)
4.2(2)
7.6(3)
8.5(4)
8.1(3)
7.9(3)
6.2(3)
4.7(2)
4.8(2)
4.9(2)
4.6(2)
4.6(2)

- 8.8(3)

8.8(3)
7.9(3)
7.5(3)
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<(cont.)

Tabie Va.

Table of General Temperature Factor Expressions - B's (Continued)

Name B(1,1) B(2,2) B(3,3) B(1,2)

c28 6.6(6) 12.9(9) 5.7¢7)  -1.8(7)
ca1 8.7(7) 9.3(8) 6.9(7) -2.4(6)
c22 6.3(5) 7.6(7) 7.9(7) -1.7(5)
c23 6.1(6) 18.7(9) 13.6(9) -1.5(6)
c24 9.7¢(7)  9.6(7) 18.2(8)  -3.1(7)
c31 12.6(9) 8.3(7) 15(1) 8.5(8)
€32 6.4(7)  16(1) 33(2) 3.4(7)
€Iz 9.2(7) 16(1) 25(2) 7.3(7)
c34 15.3(9) 19¢1) 19.8(9) 11.3(8)

- - - -y o O e BE T s o T e e = e W T = o G n P o T P PR D D P W TR R D D e S e s . R = e - e e

The form of the anisotropic thermal parameter 1is:
2 2 2 2 2
exp[ #.25Ch a* B(l 1) + k b* B(2,2) + 1 c* B(3,3)"

B(1,3) 8(2,3)

-1.8(S) 1.4(7)
2.2(5) -8.4(6)
1.4(5) -8.6(6)

-1.8(7) -4.1(7)

-3.2(7) -1.447)
3.2(9) 4.6(8)
11 1301
1(1) (1)
4.6(8) 3(1)

Beqv

8.4(4)
8.304)
7.3(3)

18.1(4)
9.8(4)

11.8(5)

18.2(6)

16.9(7)

14.8(5)

+ 2hka*b*B(1,2) + 2hla*c™B(1,3)

+ 2klb*¢*B(2,3))1 where a*,b*, and c* are reciprocal lattice constants,
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Table VI.

Table of Posttional

Atom -

-8.9357(

(
(
1
1
1
1
1
1
2
2
4
4
4
4
6
7
6
6
5
9.43908(6
#.5168(6
#.5952(5
#2.5633(6
6

6

6

5

6

6

7

9

7

6

7

6

8

6

7

8.45535(
#.24259(
1

CA.14431¢C

8.29997(
g.21182¢
#.99814¢
#.16153¢
0.34924¢
9.38473¢(

#.13953¢
#.32175¢(
#.38376!
B.1516¢(2
8.3293(2
#.1793(2
#.3332(2

)
)
)
)
)
)
)
)
)
)

#.1158(3

#.2153(2
§.2948(3
#.3713¢
8.2771¢(.
P.4125¢

#.1234¢(
#.9639¢(

3
3
3
2
2
2
2
2
#.1021(2
5
3
#.1981(4
3

3

3

3

3

3

isotropic equivalent thermal parameter defined as:
2 .

2

(4/3) * [a *B(1,1) + b *B(2,2) + ¢

2

+ ac(cos beta)*B(}1,3) + bcl(cos hlpha)'B(2.3)]

Parameters and Their Estimated Standard Deviations

2.13¢(

NN
.« .
-0
N &
NN N o= N o NN (W) 00 o s Ot o pot Ot bt (ot ot ot St s ) N =~

AR UNAWNVONDOONOOWO LU &S YO~

g
OONIMNWR=DWWWWWaEEEEAWWWY

D e e e e e N I O P e e e

T " . P e W - - e = e T e e AR P e M e = T AR G MR Y S - AR S -

Anisotropically refined atoms are given In the form of the

*B(3,3) + ab(cos gamma)*B(1,2)
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(cont.)

Table VI.

Yable of Positional Parameters and Their Estimated Standard Deviations (cont.)

Atom

H11
H12
H13
H21
H22
H23
H31

- H32
H33
H41
H42
H43
H51
H52
H53
H61
H62
H63
H71
H72
H73
HB1
H82
H83
H91
H92
H93
H191
H182
H183
H111
H112
H113
H121
H122
H123
H131
H132
H133
H141
H142
H143
H151
H152

9.7970

#.6563
9.7634
9.7929
9.7649
#.6522
#.5861
#.4334
f.4408
#.169]
#.1561

- B.3860

9.8915
8.2004
9.9942
9.3607
9.5205
§.4651
9.6269
9.4563
'8.4882
8.7845
g.5648
#.5815
9.6719
§.£559
9.5871
8.1344
9.3943
9.2584
-9.1860
8.8071
-9.8826
-9.8228

-9.8953

P.1314
-8.2122
-9.8527
-9.1476
-0.8466

p.1879

p.1091
-9.2400

" ~8.1928

8.
8.
g.

-9.
-9.
-9.
8.
8.
8.
-9.
8.
8.
g.
9.
8.
-9.
-4,
-9,
-9,
-8.
-9,
g.
8.
g.
8.
8.
g.
9.
8.
8.
8.
g.
8.
g.
8.
8.

8.
.

