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Abstract

Trivalent Metallocene Chemistry of Some

Uranium, Zirconium, and Titanium Complexes

by
Wayne Wendell Lukens, Jr.
Doctor of Philosophy in Chemistry
University of California at Berkeley
| Professor Richard A. Andersen, Chair

Dicyclopentadienyluranium halide dimers of the type [Cp’2UX]2 where X is a
halide and Cp’ is 1,3-(Me3Si1),CsHj3 or 1,3-(Me3C)2CsHsz have been prepared, and their
solution behavior has been examined. These molecules exist as dimers in solution, and
the halide ligands undergo rapid site exchange on the NMR timéscale above 50° C. The
analogous dicyclopentadienyluranium hydroxide dimers have also been prepared. These

complexes oxidatively eliminate hydrogen to give the corresponding oxide dimers. The

mechanism of this reaction has been examined and is consistent with o-migration of one

of the hydroxide hydrogen atoms to a uranium center followed by elimination of "
hydrogen.
The ground state of [(Me3Si)2CsH313sM M = Nd, U and their base adducts has

been examined by variable temperature magnetic susceptibility and .by EPR

spectroscopy. The ground state is found to be 4Ig/; with a crystal field state consisting
largely of J, = 1/2 lowest. This observation is in agreement with previous studies on

tris-cy;:lopentadienylneodymium complexes.



The zirconium metallocene, Cp3Zr, has been prepared, characterized
crystéllographically, and its reactivity has been studied. Its chemical behavior is
controlled by the presence of an electron in the non-bonding d,2 orbital which prevents
the formation of base adducts of Cp3Zr, but allows Cp3Zr to abstract atoms from other

molecules.

The electonic and EPR spectra .of a series of Cp*;TiX complexes, where Cp* is

MesCs and X is a monodentate, anionic ligand such as halide, have been studied. From
these data, a m-bonding spectrochemical series is developed, and the trends in ®-bonding

ability are found to be similar to those in other inorganic complexes.

The B-agostic interactions in Cp*2TiEt and Cp*;TiN(Me)Ph have been examined
g P _

using variable temperature EPR spectroscopy, and the enthalpy and entropy 6f the

interaction have been determined. In Cp*;TiEt, the enthalpy of the B-agostic interaction

1s -1.9 kcal/mol.

The titanocene anion, Cp*TiLi(TMEDA) (TMEDA is N,N,N’,N’-tetramethyl-
ethylenediamine), has been prepared and its molecular structure and electronic structure
| have been determined. Some of its reaction chemistry has been explored, and

Cp*TiL(TMEDA) appears to act mainly as a strong reducing agent towards other

molecules.



Introduction

Trivalent metallocenes have been known since the advent of organometallic
chemistry. The first trivalent metallocene, ferricinium cation, was reported by Wilkinson
and Woodward in 1952." The ﬁrstv trivalent bent metallocenes were the tris-
cyclopentadienyl complexes of scaﬂdium, yttrium, lanthanum, and the lanthanides.>?
Along with titanium, niobium, tantalum, and uranium, these complexes make up the bulk
of known trivalent bent metallocenes. Examples are also known for zirconium, hafnium,
technetium, and rhenium.

Trivalent bent metallocenes fall into two distinct structural types: tris-(1)5-
cyclopentadienyl) complexes, exemplified by (M>-Cp)3Y (Cp is C5H5),4 and di-(n>-
cyclopentadienyl) complexes, of which (15-Cp*),TiCl (Cp* is CsMes) is an example.5
Among the f-elements, the prevalent structural motif is tris-(m3-cyclopentadienyl). Tris-

(m3-cyclopentadienyl) complexes or base adducts are known for all of the lanthanides

6 7 8 9 10 11

and for thorium,” uranium,’ neptunium,” plutonium, érnericiurn, curium,
berkelium,'? and californium.'? This structure is ubiquitous in the f-metal series for two
reasons. First, the f-metals are large. The ionic radii of the lanthanides vary from
1.01 A for 6 coordinate Ce(III) falling to 0.86 A for 6-coordinate Lu(III).!*> The ionic
radii of the actinides are, of course, larger; the ionic fadius of 6-coordinate U(III) is 1.03
AP The large size of the f-elements allows three cyclopentadienyl ligands .to bond in an
>-manner without steric effects forcing one of the ligands to adopt a different mode of
coordination. The second reason that this bonding mode is common is the presence of {-
orbitals. Theoretical'*and photoelectron Spectroscopic studies!® have suggested that d-
orbitals rather than f-orbitals play a predominant role in bonding to ligands.
Nonetheless, the f-orbitals play a vital role in the behavior of these complexes because
they fill with electrons before the d orbitals.!* Of the S, p» and d orbitals in a tris-(1°-
cyclopentadienyl) complex, only the d,2 orbial (taking the 3 fold axis as z)-is non-

1



bonding and available for valence electrons to occupy.'® In the absence of f-orbitals,
any complex having more than two valence electrons will be. forced to place the
additional electrons in high-lying metal - cyclopentadienyl antibonding orbitals. Rather
than doing this, the complex is likely to rearraﬁge so that one of the cyclopentadienyl
ligands is no longer coordinated in an m5-manner. Since, in the lanthanide and actinide
'series, the occupied f-orbitals are stabilized with respect to the d-orbitals, these
complexes are able to retain the tris-(n5-cyclopentadienyl) structure with up to 13 valence
electrons (Cp3Yb).

A corollary to the ubiquity of tris-(n>-cyclopentadienyl) complexes among the f-
elements is the scarcity of this structural type among the d-metals. Indeed, except for the
“psuedolanthanides” yttrium and lanthanum, no trivalent transition metal complex having
three m3-cyclopentadienyl ligands has been described, but tetravalent zirconium and.
hafnium complexes having three m3-cyclopentadienyl ligands are known.!”"®  While
several tris-cyclopentadienyl complexes have been reported for the transition metals, the
third cyclopentadienyl ligand 'is coordinated in an nl-manner, as in Ci)3Sc,20 Cp3V,21
Cp3Tc,22 and Cp3Re,23 or in an 12-manner as in Cp3Ti.24 The small size of the first
roW metals, Sc, Ti, and V, is presumably responsible for the inability of these metals to
form tris-(1°-cyclopentadienyl) complexes. The d4 electron count of Cp3Tc and CpsRe
would prevent the third ligand from having 15-coordination for reasons explained earlier.

Among the d-metals, the most common structural motif for trivalent metallocenes

is the typical bent sandwich structure (15-Cp),MX (X is a one electron ligand in the

Green electron counting scheme). The electronic structure of these complexes has been

R2>26 and photoelectron spe:ctroscopy.27

investigated in several ways including by EP
The model most consistent with these studies is, of course, the Lauher-Hoffmann
model.!® In this model, two non-bonding orbitals are available for filling with valence

electrons, allowing complexes with up to four valence electrons to adopt this geometry.

2



While Cp3Sc, Cp3Ti, Cp3V, CpsRe, and CpsTc have three cyclopentadienyl ligands,
they actually belong this structural type.