.4239

.3675

L4816

.2895

.5835

.6426

1923

27289

1541
8245
8717
8735
1949
1584
2747
9279
1823
2043
9276
872%
1559
1747
1595
1351
9378
g218
9206
1496
1675
2731
1523
2794
1841
1328
4792
2958
3237
3983
3747
#8549
1277
8265
3786
3939

9.9859
f.1144
8.1574
9.9666
g.1379
9.0866
-9.8125
8.08841
9.8133
9.9997
9.8781
8.0596
9.2222
9.2545
#.1955

9.2078

g.1882
B.2447
#.3816
9.4067
#.3364
#.2879
g.2448
9.2628
f.4201
#.3996
#.4596
9.4961
#.4739
#.4803
g.4144
#.3938
#.3429
B.4852
#.3326
9.3748
g.1987

8.2289

#.2392
9.0663
8.08528
#.1055
9.8854

8.1313
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Table VI. (cont.)

Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

.2
Atom - b y z B(A )
H153 -9.1831 9.6376 - 9.9689 S.9**
H161 9.2172 #8.7512 f.1814 9.5+
H162 #.0588 #.7253 p.9981 9,.5%
H163 9.1221 g.7258 #.1623 9.5
H171 #.3956 B8.5736 P.gA32 12.1**
H172 p.4999 - 0.4427 p.0799 12.1**
H173 9.2539 #.5311 8.8362 12.1%*
H181 9.492% #.58407 #.1793 18.9**
H182 #.3953 #.5493 8.2297 18.9**
H183 9.5822 #.4515 8.2013 19.9**
H191 -0.2549 f.7943 8.2616 S.9**
H192 -9.08981 #.6538 9.2294 S5.9%»
H193 -#.1513 9.5747 9.2884 5.0*%*
H291 ~9.2555 #.7511 8.3834 6.2**
H282 -9.1614 #.6199 8.4119 6.2**
H283 -9.10808 B.7154 8.4236 6.2**
H211 -9.1656 #.8982 #.2763 §.3%*
H212 -9.080881 g.8819 9.30843 6.3
H213 -P.0139 #.8576 #.2394 5.3**
H221 #.3569 #.7332 #.4248 8.4"*
‘H222 . £.2836 8.7952 . B.3567 8.4%*
H223 #.1738 8.7727 #.4131 8.4**
H231 #.5761 9.5422 8.3028 7.1*»
H232 #.5186 9.4669 8.3492 7.1%*
H233 - 9.54878 #.5945 9.3129 7.1**
H241 #.3652 #.4969 '9.4913 7.4**
H242 - p.1838 8.5225 §.4809 7.4**
H243 8.3049 9.4197 B.4682 7.4%*

a® -~ Atoms incliuded but not refined.



280

Table Via.

Name

vyB1
VBé
Sll.
S12
S13

s14

SIS
Si6
17
si8
N1
N2
N3
N4

c1

c2
c3
C4
CS‘

€6

c7
(of:]

Table of General Temperature Factor Expressions - B{s

3.185(8)
2.532(7)
2.29(4)
2.89(5)
2.42(5)
2.808(5)
2.39(4)
2.75(5)
3.41(5)
4.52(5)
2.2(1)
2.401)
2.3(1)
2.7(1)
5.1(2)
4.8(3)

4.3(2)

4,3(2)'
3.5(2)
4.302)
4.402)
2.8(2)

2

2.32(5)
VZ

2

1.796(7)
1.800(7)
3.58(5)

-

.98(4)
.77(5)

LAB(4)
.44(5)
1.98(4)
3.90(5)
2.5(1)
1.9(1)
1.9(1)
2.401)
11.1(3)
5.5(3)
4.402)
4.8(2)
2.9(2)
2.8(2)
3.1(2)
6.4(3)

B(3,3)

1.895(7)
1.926(7)
2.58(5)
3.08(5)
2.608(5)
2.83(5)
2.20(5)
2.57(5)

2.92(5)

3.36(6)
2.5(1)
1.8(1)
1.5(1)
2.8(2)
4.922)
4.2(2)
2.8(2)
4.5(2)
3.8(2)
6.1(3)
4.9(3)
4.9(3)

B(1,2)

-8.117(6)
-8.262(5)
-8.82(4)

-8.67(3)

-2.13(4)

-9.49(4)
-8.53(3)

-8.87(4)

-8.75(4)

-2.33(4)
-9.6(1)
-9.4(1)
-9.4(1)
-8.8(1)
-5.3(2)
8.9(2)
-1.5(2)
-1.8(1)
-1.3(1)
-1.3(2)
8.402)
;1.4(2)

8(1,3)

8.847(7)
8.121(6)
B.4404)
B.B4(4)

-8.59(4)

8.32(4)
-g.40(4)
#.81(4)

8.97(4)

-8.47(5)
8.3(1)
8.8(1)

-8.8(1)
8.2(1)
2.7(2)
8.7(2)
8.5(2)

-8.2(2)
8.8(2)

-8.4(2)

-8.9(2)

-8.8(2)

B(2,3)

-8.627(6)
-9.673(6)
-1.4604)
-8.99(4)
-9.88(4)
-8.49(4)
-8.46(4)
-8.7404)
-9.87(4)
-9.65(4)
-1.301)
-9.5(1)
-8.3(1)
-9.8(1)
-4.3(2)
-1.8(2)
-8.9(2)
-2.1(2)
-9.8(2)
-8.9(2)
-1.2(2)

-1.7(2)

Beqv

2.433(5)
2.160(4)
2.73(3)

2.58(3)

2.71(3)
2.58(3)
2.41(3)
2.59(3)
2.76(3)
3.73(3)
2.37(8)
2.13(8)
2.08(8)
2.62(9)
6.1(2)
5.1(2)
3.9(1)
3.9(1)
3.401)
IR
4.501)

4.4(1)
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Table VIa. (cont.)