Curiously, the factors that make the tris-(m>-cyclopentadienyl) complexes so
prevalent among the lanthanides and actinides actually make the typical di-(n5-
cyclopentadienyl) bent sandwich structure unstable for the larger f-elements. The

equilibrium shown in eq 1 lies to the right for M = Sm, Gd, Ho, Er, and Yb; it lies

2 M5-Cp)sM + MCly — 3 (1n5-Cp),MCl (1)

somewhere in the middle for M = Nd; and lies fo the left for M = La, Ce, Pr, and

présumably for the actinides since Cp,UCl and Cp,UCl, are unknown.? By increasing
the steric demand of the cyclopentadienyl ligands, the normal, bent sandwich structure
can be stabilized with respect to ligand redistribution. For uranium, the bent metallocene
chlorides [Cp*,UCl]3,% [Cp”,UCI],,%° and [Cp#,UCI],3! (Cp” is 1,3-(Me3Si),CsHs,
Cp* is 1,3-(Me3C),CsH3) are known. The chemistry of these complexes is quite

interesting. In addition to metathesis, they undergo one-electron oxidations as shown in

b29 3 33

eqs 222 and b® or two-electron oxidations as shown in eq

[Cp”,UCIl, + PhyP=S — Cp”,UCl, + 1/2 [Cp”,US], + PPhs (2a)

Ph
Ph
—
2/3[Cp*,UCl]; + 2PhC=CPh — Cp*,UCl, + Cp*,U (2b)
S
Ph
Ph
OAr
Cp*,UOAr + ONC:<:H. — Cp*,U_ 3
P2 sHs p*, \O (3)

Ar is 2,6-iPr2—C6H3



Given the interesting behavior of these complexes, we examined the solution behavior of
the [Cp”,UX], and [Cp?,UX], (X is a halide) dimers especially with regard to iiga.nd
exchange. This work is described in chapter 1.

“The tris-(n°-cyclopentadienyl) Acomplexes of uranium are interesting from a

theoretical viewpoint. Calculations have suggested that a C5}, symmetric Cp’3U complex

(Cp’ is a substituted cyclopentadienyl ligand) would have an f2d! ground state.!* The d!

4

ground state of Cp”’3Th would seem to support this assertion.>* However, later

calculations have suggested that the ground state is 33 In chapter 2, the ground state
of Cp”3U, Cp”3Nd, and their base adducts is examined. In addition, we examine the
reactivity of (n3-CsHs)3Zr which is a C3p, symmetric d! complex, like Cp”3Th.

Finally, in chapter 3, the -bonding in Cp*;TiX complexes is examined. The
electronic structure of these complexes allows the straightforward estimation of the
n-donor ability of X, a monodentate, one-electron ligand. In addition, EPR
spectroscopy is used .to examine B-agostic interactions in Cp*,TiEt and in

Cp*,TiN(Me)Ph. Finally, some reactivity of the Ti(I) anion Cp*,TiLiTMEDA) is

described.
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Chapter One: Dicyclopentadienyluranium(IIl) Chemistry

Inorganic uranium compounds exist in oxidation states 3 through 6; however,
organometallic chemistry of uranium has chiefly focused on the uranium(IV)
compounds. From the first organometallic uranium complex, Cp3UCI (Cp = CsHs),
prepared by Wilkinson in 1956, thrdugh uranocene, prepared by Streitwieser in 19682,
to Cp*UClp (Cp* = CsMes), prepared by Marks in 19783, the most prominent and well
studied organouranium compounds have been in the +4 oxidation state.

This is not to say that other oxidation states have been ignored. A few U(VI)
organometallic' complexes ére known, Cp*;U(NPh); being the most prominent.4
Several U(V) organometallic compounds of the type CpsUNR (R = SiMe3, CMe3 or
aryl) are known.’”’ Many uranium(III) compounds have also been prepared, but most

of these are Cp3U(L) where L is a Lewis base.® 10 Compounds of the type CpUX (X

£11,12 » 13

= halide or other one electron ligand) are known only for the bulky Cp and Cp
(Cp” = 1,3-(Me3Si)2CsH3) ligands. Unfortunately, the Cp*zUX X = halide or other
one electron ligand) complexes are insoluble in aliphatic hydrocarbon solvents. The
Cp”2UX complexes, on the other hand, are hydrocarbon soluble and fairly easily
prepared. Additionally, the Cp” ligand, unlike Cp*, is anisotropic and its NMR spectra
can potentially yield more inforrnation.

The [Cp”2UX], dimers in which X = Cl, Br, and I have been reported
previously,'® and a number of additional Cp”2UX complexes had been synthesized by
Beshouri.'* In addition, Stewart had made some of the analogous Cp¥,UX, and
[Cp¥,UX], complexes (Cpt = 1,3-(Me3C)2CsHs, X = Cl, Me:).15 Initially, we hoped
to extend the [Cp¥,UX]; series to include all of the halides and examine the behavior of
the [Cp”2UX]; and [Cp¥,UX], dimers in solution. Additionally, we wanted to compare

the reactivity of compounds bearing the Cp* ligand to the analogous Cp” and Cp*

complexes.



MesC CMe;, Me;Si SiMe;

Cp? g Cp’

la: Dicyclopentadienyluranium(IV) Dihalides and Related Complexes

In order to synthesize the desired U(III) .bridging halides, [Cp”2UX], and
[Cp¥UX],, where X = F, Cl, Br, I, the corresponding U(IV) dihalides had to be

prepared. The' dichlorides were prepared by treating UCly with Cp¥,Mg or Cp”yMg in

diethyl ether followed by crystallization from hexane as shown in eq la.l Both

- dichlorides, Cp”,UCly (1)'3 and CpHUCl, (2)15, have been previously prepared.

UCl, + Cp*,Mg —_— Cp*,UCl, (1) + MgCl
2 2 2 2
~ UCl, + Cp",Mg —_— Cp"UCL (2) +MgCl, (1, 1)

The molecular structure of 2 is shown in Figure la.l, and interesting bond
lengths and distances are given in Table la.1. The molecule is a monomer with
crystallographic Cy symmetry and staggered cyclopentadienyl ligands. The bulky SiMes
groups are close to eclipsed, and both Cp” ligands point towards the front of the bent
metallocene wedge, déﬁning the b proton as the front of the Cp” (or Cp#) ligand and the
a protons as the back. In comparison to Cp*zUC12,16 the U-Cl bond length in 2 is 0.01
A shorter and the U-(Cring) distance in 2 is 0.04 A longer; however, these numbers are

not statistically significant. The only major difference is in the Cp-U-Cp bond angle

9



which is 132° in Cp*UCl,, presumably larger than in/2 due to nonbonded Me-Me

contacts between the two Cp* ligands at the back of the metallocene wedge.

Figure 1a.1: An ORTEP of Cp”,UCl, (2) with 50% thermal ellipsoids

Table 1a.1: Some distances and angles in Cp”2UCl; (2)

Distances | Angles
U-cl 2573(1)A Cp-U-Cp’ 1
U~(Cring) 2.71(2) A clu-cr 95.2(2)°
U-Cp 242 A '

AN

~ In this table, and in all other tables, Cp is the centroid of the cyclopentadienyl ligand.

10



The diiodides and dibromides were synthesized by treating the dichlorides, 1 and
2, with trimethylsilyl halide in diethyl ether (eq 1a.2). Like the dichlorides, the
diiodides and dibromides are quite soluble in hexane from which they were crystallized.

Compounds 4 and 6 were previously prepared by treating 2 with BBr3 and BI3,

respectively. 13

Cp*UCI, + Me3SiX ——= Cp*,UX, (3, X=Br; 5, X =1I) + Me;SiCl
(1a.2)

Cp",UCI, + Me;SiX ——= Cp",UX, (4, X=Br; 6, X = I) + Me;SiCl

However, this sythetic route did not yield the corresponding difluorides. The failure to

prepare difluorides by this route appears to contradict the thermochemistry for this

system. For UFy, the F3U-F bond strength is 147 kcal/mol versus the Cl3U-Cl bond
strength of lbO kcal/mol, and for Me3SiF, the Si-F bond strength is 135 kcal/mol versus
the Me3Si-Cl bond strength of 98 kcal/mol. This reaction is expected to be exothermic
by about 10 kcal/mol. However, the assumption that tﬁe difference between the U-X
energies in the tetrahalides is the same as the difference between Fhe U-X energies in the
metallocenes is poor. In the tetrahalides, especially UF4, the inductive effect of the
ﬁalide ligands will greatly increase the ionic contribution to the bonding similar to the
trend in the C-F bond strengths of fluoromethanes. |

The fluorides were prepared ina manner analogous to the synthesis of CpyMF;,
where M = Ti, Zr, or Hf.!” Treating Cpi?_UMez15 with BF3*OEt; in diethyl ether gave
Cp#*UF; (7), and treating Cp”zU(NMez)zlg with BF3*OEt; in diethyl ether gave
Cp2UF; (8) (eq 1a.3).