Table of General Temperature Factor Expressions - B's (Continued)

Name  B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv
c9 3.7(2) 5.4(2) 4.6(2) -1.8(2)  -1.102)  -1.7(2) 4.601)
ci1e 5.1(2) 4.902) . 'é.A(z) -1.8(2) g.4(2) -8.9(2) 4.301)
ci 3.2(2) 3.5(2) 3.6(2) -9.6(2) 1.2(2) -8.9(2) 3.6(1)
c12 4.1(2) 3.4(2) 3.7(2) -1.9(1) 1.4(2) -8.9(2) 3.6(1)
c13 3.8(2) 3.6(2) 3.7(2) -1.6(1)  8.5(2) -1.4(2) 3.2(1)
Ci4 4.3(2) 3.4(2) 2.9(2)  -1.3(1) -8.7(2) -8.7(2) 3.8(1)
c15 3.7(2) 3.7(2) 3.402) -8.2(2) -8.9(2) -8.7(2) 3.8(1)
c16 4.8(3) 3.3(2) 17.8(7) -2.8(2) 2.104) -8.6(4) 8.7(3)
c17 20.9(4) 13.1(3) 18.4(3) -14.(2) 12.3(3) -9.8(2) 11.9(2)
ci8 7.6(2) 18.8(4) 13.1(6) -7.2(2) -5.5(3) 4.5(4) 18.9(2)
c19 2.9(2) 2.9(2) 4.8(3) -.4(2)  -B.1(2) -8.8(2) 3.7(1)
c28 7.2(3)  3.6(2) 5.1(3) -1.5(2) 2.8(2) -2.8(2) 5.3(2)
c21 5.7(2) 2.7(2) 4.9(3) -1.7(2) 9.8(2) -8.8(2) 4.401)
c22 ' 18.2(3) 6.8(2) 8.8(3) -3.9(2) -2.7(3) -2.4(2) 7.5(2)
c23 4.8(2) 7.7(3) 5.9(3)  -2.8(2) -8.9(2) £.2(3) 6.8(2).

c24 7.6(3) 8.5(3) 3.6(3) -4.3(2) =1.3(2) g.1(2) 6.4(2)

- n - - - - . - - - 0 A= m e e - e e e P e P e Y " S G e = m - TE = G e e e

The form of the antisotropic thermal parameter is:
2 2 2 2 2 2 v
exp(-8.25Ch a* B(1,1) + k b* B(2,2) + 1 c* B(3,3)' + Zhka*b*8(1,2) + 2hla*c*B8(1,3)

+ 2k1b*c*B(2,3))] , where a*,b*, and c* are reciprocal lattice constants,
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Table of Posttional Parameters and Thelr

Estimated

Standard Deviations

.2

Atom x y 2z B(A )
Yyel f.90342(1 9.97913(1) 8.190913(2) 1.664(6)
Sl -@.11472(9) -9.9891(1) #.8953(1) 1.74(3)
sI12 -9.16492(9 p.0476¢(1) -g.8446(1) 1.80(3)
N1 ~9.08977(3) -8.9157(2) #.8891(3) 1.5(1)
Ccil1 ~9.08914(4) -0.0467(4) #.2161(4) 2.8(1)
c12 -9.0451(4) -9.1802(4) #.0773(4) 2.4(1)
ci3 ~9.2155(4) -8.1333(4) 4.1863(5) 2.9(1)
c21 -9.172804) #.15008(4) #.6183(5) 2.8(1)
c22 -@.1334(4) 9.9722(4) -08.1677(4) 3.8(01)
c23 -9.2675(3) f.P064(4) -8.8542(5) 3.2(2)
C3g 9.0202(3) #.131404) B.2847(4) 2.2(1)
C31 #.8919(3) #.1511(4) g.24308(4) 2.3(1)
Cc32 #.0806(3) g.2158(4) #.1756(4) 2.3(1)
c33 -9.0088(3)  9,2354(4) #.1757(4) 2 acl)
C34 ~9.8379(4) £.1828(3) 9.2450(4) 9(1)
Cc3s 2.0094(4) #.0767(4) #8.3717(6) 3 4(2)
C36 #.171604) #.1235(4) . 9.2773(S) 4.3(2)
C37 #.144304) #.2611(4) #.1254(5) 3.7¢(2)
Cc3s ~9.08385(4) #.3063(4) #.1243(8) .3.1(1)
Cc39 -9.1215(3) #.19088(4) 9.2787(8) 2.8(1)

Anisotropically refined aioms are given in the form of the
isotropic equivalent thermal parameter defined as:
2 2 2
(4/3) » {a *8(1,1) + b *B(2,2) + ¢c *B(3,3) ¢+ ab(cos gamma)™B(1,2)
i/

+ acl{cos beta)®*B(1,3) + bc(cos alpha)*B(2,3)]

Table VII.
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Table VII. (cont.)

Table of Posltional Parameters and Thelr Estimated Standard Devtatlons (cont.)

- . .2
Atom x y . B(A )
Clo9 B.8308 #.1831 #.2248 4.9**
Hill -9.9997. -9.08872 B.2654 Y B LA
H112 -9.8358 - ~-9.9306 8.22082 BLXY Al
H113 -9.1219 9.0021 8.2308 Y LA
H121 -9.9886 -9.1982 #.p382 3.3**
H122 -0.08652 -9.1646 #.1375 3.3
H123 -9.8108 -8.2272 #.09852 3.3**
H131 -9.2157 -8.1739 #.1576 4.9**
H132 -g.2517 -p.9912 B.12080 4.0**
H133 -9.2291 -9.1617 B.9496 4.9**
H211 -9.2198 #.1856 -8.08112 4.8**
H212 -9.1891 #.1419 #.9834 4.9*"
H213 -9.1236 #.1786 . #.9193 4.8**
H221 -0.1714 9.1991 -9.1974 A.8**
H222 -9.9841 8.1029 -9.1668 Y Y LA
H223 -9.1282 9.9249 -0.2046 4.9**
H231 -9.30816 P.0452 -#.885] 4.9**
H232 -p.2688 -9.98451 . -9.9899 4.9
H233 -§.2891 -9 .0055 9.8075 4.8**
H351 - #.8193 #.1093 B.4278 4.6**
H352 -9.0417 #.98557 #.3726 4.6™"
H353 #.8466 T 9.9322 #.3691 4.6*"
H361 p.1912 #.1565 #.3266 5.2%*
H362 8.1723 #.8655 #.2964 5.2%*
H363 #.2096 8.1278 8.2242 5.2%"
H371 T #.1643 P.3062 #.1617 4.6**
H372 p.1888 #.2237 g.1116 - 4.6%%
H373 . #.1268 9.2826 8.0658 4.6**
H381 -9.8362 #.3571 #.1618 4.8**
H382 -9.0159 #.3162 8.08651 4.9*"
H383 -0.8945 9.2948 #.1153 4.9**
H391 -9.1238 '9.23093 #.3311 3.6**
H392 -9.1547 p.2190 #.2303 3.6*"
H393 -@.14092 9.1384 8.30823 3.6**

*® —-- Atoms |ncluded but not refined.
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_Table VIIa,

Name

yal .
S1l1
Si2

N1

cil
ciz2
c13
c21
c22
ca23
Cc39
c31

€32

C33
C34
C3%
C36.
Cc37

Table of General Temperiture Factor Expressions - B's

- - - - P Tt = - - = A = - . = e s G R = G = P e e M TN M e T e T e e we e -

1.78¢(1)
2.87(6)
1.79(6)

1.5(2)

4.6(3)
3.1(3)
2.9(3)
2.5(3)
4.4(3)

2.3(3)

3.2(3)
1.6(2)
2.3(2)
2.4(2)

2.2(2)

4.704)
3.1(3)
3.9¢(3)

1.63(1)
1.508(86)

1.75(6)

1.3(2)

1.742)
2.2(3)

2.6(3)

2.4(3)

2.4(3)
3.2(3)
1.72(3)
2.7(2)
2.2(2)
1.9(2)
1.8(2)
3.8(3)
3.8(3)
4.9(3)

8(3,3)

1.67(1)
1.66(7)
1.85(7)
1.6(2)
2.2(3)
2.9(3)

13.2(3)

3.4(3)
2.143)
4.1(3)
1.7(3)
2.6(3)
2.4(3)
1.9(2)
1.8(3)
2.5(3)
6.1(4)
3.2(3)

B(1,2)

-8.254(9)
-8.87(6)
8.14(6)
-9.1(2)
.20
8.7(2)
-8.8(2)
8.8(2)
-8.1(3)
-8.3(3)

-8.2(2)

-g.1(2)
-1.1(2)
-9.4(2)
-8.2(2)
-8.3(3)

9.9(3)

-1.8(3)

B(1,3)

#.16(1)
8.16(6)
-8.37(6)
- 8.1(2)
#.5(3)
-8.5(2)
1.8(3)
-8.3(3)
-9.4(3)
-1.1(3)
~8.4(2)
-8.2(2)
#.6(2)
-8.3(2)
-8.2(2)
-1.4(3)
-1.8(3)
1.3(3)

8(2,3)

-8.526(9)
8.18(6)
8.95(6)
8.3(2)
8.1(2)

-8.3(2)

CB.403)
-8.2(3)
8.8(3)

g.413)
-8.6(2)

=1.7(2)

-1.5(2)
-9.4(2)
-8.6(2)
-9.6(2)
-2.7(3)
-1.7(3)

Beqv

1.664(6)
1.74(3)

1.88(3)

1.6(1)
2.8(1)
2.4(1)
2.9(1)
2.8(1)
3.8(1)
3.2(2)
2.2(1)
2.3(1)
2.3(1)
2.8(1)
1.9(1)
3.4(2)
4.312)
3.7(2)
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Table VIIa. (cont.)