11



Cp*,UMe, + BF;*OEt, —————  Cp%,UF, (7) + MeBF,

(1a.3)
Cpan(NMez)z + BF3'OEt2 —_— CpanFz (8) + MezNBFz

Table 1a.2: 'H NMR values for the dicyclopentadiényluranium dihalides. The Full
Width at Half Maximum (FWHM) of the NMR peaks are given in parentheses in Hz.

S of MesX d of ap protons & of b proton Color

(X=C or Si)
Cp,UF, (7) -1.38(24) -16.55(36) -9.61(30) yellow
Cp*,UCI; (1) 0.31(5) -40.91(14) 97.36(15) red
Cp#UBr3 (3) 1.54(15) -43.85(45) - 105.56(38) red
Cp#,UL (5) 3.69(13) -46.20(43) 108.31(64)  orange
Cp2UF; (8) | -0.76(2) -14.61(9) -16.14(13) green
Cp”2UCh (2) -2.60(5) -34.24(15) 90.46(24) orange
Cp”2UBr; (4) -1.60(8) - -36.23(24) 98.29(30) orange
Cp72UIL (6) -0.12(10) -37.80(60) 101.30(60) purple

The NMR values for the dihalides are listed in Table 1a.2. The difluorides differ
from the other halides in a number of ways. First, while all of the heavier halides are red
or orange, 7 is bright green and 8 is yellow. Second, their solubilities differ from the
other halides; 7 is much more hexane soluble, and 8 is much less hexane soluble than
any of the other dihalides. Finally, the !H NMR spectra of the difluorides are very
different from that of the othef dihalides. In the other halides, the chemical shift of the b
proton varies between 90 and 108 ppm, and the chemical shift of the a proton varies
between -34 and -46 ppm. For the difluorides, the magnitude of the chemical shift is

much smaller, and the sign of the chemical shift of b is different.

12



The chemical shift of a proton in a paramagnetic complex can be written as

shown in eq 1a.4 where d4i, is the chemical shift of the same proton in an analogous
8para = 8dia + Adip + Acon (la.4)

diamagnetic complex, a thorium complex in this case.!® The contact term, Acon, 1S due

to unpaired spin density at the proton (eq 1a.5) where the symbols have: their usual

= . fc &1, (1a.5)
Ho ZAynMy 85

con
meanings.15 The dipolar term, Adip, is due to the anisotropy of the magnetic field of the
paramagnetic metal center as shown in eq 1a.6 where X,y, and z are fhe Cartesian
Adip = 5-;7 : %{xx[i%(xz/rz) - 1] + xy[3(y2/r2) - 1] + XZ[3(22/r2) - 1]} (12.6)
coordinates of the proton relative to.the metal center at the origin, r is the distance from
the proton to the metal center, and Xx, Xy and X, are the values of the magnetic
susceptibility along the x, y and z axes, respectively.19 In these complexes, the dipolar
term is expected to dominate even for the ring protons since, in f-metal complexes, the
contact term falls off rapidly with distance.”® The chemical shift of a proton depends
mainly on two factors: its position relative to the metal center (X, y, z, and r), and the
electronic structure of the metal center (Xx, Xy, Xz)-

The difference in the NMR spectra of the difluorides relative to the other dihalides
suggested that the difluorides possibly have a different molecular structure than the other
dihalides; that is, X, y, and z of eq 1a.6 are different. To examine this possibility, the
crystal structure of Cp”2UF, was determined. An ORTEP drawing of 8 is shown in

Figure 1a.2>, and the important bonds and angles are give in Table 1a.3.
13



Figure 1a.2: An ORTEP Drawing of [Cp”2UF2]2 (8)

Table 1a.3: Some distances and angles in [Cp”2UF3], (8)

Distances
U-F1 2.073(5) A Cp1-U-Cp2 126.3°
U-F2’ 2.343(5) A F1-U-F2 75.6(2)°
U-F2 2.297(5) A F1-U-F2’ 138.9(2)°
U-Cpl 248 A U-F2-U’ 116.7(2)°
U-Cp2 247 A F2-U-F2’ 63.3(2)°
U-U 3.9504(7) A ’
U~(Cring) 2.76(4) A

14



As seen in Figure 1a.2, the molecule is a dimer with mversion symmetry. In
comparison to other known [Cp”2UX], dimers, the U-U distance is longer than that of
[Cp”2UO]> (3.39 A), but shorter than that of [Cp”2UCl]; or [Cp”2UBr], which are
436 A and 4.34 A, respectively.l3 The U-Cp centroid distances and average U-Cring
distances are very similar in all of these complexes although the uranium oxidation state

is different.

Scheme la.1: Potential Mechanism for Halide Exchange in U(IV) Metallocenes

The most interesting aspect of the crystal structure of 8 1s that the molecule is a
dimer. Uranium(IV) metallocenes are known to readily exchanée ligands. For example,
- mixing Cp*2UCly with Cp*pUMe; results in the formation of Cp*zU(Me)Cl.21 The
crystal structure of 8 suggests a possible transition state for this reaction. A potential
mechanism for this exchange process is given in Scheme la.1. |

For comparison, the crystal structure of 7 was also determined. A drawing of
the molecule is given in Figure 1a.3, and interesting distances and angles are given in
Table 1a.4. Unlike 8, 7 is monomeric in the solid state. The molecule has
crystallographically imposed C; symmetry, and the CMe3 groups of the Cp¥ ligands are
eclipsed. Surprisingly, the U-F bond length for the terminal fluoride in 8 is slightly
shorter than the U-F bond length in 7, and the U-Cp distances and angles in the two
molecules are almost identical. Dimerization does not seem to perturb the geometry of 8
to any great extent. The biggest difference between the two U(IV) fluorides is the

conformation of the CMe3 and SiMe3 groups. In 7, the b-protons of both ligands point
15



to the open part of the bent metallocene wedge, while in 8, one set of b-protons points

towards the front of the wedge and one set points towards the back.

Figure 1a.3: An ORTEP drawing of Cp,UF; (7)

Table 1a.4: Some distances and angles in Cp¥,UF; (7)

Distances Angles
U-Fl1 2.086(2) A Cp-U-Cp 125.3°
U~(Cring) 2.74(3) A F-U-F 95.4(2)°
U-Cp 2.46 A

While the structures of the molecules differ in the solid state, it was thought that,
in solution, their structures. might be similar which would account for the differences
between the NMR spectra. To investigate this possibility, the variable temperature NMR
behavior of 7 and 8§ was exémined. A plot of the chemical shifts of the protons of 8 -

16



versus 1/T is shown in Figure 1a.4. At -100 °C, four SiMes peaks of equal area with

chemical shifts of 41.54, 32.72, 29.85, and -33.02 ppm can be observed for 8. These
peaks coalesce to a single peak at -40 °C. The observation of four chemically

inequivalent SiMes groups is consistent with the solid state structure since the molecule

posséss only inversion symmetry.

The average of the chemical shifts of the SiMe3 groups at low temperature is not
close to the chemical shift of the SiMe3 groups above the coalescence temperature. In
other words, 8 does not obey Curie-Weiss behavior. One .explanation for this

observation is that a rapid monomer-dimer equilibrium is present. Since the equilibrium'

constant for such an equilibrium would change with temperature (AS° # 0), and since the

chemical shift of the monomer is unlikely to be the same as that of the dimer, the

chemical shift would not vary linearly with 1/T since the monomer-dimer ratio would
change with temperature. Similar behavior is observed for (Me:C5H4)3Nd22 and

(Mc:C5H4)3Cf:23 in' which monomers and tetramers are in equilibrium.