Table of General Temperlturo Factor Expressions - B's (Continued)

- - S WD D e s W W T Y A D 4 N Gm e e S D A b W S S G UD SR an e W R A TR AR em e =

Name B(1,1) 8(2,2) B(3,3) 8¢1,2) B(1,3) 8(2,3) Beqv
c3s8 4.6(3) 1.8(3) 3.8(3) -8.3(3) -§.2(3) -9.4(3) 3.1(1)
C39 2.1(2) 3.8(3) 3.4(3) ~§.2(2) 9.8(2) -1.8(3) 2.8(1)

- o e = e P SR Tm e n e S S - A e T T R SR W e S e W 4P WE R D e e D S €F T e e SN P T e TS AR A %

The form of the antsotropic thermal parameter fis:
2 2 2 2 2 o
expl-g.25Ch a* B(1,1) + k b* B(2,2) +# 1 c* B(3,3)' + 2hka*b"B(1,2) + 2hla*c*B(1,3)

+ 2klb%c*B(2,3))) , where a*,b*, and c* are reciprocal lattice constants.
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Table of Positional Parameters and Thelir Estlmated Standard Deviations

. .2
Atom x y - z B(A )
ve1 B.19426(1 #.31799(1) ©.21184(1 2.822(3)
S1l 9.48996(8 #.31951(6) B.32464(6 2.87(2)
SI2 9.24218(8 #.22289(6) Q.00014(6 2.13(2)
S13 P.25322(8 P.G1849(6) PB.28474(6 2.21(2)
Sl4 9.26263(8 B.27976(6) £.50304(6 2.13(2)
AL 1 B8.24712(9 g.49111(6) @.29736(7 2.20(2)
AL2 -9.80360(8 #.18955(6) P.18044(6 2.92(2)
N1 9.3164(2) #.3342(2) #.3621(2) 1.72(5)
N2 9.1918(2) #.1577(2) 8.1409(2) 1.82(5)
€1 £.3268(4) $.5539(3) f.1401(3) 3.59(8)
c2 #.9489(3) #.4839(2) #.2746(3) 3.12(7)
Cc3 £.2727(4) - £#.5861(3) £.3794(3) 3.58(7)
C4 -9.1276(3) Q@.98890(3) #.1631(3) 3.48(8)
c5 -9.08596(3) #.3401(3) #.8927(2) 2.94(7)
Ccé ~-9.0198(3) 8.1822(2) #.3350(2) 2.73(7).
C1l #.5683(3) #.1735(3) g.4121(3) 3.1
ci12 #.5076(3) #.3853(2) @.1823(2) 2.82(7)
Cc13 #.5996(3) 9.4192(3) #.3258(3) 3.20(7)
c21 §.2557(3) #.3768(2) -9.8354(2) 2.89(7)
c22 Bp.4171(4) #.1767(3) -9.9441(3) 3.55(8)
c23 £.1220(4) #.2848(3) -9.8998(2) 3.21(7) -
Cc31 g.4372(3) 9.0878¢3) #.2299(3) 3.47(8)
Cc32 #.1637(4) -8.8525(3) #.3435(3) 3.58(8)
Cc3i3 #.2285(3) -8.8676(2) 9.1228(3) 3.21(7)
C41 9.08608(3) 9.3281(3) #.5381(2) 3.41(8)
C42 #.3744(4) 9.3817(3) #.5926(2) 3.34(7)
Ca3 8.2602(3) #.1162(3) #.5461(3) 3.13(7)

- - e . - " T e = e e A T MR e e W e SR S P S MDD D g W P AR R AR e e T A W e R e

Anisotropically refined atoms are given In the form of the
isotropic equivalent thermal parameter defined as:

‘ 2 2 2 ‘

(4/3) * {(a *"B(1,1) + b *"B(2,2) ¢+ ¢ *B(3,3) ¢+ abl(cos gamma)*B(1,2)

[ (Me 451),N] ,Yb(AlMe ),

+ acl(cos beta)'B(l.3)>0 bc{cos alpha)*B(2,3)]

Table VIII.
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Table VIII. (cont.)

Table of Positional Parameters and Their Estimated Standard Deviations {(cont.)

Hill

H112
Hi13

H121,

H122
H123
Hi31
H132
H133
H211
H212
H2i3
H221
H222
H223
H231
H232
H233
‘H311
H312
H313
H321
H322
H323

9.9008 -

A.0039
9.0293
~-9.9820
-8.8547
D.0547
9.2947
2.4239
2.30804
#.2363
B.2272
9.3677

'-g.2188

-9.1208
-0.1834

T -8.1542

-9.9881
-9.9431
9.6615
9.5613
#.5211
0.6017
8.4575
g.4741
$.6919
8.5782
9.5928
9.2835
#.1695
#.3214
#.4369
9.4823
9.4213
8.1542
#.1164
9.4339
9.4657
8.4904
§.4489
9.2985
#.1751