P T T ] T T T T ] T T T T ] T T T T ]
40 - —a— SiMe3 T
g —eo—— a Proton y
& 20 L ——+— b Proton |
7 ——— Average
g - =
E of .
(5]
=
S L ]
20 - 4
—40 B 1 1 I 1. [ 1 1 J L 1 L 1 l 1 1 1 L ]
3 4 5 x1073
T

Figure 1a.4: Variable Temperature NMR Behavior of the Protons of [Cp”2UF3]; (8)
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Figure 1a.5: Variable Temperature NMR Behavior of the Protons of Cp¥,UF; (7)

The variable temperature NMR behavior of 7, shown in Figure 1a.5, is slightly
different. At -100 °C, two very broad resonances are observed which coalesce at -90 C
(not shown in Figure 1a.5). As seen in Figure 1a.5, the chemical shifts of the protons
do not obey Curie-Weiss behavior. Again, a possible explanation is that 7 is undergoing
a monomer-dimer equilibrium in solution. This explanation is supported by the
observation of a similar equilibrium in Cp3UF.24 However, the solution structure of 7
would have to be different from that of 8 to explain the presence of two sets of
inequivalent CMe3 groups in 7 versus four sets of inequivalent SiMes groups in 8.

Several structures could be postulated for 7, but we cannot distinguish among them.

18



Table 1a.5: TH NMR values for some U(IV) metallocene complexes. FWHM values of
the peaks are given in parentheses in Hz. (FWHM = Full Width at Half Maximum)

dof Me3X dofap dofb d of other protons
(X=C or Si) protons proton
Cp#,UMe; -0.64 (6) -39.02 (9) 18.18(12) -35.43 (14) U-Me
Cp’2UMe, -1.19 (3) -28.42(6) 7.61(6) -21.03 (7) U-Me
Cp¥,U- -0.50(15) -30.89(30)  11.93(25) 2.80(9) CH,SiMes
(CstiMe3)2 . —55.93(45) C_H_zSiMC?,
CpiéU(Me)Cl 3.46(4) -29.52(12)  55.6(12) -52.42(20) U-Me '
-3.82(4) -41.78(10)
Cp”2U(Me)Cl 0.14(3) -25.62(8) 46.82(9) -49.90(20) U-Me
-3.77(3) --32.00(8)
CpizU(OMe)z -1.56(5) -25.89(8) -9.02(5) 37.12(5) U-OMe
Cp”2U(OMe)y’ -1.24(3) -25.09(4) -10.75(4) 46.32(4) U-OMe
Cp”2U(NMej); | 0.07(3) -10.82(11)  -5.70(6) 9.82(5) NMe,

Since 8 has terminal and bridging fluoride ligands, the site exchange between
them is an interesting possibility. Unfortunately, the resonance of a nucleus bound

- directly to a paramagnetic metal is expected to be very broad and difficult to detect
making !9F NMR useless. For this reason, the NMR behavior of the analogous

dimethoxides, Cp¥2U(OMe); (9), and Cp”,U(OMe); (10) was examined. It seemed

possible that 10, at least, could dimerize in the same manner as 7. At room temperature,
the 'H NMR spectra of 9 and 10 resemble those of the difluorides in that the chemical
shifts for the ap and b protons are small. The TH NMR values for 9 and 10 and for

some other U(IV) metallocenes is given in Table 1a.5. Cp”2UMej and Cp”rU(Me)Cl

were first made by Beshouri '4 and Cp”zU(NMez)z18 was briefly mentioned by Lappert

and coworkers.

19



The variable temperature NMR behavior of 9 and 10 is shown in Figures 1a.6
and la.7, respectively. The protons of both compounds show Curie-Weiss behavior,
and in both complexes, the CMes or SiMe3 resonances decoalesce at low temperatures;
for 9, the chemically inequivalent CMe3 groups never grow back (presumably, the
barrier is too loW). In 10, two inequivalent SiMes groups and two inequivalent a
protons are observed below the coalescence temperature of -70 °C. The barrier to site
exchange is 8.5 kcal/mol when calculated using the chemical shifts of the SiMe3 groups
and 8.6 kcal/mol using the chemical shifts of the a protons, equal within the error of the
measurement. In 9, the peaks become broad at -100 °C. In both compounds, the
methoxide and b proton resonances remain sharp throughout the temperatufe range
examined. These observations are not consistent with a monoﬁxer—dimer equilibrium.
Rather, they suggest that the molecules remain monomeric, and that the molecules have
C; symmetry at low temperature. The C; symmetry makes the methdxide groups and b

protons equivalent, but only makes two of the four SiMe3 or CMes groups equivalent.

Figure 1a.6: Variable temperature NMR behavior of Cp¥,U(OMe); (9)
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Figure 1a.7: Variable temperature NMR behavior of Cp”’2U(OMe) (10)

The evidence is consistent with a monomeric solution structure for the
methoxides. Since these molecules have chemical sflifts for the ap and b protons similar
to those of the difluorides, the molecular structure of the difluorides is probably not
responsible for their anomalous NMR spectra. The difference must then result from a
difference in the electronic structures of the molecules. To examine this possibility, the
variable temperature magnetic susceptibilities, ), of Cp#,UCl; (1) and Cp#,UF; (7)
were measured. Plots of 1/x versus T for 1 and 7 are shown in Figures 1a.8 and 1a.9,
respectively. The magnetic moment was calculated using the Curie-Weiss equation, eq
la.7. |

y= C/(T-6)
(1a.7)

Hefr=(8C)1/2
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Figure 1a.8: Curie-Weiss plot of the magnetic susceptibility of Cp%UClz (1). The solid
line is a linear least squares fit to the data.

Uranium(IV) is an f2 ion and shouldl have a 3Hy ground state. GiVen the low
symmetry of these complexes, this J = 4 manifold is expected to split into 9 singlets (J, =
-4,-3,...3,4) by the crystal field.?> Only the lowest few states are expected to contribute
to the magnetism of these complexes at room temperature because the splitting of the 3Hy »
manifold is expected to be greater than 200 K. In UFg, the splitting is calculated to be
1775 cm1.2% Therefore it is the Xx» Xy» and Xz values of the low-lying states which
contribute to the dipolar shift in the NMR spectra of these compounds. The different J,

states have different magnetic moments, and more importantly, different anisotropies.
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Figure 1a.9: Curie-Weiss plot of the magnetic suscéptibility of Cp¥,UF, (7). Solid lines
are linear least squares fits to the data.

The ground states of 1 and 7 are clearly not the same. Below 10 K, 1 displays
the temperature independent magnetism typical of an isolated singlet ground state found
in many low symmetry U(IV) compoounds.27 The low temperature susceptibility of 7,
on the other hand, shows that this complex has a magnetic ground state. This
observation is somewhat surprising since the low symmetry of the complex removes any
degeneracy in the 3H4 manifold. Most likely, in 7, the two lowest lying states are
accidentally degenerate or nearly so. Due to the low symmetry of these complexes, the
nature of their ground states was not investigated any further. The different electronic
structure of the difluorides rather than their different molecular structure causes their

NMR spectra to differ from the NMR spectra of the other dihalides.
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In conclusion, the dicyclopentadienyluranium(IV) dihalides have been prepared.
The NMR spectra of the difluorides are different from those of the other dihalides. Since
the magnetic susceptibility. of Cp¥UF, shows that its electronic structure is different
from that of Cp¥,UClIy, the difference in the NMR spectra of the difluorides is attributed
to a difference in electronic structure. The crystal structure of [(;p”zUFz]z shows that it
is dimeric while the crystal structure of Cp¥,UF, shows this complex to be monomeric.
Additionally, the variable temperature spectra of Cp¥yUF; and [Cp”2UF,]; do not obey
Curie-Weiss behavior. This observation seems to imply that both difluorides exists as a

mixture of monomers and dimers in solution.
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1b: Dicyclopentadienyluranium(III) Bridging Halide Complexes

The initial reasons for exanﬁning the solution behavior of the dicyclopentadienyl-
uranium(II) halides were to determine whethgr the molecules have the same structure in
solution as in the solid state and whether the halides would exchange in solution. The
syntheses of [Cp”2UX]» 13 where X = Cl, Br, and I, and of [Cp#,UCI], 28 have been
described previously. All of the bridging halides were synthesized by the same route,
shown in eq 1b.1. The 'H NMR values for the dimefs are given in Table 1b.1. All of
the molecules are dimeric in the gas phase by mass spectroscopy.

Cpt,UX, + +-BuLi —H¥ > [Cpt,UX], (11, X=F; 13, X=Cl; 15, X=Br; 17, X = I)

’ (1b.1)

Cp",UX, + +-BuLi =& = [Cp",UX], (12, X=F; 14, X=Cl; 16, X=Br; 18, X = I)

Table 1b.1: Room temperature 'H NMR values of U(III) halide dimers. The FWHM of
each peak is given in Hz in parentheses. _

Compound Number S of MesX d of ap protons 4 of b proton

(X=C or Si)
[CpHUF], 11 -11.78(51) Unobserved
(CphUC, 13 6.66(36)  -51.62(400) 61.98(400)
[CohUBr, 15 -537(34)  -62.77(200) 76.64(300)
[CphUll, 17 432(38)  -68.5(250) 86.9(400)
[Cp2UF] 12 -10.84(28) Unobserved
[Cp»UC, 14 901(11)  -2.61(140) 29.76(190)
[Cp»UBrl, 16  -830(13)  -5.09(160) 35.49(120)
[Cp™>Ull, 18 7.08(15)  -3.17(140) 41.62(170)

25



To determine whether the solution and solid state structures of the U(III) halide
dimers are the same, the solid state structures of the complexes must be known. Lappert
and coworkers determined the structures of [Cp”2UCl], (14) and [Cp”’2UBr]> (16).l3

The molecules are isostructural and have crystallographic C; symmetry as shown in

Figure 1b.1.

Figure 1b.1: Solid state structure of [Cp”’2UX]» (X = Br(16), CIi(14)) showing
inversion symmetry. R is SiMes.

The only other U(III) bridging halide dimer which was structurally characterized
is [CptyUCI, (13).2 Its solid state structure is different from that of [Cp”,UCl],. The
dimer, 13 has crystallographic 2-fold symmetry, but has D, idealized symmetry as
shown in Figure 1b.2. The most important difference between the structures of 13 and
14 is the U-U distance which is almost 0.2 A longer in 13 presumably due to the
presence of 4 R groups (Rp) pointing towards the center of the dimer in 13 versus 2 (ﬁ4)

pointing towards the center in 14.
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The bridging ﬂuo;ide, [Cp”2UF]y (12) was also characterized by x-ray
crystallography. The compouﬁd crystallizes with two crystallographically independent
but virtually identical molecules in the asymmetric unit. An ORTEP diagram of one of
the molecules is shown in Figure 1b.3, and important distances and angles are given in
Table 1b.2. This molecule possess a solid state structure somewhat different from 14 or
16. While all of these niolecules have inversion symmetry, the idealized symmetry of
12 is Cyp as shown in Figure 1b.4. As in 13, the biggest difference between the
structure of 12 and that of 14 or 16 is the U-U distance which is over one angstrom
shorter in 12. The shortening of the U-U distance is presumably what forces the

molecule to adopt a Cpp, geometry rather than the C; geometry seen in 14 and 16.

7
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Figure 1b.2: Solid State Structure of [Cp¥,UCl]3 (13) Showing Idealized Dy Symmetry.
R is CMes. - i
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Figure 1b.3: An ORTEP drawing of [Cp”,UF]2 (12) with 50% thermal ellipsoids

Table 1b.2: Some distances and 'angles in [Cp”2UF]; (12)

Molecule 1 Molecule 2
U1-Ul 2.8446(4) A U2-U2 3.8508(4) A
Ul1-F1 2.331(3) A U2-F2 2.334(3) A
Ul-F1’ 2.332(3) A U2-F2’ 2.333(3) A
U1-Cpll 249 A U2-Cp21 249 A
U2-Cpl2 249 A U2-Cp22 2.49 A
U1-<Cring) 2.766(8) A U24Cring) 2.768(9)
F1-UI-F1 68.9(1)° F2-U2-F2 68.8(1)°
UI-F1-UD 11L.1(1)° U2-F2-U2 111.2(1)°
Cpl 1-U1-cp12 130.4° Cp21-U-Cp22 129.7°
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R/ Ry

Figure 1b.4: Idealized Cyp, symmetry of [Cp”,UF], (12)

If the molecules have the same structure in solution as shown in the crystal
structures, then, at low temperatures, four distinct SiMes groups should be seen in thf/:
NMR spectra of 14, 16, and presumably 18 since, in the solid state, these complexes
have C; symmetry. Complexes 12, 13, and, presumably, 15 and 17 should all have 2
inequivalent sets of R groups at low temperature since these molecules are all in point
groups with four symmetry operations. In every case in which th‘e solid state structure is
known and where the ring rotation can be frozen out, the low température spectrum is
consistent with the solid state structure. For 18, apparently, the coalescence temperature

is lower than -95 °C since only one SiMes resonance was observed down to this

temperature. Plots of & versus 1/T are shown in Figures 1b.5 - 1b.12.
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Figure 1b.5: Chemical shift of the protons of [Cp¥;UF]y(11) versus temperature
(whether the ring proton is a3 or b is not known)
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Figure 1b.6: Chemical shift of the protons of [Cp¥,UCl],(13) versus temperature
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From the variable temperature NMR behavior in 'the U(III) dimers, two trends aré
apparent. First, the fluorides are quite different from the other halides. Second, apart.
from the fluoride dimers, for the set of halide complexes with the same Cp ligand, the
low temperature structures are all the same. Surprisingly, in the Cp” ligand series, the
barrier to site exchange, as judged by the coalescence temperature, appears to decrease
from Clto I while in the Cp¥ ligand series, the barrier to site exchange appears to
increase from Cl to I. The barriers to site exchange and the coalescence temperatures are

listed in Table 1b.3_. The reasons for this behavior will be discussed in a later section

(1e).

Table 1b.3. Barriers to ring site exchange in dicyclopentadienyluranium(IIl) halides in
kcal/mol. Coalescence temperatures, in °C, are in parentheses. For [Cp”2UBr]; and
[Cp”2UCl],, the barrier was estimated using the outer two peaks of the 4 inequivalent
SiMej3 resonances.

Bamer  To Bamier  To
[Cp”2UF], 124 -2 [Cp,UF], 135 30
[Cp”,UCl], 8.9 -60 [Cpt,UCI], 82  -70
[Cp™2UBrl, 7.9 80 [CpH2UBIl 8.9 -52
[Cp”2UTl <95 [Cp#,Ull, 89  -50

The low temperature spectrum of [Cp¥,UF]; (11) is strange. The presence- of
six inequivalent CMe3 groups cannot be accounted for by a single dimeric structure.
Two causes for such a low temperature spectrum are possible. The first possibility is
that the molecule is not a dimer, but a trimer with Cp symmetry. This explanation seems
plausible in light of the fact that [Cp*,UCI]3 is a trimer with crystallographic C;

symmetry. Alternatively, 11 could be present as a mixture of rotamers, one with C;
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symmetry having 4 inequivalent CMe3 groups, and one with either Cyp or Dy symmetry
having 2 inequivalent CMe3 groups. This latter explanation seems somewhat less likely
since different rotamers have not been observed previously for these molecules. The
obvious way to answer the question would be to determine the solid state structure of the
complex. Unfortunately, 11 does not crystallize well, and macroscopic crystals could
not be obtained. Finally, the protons of all of the dimers obey Curie-Weiss behavior.
This implies that no monomer-dimer equilibrium is present.