. #.9688

8.5438
#.4168
9.5000
8.2508
9.1258
9.1875
9.6294
9.5497
g.5118
#.6595
8.5568
#.5880
8.9996
9.2869
8.90854
6.3538
9.3884
9.3532
8.1678
8.1698
g.1148
g.2924
8.2465
8.3742
g.4817
#.4898
g.4212
g.4119
8.49891
8.3875
8.2159
#.1928
9.08991
p.2414
8.1275
8.2362
-9.9694
9.8384
9.0468
-9.1269
-8.9134
-9.8538

9.2930
#.312%
9.20899
#.3555
9.3759
#.3758
#.1075

#.1383"

g.1087
#.3417
#.4512
#.3847
g.1848
g.09888
g.2079
#.1192
#.1185
#.8162
#.3868
g.4867
B.4879
#.1613
#.1822
#.1316
9.3848
#.2752
#.3979
-8.1117
-9.8189
9.9067
-8.1211
-0.98049
-8.08291
-9.1657
-8.08758
-9.0766
H.2644
#.1616
#.2766
#.3742
#.39482
#.3365
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(cont. ).

Table VIII.

Table of Posttional Parameters and Their Estimated Standard Devlatlons (cont.)

: : .2
Atom b y z B(A )
H331 9.2629 -g.14289 #.1595 4.2
H332 #.1338 -9.9673 #g.1156 4.2
H333 9.2768 -9.9374 #2.0518 4.2**
H411 8.9613 8.2837 B.6145: 4.4~
H412 9.0827 9.3984 9.52082 4.4
H413 0.0244 9.30832 9.4967 4.4**
Ha21 #.3423 B.2664 0.6677 4.3
H422 - B.4656 B8.2749 #.5802 4.3
H423 9.3722 9.3883 8.5745 4.3~
H4a31 8.2773 g.0820 9.58080 4.1
"H432 9.3249 9.0847 #.5994 4.1**
H433 8.1718 8.8967 8.588085 4.,]1%*

** -—- Atoms fncluded but not refined.
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Table VIIIa.

Namé

vel
sIt
sI2
SI3
SIl4
ALl

- AL2

N1
N2
c1
c2
c3
ca
cs
cé
c11
c12
c13
c21
c22
c23

Table of General Temperature Factor Expressions - B's

1.969(5)
1.66(3)
2.34(3)
2.59(3)
2.19(3)
2.52(3)
1.83(3)
1.66(8)
1.79(9)
4.4(2)
3.2¢1)
3.7(1)
3.1(1)
2.3(1)
2.8(1)
2.1(1)
2.4(1)

S 2.6(1)

3.1(1)
3.6(1).
4.1(1})

-—— -

2.198(5)
2.46(3)
2.28(3)
1.79(3)
2.41(3)
1.79(3)
2.34(3)
1.764(7)
1.94(8)
2.8(1)
2.6(1)
3.1(1)
4.5(1)
3.5(1)
3.4(1)
3.4(1)
3.4(1)
3.7(1)
2.7(1)
3.9(1)
3.7(1)

B(3,3)

2.322(%)
2.89(3)
1.66(2{
2.29(3)
1.77(3)
2.47(3)
2.81(3)
1.81(7)
1.78(7)
3.2{1)
4.8(1)
4.40(1)
3;3(1)

3.1(1)

2.1(1)
3.6(1)
2.7¢1)
3.2(1)
2.4(1)
2.9(1)
2.1(1)

B(1,2)

B8.9214(4)

-8.89(2)
-8.88(2)
8.86(2)
-8.21(2)
8.98(3)

-9.28(3)
 -8.87(7)

-8.18(7)
8.1(1)
g.5(1)

-8:1(1)

“1.1(1)
£.6(1)

-8.9(1)
g.8(1)
8.8(1)

-1.8(1)

-8.3(1)
8.3(1)

-8.3(1)

B(1,3)

-8.555(4)
-9.38(2)
-#.11(2)
-9.68(2)
-9.28(2)
-8.71(3)

~8.21(3)

~9.23(7)
-9.19(7)
-9.7(1)
-1.6(1)
-8.9(1)
-g.401)
-8.701)
9.89(9)
-9.8(1)
g.1(1)

- =8.141)

-9.3(1)
g.4(1)
-8.7(1)

B(2,3)

=1.186(3)

-9.82(2)

-8.66(2)

-8.72(2)
-8.72(2)
-9.87(2)
-5.89(2)
-8.71(6)

-9.62(6)

-8.5(1)
-1.54(8)
-2.89(9)
-1.64(9)
-1.32(9)
-1.86(8)
“1.101)

-1.35(8)
-1.1109)
-9.27(9)
-1.2(1)

-1.21(9)

Beqv

2.822(3)
2.87(2)
2.13(2)
2.21(2)
2.13(2)
2.28(2)
2.82(2)
1.72(8)
1.82(5)
3.59(8)
3.12(7)
3.58(7)

-3.408(8)

2.94(7)
2.73(7)
3.11(7)
2.82(7)
3.28(7)

- 2.89(7)

3.55(8)
3.217)
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(cbnt.)

Table VIIIa.