To further establish that the U(III) halides complexes are dimeric in solution,
crossover experiments in which two different halide complexes are mixed in solution
were carried out. When dissolved in C7Dg, the dimers scrambled in solution bto give a
mixture as shown in Eq 1b.2 by the time an NMR spectrum was taken. Unfértunately,

because the SiMe3 or CMe3 peaks overlap in the 1H NMR spectra of these complexes, it

[Cp*,UX], + [Cp%,UY], === Cp*,U,(u-X)(u-Y) =~ K=4 (1b.2)
homohalide dimers heterohalide dimer _

X and Y are different halides e.g. X = Cland Y = Br. Cp¥ is either Cp” or Cp¥

was not possible to determine K accurately. When a 1:1 ratio of starting halides was
used, an approximately 1:1:2 ratio of starting halide dimers to hetérohalide dimer was
obtained. Based on the assumptions that AHO = O for this reaction, that the internal
entropy of the molecules remains the same, and that the molecules are going from
ide_alized Dyp, symmetry for the homohalide dimers to Cyy, for the heterohalide dimers,
ASO = 2A80%4xy) - 2RIn2 - (ASOny(x2) - RInd + AS%y2) -Rlnd)

= Rln4
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and, therefore, K = exp(-AGO/RT) = exp (TASO/RT) = éxp (RTIn4 / RT) = 4. 2° If the
actual symmetry of the molecules is used rather than the idealized symmetry, the result is -
* the same.

The mixed halide bridged dimer is observable in solution throughout the
temperature range accessible for C7Dg. This observation implies that the molecules are
present as dimers at all temperatures in agreement with the observed Curie-Weiss
behavior of the chemical shifts of these dimers. The chemical shifts of the homohalide

bridged dimers in the cross-over experiment are identical to those of the homohalide

bridged dimers alone.

Figure 1b.13: A bent metallocene with diastereotopic R groups (R = SiMes or CMe3). X
and Y are different ligands.

While the heterohalide bridged dimer was observable at all temperatures, the
behavior of its NMR -spectrum was surprising. As shown in Figure 1b.13, in a bent
metallocene in which X and Y are ine;quivalént, the SiMe3 or CMes groups of the ligand
are diastereotopic; however, in the heterohalide bridged dimers, these groups become
equivalent a£ slightly elevated temperatures. The ubiquitous variable temperature plots

for the heterohalide bridged dimers are given in Figures 1b.14 through 1b.24.
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Figure 1b.14: Chemical shift of all protons of Cpi4U2(u-Cl)(u-Br) versus temperature
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Figure 1b.15: Chemical shift of the CMes protons of Cp¥4Ua(u-Cl)(u-Br) versus
temperature
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Figure 1b.17: Chemical shift of the CMes protons of Cp¥4Us(u-I)(u-Br) versus
temperature
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Figure 1b.19: Chemical shift of the CMe3 protons of Cp*4Up(u-I)(u-Cl) versus
temperature
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Figure 1b.20: Chemical shift of the SiMe3 protons of Cp”4Us(1-I)(1-F) versus
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Figure 1b.21: Chemical shift of the SiMe3 protons of Cp”4U>(u—Br)(i-F) versus
temperature .
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Figure 1b.24: Chemical shift of the SiMes protons of Cp”4Us(u-I)(u-Br) versus
temperature ‘

Table 1b.4: Barrier to coalescence of the diastereotopic protons of Cpf4Up(X,Y) dimers.
The coalescence temperature is in parentheses.

CMej Protons as Protons
X=C X =Br X=Cl X =Br
Barrier T, Barrier T, Barrier -T. Barrier T,
Y =Br 150 4»° : 152 o6&
Y=I 13.6 30° 13.6 2 13.7 50°¢ 13.7 4

Table 1b.5: Barrier to coalescence of the diastereotopic SiMe3 protons of Cp”4U(X,Y)
dimers. The coalescence temperature is in parentheses

X =F X=Cl X =Br
Barrier T, Barrier Tc Barrier Tc
Y =Br 15.7 50° 16.7 70°
Y=1I - 156 40° 16.2 70° 16.0 60
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Table 1b.6. Barriers to ring site exchange in dicyclopentadienyluranium(IiI)
heterohalides in kcal/mol. The coalescence temperatures, in °C, are in parentheses.

Barrier Tc Barrier T.
Cp™Us(u-Br, u-Cl) NA CptUp(u-Br, u-Cl) 9.0 -50°
Cp"2Us(u-Br,p-)  NA CphUp(u-Br,u) 92 -50°
CprUz(u-I, u-Cl)  NA Cp+Us(u-1, p-Cl) 8.7 -50°
Cp’yU,(u-Br,p-F)  11.0  -10° Cp”2Us(u-I, p-F) 9.9  30°

The presence of distinct resonances for the 2 homohalide bridged dimers and for
the heterohalide bridged dimer at all temperatures rules out the possibility that an
intermolecular process makes these protons equivalent. The dimers cannot be separating
into monomers and then recombining. If this were the case, only one R group resonance
would be observed since all of the molecules in solution would be in rapid equilibrium.
The mechanism responsible for making the diastereotopic protons equivalent must be
intramolecular.

In order for the diastereotopic protons of the heterohalide bridged dimers to
become equivalent, the molecule must “gain” a mirror plane as shown in Figure 1b.25.
The molecule can “gain” a mirror in two ways. Either the inequivalent R groups of the
Cp ligand or the X and Y halide must change sites rapidly on the NMR time scale. The
only way for the R groups of the Cp ligand to change sites is to change the face of the Cp
ligand coordinated to the uranium center. -This process seemed unlikely, but, to
investigate this hypotﬁesis, the variable temperature NMR behavior of a monomeric
metallocene Cp¥,U(Me)(Cl) (19) was examined and is shown in Figure 1b.25. Not
surprisingly, the CMe3 and a protons of 19 do not coalesce at temperatures up to 100 °C.

The fact that none of the diastereotopic protons of 19 coalesce at NMR accessible

43



temperatures shows that the Cp# ligands are not changing the face coordinated to the

metal center and that the X and Y ligands are not exchanging sites.
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Figure 1b.26: Chemical shifts of the diastereotopic protons of (19) versus temperature
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Since the diastereotopic protons of 2 monomeric metallocene do not coalesce, it
seems likely that the process which allows these protons to become equivalent in the
U(III) heterohalide bridged dimers is site exchange between the two halides as shown in
Scheme 1b.1. Note that this mechanism only makes the R groups of the left half of the
dimer equivalent, so X-Y site exchange must be occurring twice as fast as the observed
rate for the diastereotopic protons to become equivalent. Correcting the AG¥ values in

Tables 1b.5 and 1b.6 for the faster rate of the X-Y site exchange reduces the AG* values

by 0.4 kcal/mole.
RR, RR RR, RR:
o {
e el o
RR;  R{N2 RR; R R/

o N

e Y——UJ
X \(
R;
R, R, RS

Scheme 1b.1: Heterohalide site exchange

‘The “one-legged” transition state in Scheme ib.l has some precedent. The
complexes [Cp*;YbMelo,*® [Cp*2YMely,>! [Cp*2YCl]2,32 and [Cp*sLuMely! adopt
this structure in the soiid state. At low temperatures (< 200 K), these molecules show
the expected 1:1:2 pattern of Cp* resonances which coalesce at higher temperatures.

Unfortunately, whether the coalescence is due to intramolecular or intermolecular
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processes 1s not known, so the barriers to site exchange can not be compared to those of
the heterohalide bridged dimers.