Table of General{Temperature factor Expressions - B's (Continued)

Name B(1,1) 8(2,2) ﬁ(3,3) B(1,2) B(i.3) » B(2,3) Beqv

C31 3.5(1) 2.7(1) 4.3(1) #g.7(1) -1.8(1) -1.2(1) . 3.47(8)
€32 4.7(2) 2.3(1) 2.9(1) -9.301) . -9.6(1) -8.2(1) 3.58(8)
Cc33 3.7(1) . 2.6(1) 3.7(1) g.8(1) ~g.7(1) -1.52(8) 3.21(7)
Cal 3.4(1) 4.2(1) 2.7(1) -g.1(1) g.4(1) -1.55(9) . 3.41(8)
C42 3.9(1) 3.9(1) - 2.301) -g.4(1) -9.7(1) -1.11(9) 3.34(7)

Ca3 3.4(1) 2.5(1) 3.8(1) -8.3(1) -5.6(1) -8,29(9) 3.13(7)

The form of the anisotropic thérmal parameter is:
2 2 . 2 2 2 2
expl-8.25Ch a* B(1,1) + k b* B(2,2) + 1 c* B(3,3)' + 2hka*b*B(1,2) + 2hla*c*B(1,3)

+ 2k1b*c*B(2,3))] , where a",b*, and c* are reciprocil lattice constants.
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[(CgMe5),Yb],bipm

Table IX.

Table of Posittonal Parameters and Their Estimated Standard Deviations

c21
c22
c23
C24
Cc25
C26
cz27
€28
Cc29
C39
Cc31
C32
C33

C35

d.46732¢

#.2776¢

9.3609¢

B.3859¢(
-9.8198¢

9.15085¢(

9.22394
#.10980
9.1654¢(
g.8149¢
g.1427¢

8.2323¢
#.1872¢(
-&.1401(
#.8374¢

(
(
4
4
5
5
5
6
7
5
6
7
5
5
6
6
9.3888(8
9.2748(8
9.2241(6
9.284(1)
8.5159(8
)

)

8

2

2

2

2

1

6

3

3

5

2

3

2

2

3

2

7

2.1383¢(
g.3044¢

#,2385(
#.1546(

#.5637(
-9.8113(
#.5318(
9.4796(

g.9131¢
g.0616¢

#.1598¢(
9.1233¢(

WN
N~
o
[- - <,

o~ W
NN
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Table IX. (cont.)

Table of Positional Parameters and Their Esttméted Standard Deviations (cont.)

o - - = A - - - = - . - = - - . = - BA - R = Y S s Y e WP = v em e - em o> T e e e e ———

Atom

c36
c37
c38
Cc39
C4d
C4l
C42
C43
C44
C45
C46
Ca7
Ca8

Ccs5#9
Ccs1
- Ch2
C53
C54
CS5
ca2o1
c211
c221
c231
c241
Cc251
€261
ca271
ca2sl

c291’

c391
C311
cl321
C331
- €341

€351

Cl61
Cc371
C3sl
C391

S #.49911

. .18

. B.4141¢

#.2977¢
#.1158(
#.6593(
8.5442(
#.49611(
8.5854(
#.6856(
g.7484(
9.4941(
#.3802(
#.5854(
9.80897(
-8.1128(

8
5
9
4
2
2
2
2
2
5
5
4
8
3
3
3
9.8721(3
P.6399¢(3
-9.6490(3
-9.08831(3
2.8137(2
-9.08153(2
#.8951(2
9.1928(2
#.1395(2
-0.8793(3
-0.1497(3
g.1918(7
9.3149(3
9.1926(8
#.2628(2
9.3682(3
P.4433(2
#.3842(3
#.2736(2
g.1527(4
#.384(1)
#.5552(04
#.4194(9
£.1794(4

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)
)

4)
3)
9)
4)
2}
#.08549(2)
-8.8577(2)
-9.8695(2)
9.4384(2)
9.2324(3)
'9.48936(6)
-9.1534(4)
-9.1841(3)
9.0564(8)
#.6566(2)
9.4976(2)
9.5482(2)
#.6523(2)
8.79098(2)
8.5509(2)
9.3073(2)
2)

2)
9.2583(2)
#.3567(2)
#.3803(3)
9.9912(4)
9.0265(2)
8.2718(7)
2)

3)

3)

2)

3)

3}

5)

6)

3)

6)

5)

8.1238¢

F.62034

#.7562(1
#.6675(3
#.71086(1
8.73843¢

#.6616¢(
B.7344¢
#.7978¢(
#.7210¢

B.6269¢(
9.6983(
#.6076¢(
#.6622¢
#.6903¢(
9.6622¢(
9.5810¢(

B.6272¢(
§.7458¢(

-
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Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

.2

Atom x 'y z B(A )
C401 0.6790(2) 9.1225(2) #.6896(1) 4.2(3)*
C4l1l 2.5808(3) P9.1873(2) #.73380(9) 4.2(3)*
C421 9.4991(2) -9.9148(2) 9.7228(1) 3.8(3)*
C431 9.5485(3) -4.0694(2) #.6726(1) 3.9(3)*

- C441 9.6609(2) 9.8123(2) 9.6527(1) 4.1(3)*
C451 #.7918(4) 9.2302(3) B.6877(4) 5.7(3)*
Cc461 #.5811(9) g.1898(4) #.7894(1) 6.4(4)>
C471 8.3871(3) -8.0682(6) #.7605(2) 6.3(4)*
casgl B.5831(9) -0.2807(3) §.6504(3) 5.7(4)*
C491 #.74908(4) -0.9146(6) 9.683412) 5.5(3)*
c501 #.1381(3) 2.4486(2) #.6513(1) 11.8(8)*
cs11 -0.082808(2) 9.5217(2) B#.5967(1) 8.1(5)*
521 -9.0228(2) #.6163(2) £.64120(9) 108.8(7)*
C531 g.8637(2) #.6268(2) #.6909(1) 11.1(7)*
C541 B.1411(3) 9.5498(2) #.6968(1) 19.7(7)*
C551 9.9514(2) #.4373(2) g.69208(1) 12.3(8)*
Cc561 -9.1912(3) #.71989(3) #.6337(2) 15(1)*

* -- Atoms refined with {sotropic thermal parameters.