The trend in barriers to halide site exchange can be explained if the larger halide is
assumed to be the bridging halide in the transition state. This seems likely since a larger
halide bridge will minimize steric interactions between the two metallocenes fragments in
the transition state. Additionally, the shorter the terminal halide to uranium bond, the
smaller the interaction between the terminal halide and the other metallocene fragment in
the transition state. Since the uranium terminal halide bond lengths in Cp”2UX3
complexes are 2.073, 2.573, 2.734(1), and 2.953(2) A for X = F, Cl, Br, and I,
respectively,13 the barrier should be much lower when fluoride is the terminal ligand
rather than chloride or bromide. This hypothesis is consistent with the data in Tables

1b.4 and 1b.5.
One final note on the low temperature behavior of the Cp”4Us(u-F,u-I) and

Cp”’4U2(u-F,u-Br) dimers. In the slow exchange limit for ring rotation, these molecules
have 4 inequivalent sets of SiMes protons. This observation implies that the molecules
have the Cpp symmetry seen in [Cp”2UF], rather than the C; symmetry seen in
[Cp”2UBr],2. Additionally, the barrier to ring rotation in these molecules is quite a bit
higher than that in [Cp”2UBr]3. The values are given in Table 1b.7.

In conclusion, the U(III) halide complexes studied appear to be dimeric in
solution at all temperatures studied. Their solution structure is consistent with the known
solid state structures. The halides vdimers quickly exchange ih solution to give a mixture
of homohalide bridged dimers and heterohalide bridged dimers. The halides of the
heterohalide bridged dimers exchange sites rapidly on the NMR time scale at somewhat

elevated temperatures.
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1c: Dicyclopentadienyluranium Hydroxide and Oxide Complexes

Metal hydroxide and oxide complexes have long been of interest in our group
(likely due to the fact that they turn up in every alkyl complex), so the behavior of the

dicyclopentadienyluranium(IIl) hydroxide complexes were examined. Only two

examples of organouranium(IV) hydroxide compounds exist: Cp3UOH27 and

(RC5H4)3UOH (R = CMe3 or SiMc33).33 No organouranium(IIl) hydroxide cornpoundé

have been reported. Organouranium oxides are more common. Some examples include
[(RCsH4)3ULO (R = Me,® R = SiMe3*) and the very interesting terminal oxo
compounds Cp*U(O)OR and Cp*U(O)NR (R = 2,6-i-ProCgH3). 3° In addition,

[(RCsHy),U(n-0)]3 can be prepared by thermolysis of (RCsH4)3UOH (R = CMe3z or

SiMe3). 33 Again, no organouranium(IIl) oxo compounds have been reported.
Although the dicyclopentadienyluranium(Ill) halides were easy to synthesize,
they did not provide useful routes to the hydroxides. A similar complex, [Cp”2CeOH]y,

10 As shown by

was obtained by treating Cp”3Ce with water in tetrahydrofuran.
Beshouri, this route also works for the synthesis of [Cp”,UOH]; (19) which can be

14

crystallized from hexane. Since the analogous Cp¥3U is difficult to prepare,

[Cp¥,UOH], (20) was synthesized from water and the hydride, [Cp¥,UH]; (21),

which was obtained by treating Cp¥UMe; with hydrogen. The reduction of

uranium(IV) alkyl complexes with hydrogen has been seen previously. for Cp*2UR» and

Cp*2UR(CI) complexes.'!*®  The routes to the hydroxide complexes are given in
Scheme lc.1. The complexes 19, 20, and 21 are all dimeric in the gas phase as

determined by mass spectroscopy.
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3Cp™UCL + 6K - 2 Cp”3U + 6 KCl + U (metal)

2Cp”3U + 2H0 - [Cp"2UOH], (19) + 2Cp’H
CptUCl + 2MeLi  — Cp¥,UMe; + 2 LiCl
2CpHhUMe; + 3Hy, — [Cp$,UH], (21) + 4 CHy
[Cp$,UH]; + 2H,0 — [Cp¥,UOH], (20) + 2 Hy

Scheme 1c.1: Synthesis of dicyclopentadienyluranium(III) hydroxides
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Figure 1c.1: Chernical shift of the SiMe3 protons of [Cp”,UOH]; (19) versus
temperature

The variable temperature NMR spectra of the new —U(III) complexes were
examined and are shown in Figures 1c.1 - 1c.3. The barriers to site exchange for the R
groups in [Cp”pUOH]; is 12.4 kcal/mol at O °C, and in [Cp¥,UOH];, the barrier is 13.0
kcal/mol at 30 °C based upon the outer two lines of the low temperature spectrum. These
values are similar to those of the analogous fluoride complexes, [Cp”’2UF]y and
[Cp#,UF]y, which are 12.4 kcal/mol at —2 °C and 13.5 kcal/mol at 30 °C, respectively.
The similarity between the barriers to site exchange in the fluorides and hydroxides is not

surprising since the U-F and U-OH bond lengths are similar in [Cp”,UF]; and
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[Cp”2UOH],. Therefore, analogous fluoride and hydroxide dimers are expected to have
similar U-U distances and Cp ring conformations. The chemical shifts of the protons of

these complexes all obey Curie-Weiss behavior.
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Figure 1c.3: Chemical shift of the CMe3 protons of [Cp¥,UOH], (20) versus
temperature ‘ .

49



As in the halide dimers, we Were interested to know whether the hydroxide dimer
would exchange with other U(III) dimers in solution. Surprisingly, a mixture of
[Cp”2UOH],; and [Cp”2UCl] in C7Dg did not show any additional resonances
attributable to the mixed bridge species Cp”’4U,(u-Cl, u-OH). Given the difference in
size between hydroxide and chloride, it seemed possible, but unlikely, that the difference
in bonding between hydroxide and chloride made Cp”4U2(u-Cl, u-OH) less stable than
the heteroligand bridged complexes. To minimize this difference in bonding, a crossing
experiment between [Cp’2CeOH]; and [Cp”2UOH], was attempted. Like the crossing
- experiment with [Cp”2UCl],, no new resonances attributable to the mixed metal
hydroxide dimer, Cp”4CeU(-OH);, were observed. Additionally, no new resonances
were seen when a mixture of [Cp”2CeOH], and [Cp’,LaOH], was heated to 100 °C for
a few hours.

When the mixtures for the crossover experiments weré heated, the resonance due
to‘ [Cp2UOH]; (19) disappeared énd two new peaks appeared in the NMR spectrum.
The new compound was thought to be [Cp”’>2UO]; (22). This hypothesis was confirmed
by the independent synthesis of [Cp”2UO], from Cp”,UMe; and water by Blosch.’” In
addition, [Cp¥2UOH], decomposes in solution. This product too was shown by Blosch
to be [Cp¥,UO]; (23) by independent synthesis from CptyUMe, and water.>’

The NMR spectra of the oxide complexes, 22 and 23, are virtually identical and
show that both molecules adopt the Cyp geometry at room temperature as shown in
Figure 1c.4. The NMR spectrum can be assigned based upon the peak area and the
NMR shifts of the protons by comparing them to the Cp”2UXj and Cp¥,UX5 complexes
assuming that dipolar shifts are dominant (Table 1c.1). The variable temperature NMR
spectra of 22 and 23 show that these complexes obey Curie-Weiss behavior, and have
very high barriers to ring rotation. For 22, the barrier to R group site exchange is 16.9
kcal/mol at 110 °C. For 23, the coalescence temperature greater than 110 °C, and the

barrier is greater than 16.6 kcal/mol.
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Figure 1c.4: The solution structure of [Cp¥,UO]; and [Cp”»UO];. R = CMej3 or SiMej

Table Ic.1: Assignment of the NMR spectra of [Cp”2UQ], and [Cp¥,UQO}; in ppm.

aj by Ro R; a by
[Cp~,UO], 79.92  82.45 -0.72 -13.16 -81.75 -85.27
[Cpt,UO], 81.52 78.17 0.98 -16.94 -97.85 -89.01

Table 1c.2: Distances and angles in [Cp¥,UO]; and [Cp,UO],

[CpHUOI,

[Cp”2UO],®

U-U
U-O
U-O’
U-Cpl
U-Cp2

U‘<Cring>

Cpl-U-Cp2

O-U-0
U-O-U

3.3904(7) A
2.118(7) A
2.121(1) A
253A

252A

2.80(4) A

124°
73.8(3)°
106.2(3)°

3.3927(9) A
2.096(6) A
2.129(5) A
2.50 A

2.49 A

272)°
123°

73.2(2)°
106.8(2)°
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Figure 1c.5: An ORTEP drawing of [Cp¥,UQ]; with 50% thermal ellipsoids.