Anisotropically refined atoms are given in the form of the

(cont.)

Table IX.

isotropic equivalent thermal parameter defined as:
2

(473) * (a *B(),1) + b *B(2,2) + ¢ *B(3,3) + ab(cos gamma)*B(1,2)

2

2

+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)]

C561

- o e = - - = Y - e . o D = e = . = R R R S W= AR R e T e W . S e

included but not refined.

% -~ Atoms

-4.1812(3)

#.6337(2)

15(1)*
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Table IXa.

Name

Y81
VB2,
N1
N2
N3
N4
c1
c2
cs
c4

c7

Cé6
Cc3
cs
cia

C11

ci12
Ci13
Cl4
Cis

B

Table of General Temperature Factor Expressions - B's
B(l,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)
2.75¢1) 2.211(9) 3.29(1) §.355(8) -8.243(9) B.5§7(9)
4.3301)  3.74(1) 2.47¢(1) . 8.56(1) g.82(1) 8.82(1)
3.3(2) 2.3(2) 3.8(2) b.BPZ) -8.6(2) -8.1(2)
3.1(2) 2.4(2) - 4.8(2) #.8(2) -#.8(2) -9.2(2)
5.2(3) 4.802) 2.9(2) _-B;Z(Z) g.4(2) 8.8(2)
4.8(2) 3.6(2) 2.9(2)  -8.1(2) 8.2(2) 8.4(2)
4.3(3) 2.6(2) 4.8(3) 1.3(2) -9.8(3) - B.1(2)
4.3(3) 3.6(3) 6.2(4) 1.5(2) -2.8(3) -9.2(3)
4.6(3) 5.1¢(3)  3.7(3) 8.3(3) g.4(3) 8.6(3)
2.5(2) 2.4(2) 3:2(2) 8.5(2) -§.2(2) -8.1(2)
5.7(4) 3.7(3) 4.2(3) -1.7(3) #.3(3) ~-8.6(3)
6.3(4) 5.3(4) 4.8(3) -8.6(3) g.4(3) -9.5(3)
4.2¢(3) 3.1(2) 4.8(3) 1.3(2) -1.3(3) -8.1(2)

4.8(3) 3.6(3) -2.4402) #.3(2) 9.8(2) 9.8(2)
3.7(3) 4.3(3) 4.5(3) 8.1(2) 8.5(3) #.8(3)
1 6.7(3) 2.4(2) 8.8(4) 1.1(2) 4.3(3) 1.7¢3)
5.8(4) 8.8(5) 5.3(4) -3.8(4) 2.1(3) -2.1(3)
2.8(3) 8.2(4) 6.304) #.6(3) #.2(3) 2.2(3)
4.2(3) - 3.4(3) 5.6(3) 1.3(2) 1.2(3) 8.5(3)
7.8(5) 12.4(7) 4.504) -8.9(5) ~9.6(4) 2.404)

Beqv

2.786(5)
3.568(6)
3.101)
3.2(1)
4.2(1)
3.6(1)
3.8(1)
4.6(2)
4.6(2)
2.7(1)

5.8(2)

5.5(2)
4.801)
3.401)
4.302)
5.8(2)
7.3(2)
5.8(2)
4.3(2)
8.6(3)
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‘Table IXa. (cont.)

Table of General Temperature Factor Expressions - 8's (Continued)

Name . B(1,1) B(2,2) 8(3,3) B(1,2) . B(1,3) B(2,3) Beqv

Clé6 16.7(6) 4.9(3) 28.5(9) 6.6(3) 18.9(6) 5.1(5) 13.2(3)
C17 14.7(7) 15.4(7) 9.6(6) -181(5) 6.1(5) -6.3(6) 15.6(4)
cis 3.9¢(4) - 28.5(9) ll.l(&) 2.1(5) -1.1(4) . 8.8(5) 11.72¢(3)
Clé 19.1(5) 4.8(4) 11.2(6) 2.7¢(3)  5.8(4)  B.1(4) 8.5(2)

- - - - A" - - - " = - MmN e M P o Y D e e G S e Y D ST G e S e A . D P e S A S .  E  wn e an w e

The form of the anisotropic thermal parameter is:
2 2 2 2 , 2 2
exp[-98.25Ch a* B(1,1) + k b*.8(2,2) + 1 c* B(3,3)' + Zhka*b*B(1,2) + 2hla*c*B(1,3)

+ 2k1b*c*B(2,3))) , where a*,b", and c* are reciprocal lattice constants.
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