Since the structure of 22 had been determined previously,38 the crystal structure
of 23 was determined for comparison and is shown in Figure 1c.5. Interesting distances
and angles are given in Table 1c.2 along with those of 22 for comparison. One of the
CMes groups of 23 is disordered and only one set of the disordered atoms is shown in
Figure 1c.5. The solid state structures of 22 and 23 are virtually identical, and, based
upon the similarity of the NMR spectra, the solution structures are also identical. The
geometries of the molecules are éontrollcd by the short U-O bond lengths and

corresponding short U-U distances which force the ligands to adopt the observed Coy,

geometry.
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[CP>UOH], (19)  —  [Cp"UOL (22) + Hy. (le.1)

The conversion of 19 to 22 (eq lc.1) is surprising and warranted further
investigation into the reaction mechanism. Kinetic data for this reaction from 380 to
303 K 1is given in Table 1¢.3, and an Eyring plot using this data is shown in Figure
lc.6. The decomposition obeyed first order kinetics cleanly at all temperatures as shown
in Figure 1c.7 for decomposition at 98 °C. The product, [Cp”2UO]; (22) was formed at
the same rate the reactant decomposed, and no induction period was seen in the
formation of 22 (Figure 1c.8). During kinetics runs in the NMR probe, hydrogen was

observed in the NMR spectrum.

Table 1c.3: Kinetic Data for the Decomposition of [Cp”zUOH]z (19)

Compound T (K) k(D
[Cp™,UOH], 380 (3.66 % 0.03)x10-3
[Cp”,UOH], 373 (1.77 £ 0.01)x10°3
[Cp”,UOH], 371 (1.46 + 0.08)x10-3
[Cp”2UOH], 362 (5.82 +0.3)x10-4
[Cp”,UOCH], 353 - (2.63£0.2)x104
[Cp”2UOCH]; 341 (8.37 £ 0.9)x10-5
[Cp,UOH], - 319 (5.80 +0.6)x106
[Cp™2UOH], : 303 (7.96 + 0.3)x10-7
[Cp”2UOH]+DHA 373 (1.65 +0.2)x10-3
[Cp#,UOH], 373 (2.82 £0.1)x104
[Cp™UOD], 380 (8.99 +0.1)x10-4

ku/kp = 4.1 (1) at 107 °C |
ke/kp = 6.0 (2) at 25 °C (assuming ASion = ASiop)
AH? = 24.2+ 0.1 kcal/mol

AST=-6.8+0.3e.u.

DHA is dihydroanthracene
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Figure 1c.7: Decomposition of 19 at 98 °C showing first order kinetics (3 runs)
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Figure 1c.8: Plot showing disappearance of [Cp”’UOH], (19) and appearance of
[Cp7,UO], (22) at 80 °C. Solid lines are least squares fits to C=CgekT for the
disappearance of 19, and C=Co(1-ek(t*tp)) for the appearance of 22.

When [Cp”2UOD]}, was examined, a small amount of Hy and HD was observed,
presumably due to exchange with adventitious water in the solvent or on the walls of the
NMR tube. The kinetic isotope effect at 107 °C is 4.1(1) which is calculated to be 6.0(2)
at 25 °C. If the [Cp”2UOD]; samples were allowed to sit before the kinetics experiment
was started, more Hy and HD was observed, and the rate of decomposition was faster
than if the kinetics run was started immediately. When the decomposition of a mixture of
[Cp”2UOH], and [Cp”2UOD], was examined, a large amount of Hy and only a small
amount of HD was observed. The HD presumably comes from the mixed isomer
resulting from the reaction of adventitious water and [Cp”2UOD]; as noted previously.
When the decomposition was carried out in the presence of 5 to 7 equivalents of
dihydroanthracene (DHA) as a radical trap, the rate of decomposition did not change, and

no anthracene was produced.
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These observations strongly imply that the decomposition is intramolecular,
proceeds with the loss of hydrogen, and does not involve radicals. Additionally, the
large kinetic isotope effect (KIE) requires that O-H bond breaking occurs during or
before the rate limiting step of the reaction. Two mechanisms can be postulated for the

elimination of Hy from the complex: concerted, shown in Figure 1c.9; and stepwise,

shown in Figure 1c.10.
H
<

|
— O\U H’O\U — O\
CpralQ Bucet, —= Gl ucp, = 6 Sucp + iy
I
H

Figure 1¢.9: Concerted Elimination of Hy from 19
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Figure 1c.10: Stepwise Elimination of H, from 19

One possible way to differentiate between the two mechanisms is by comparing
the observed kinetic isotope effect (KIE) and activation parameters to those known for
similar reactions. The observed KIE is similar to KIEs observed for o-elimination and
o-migration ‘ reactions. VFo'r the decomposition of CpTa(CH2CMe3)2C12 to
CpTa(CHCMe3)Clp, AS¥ varies from -4 e.u. to -36 e.u. depending upon the solvent,
and the KIE when the neopentyl ligands are deuterated in the o-position is 5.4 £ 0.5 at
36 °C.>° For the decomposition of Cp*WMes to Cp*WMes(CHy), AS% is -1 e.u., and,
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the KIE is 6 £ 1 at 25 °C when the methyl gro.ups are deuterated.*® More similarly, for -
the migration of the a-hydroxyl proton in Re(OH)(EtCCEt)3, AS¥ is -25 e.u., and the

KIE is 5 +1, presumably at 25°C.*! Unfortunately, it is difficult to say exactly what to

expect for the KIE of a concerted elimination of H,.*? However, given the similarity of

the KIE and activation parameters to those reported for o-elimination reactions, the

decomposition of 19 presumably follows the stepwise mechanism.

The analogous compound [Cp¥;UOH]; decomposes more slowly than
[Cp"oUOH],, but presumably by the same mechanism. The slower rate of
decomposition is likely due the different ring conformations in the two compounds.
[Cp”2UOH], has the same Cpp symmetry as [Cp72UO],2, so no change in Cp
conformation is needed in going from reactant to product. As seen in its low temperature
NMR spectrum, [Cp¥,UOH], does not‘have the same Cpp symmeﬁic ring conformation
as [Cp¥,UO],. The decomposition of [Cpt,UOH], will have a higher barrier to
decomposition since the Cp ring conformation must change during the reaction.

In conclusion, the bridging hydroxide, [Cp”zUOH]Iz (19) has a solution
structure similar to the analogous fluoride [Cp”,UF], (12). Unlike 12, 19 does not
exchange with other halides in solution. The bridging hydroxide [Cp¥,UOH]; (20) has
a low temperature NMR spectrum similar to that of the fluoride [Cp¥,UF]y; however,
neither solid state structure is known. When heated, both 19 and 20 decompose to form
the bridging oxide complexes, [Cp”,UO], (22) and [Cp¥,U0]; (23), which have the
same Cpp symmetric solid state and solution structure. The decomposition of 19 has
been studied in detail and is thought to proceed by «-migration of one of the hydroxyl
protons followed by the a-elimination of hydrogen. The rate of decomposition of 20 is
lower than that of 19 presumably due to the reorganization of the Cp ligands of 20

needed in the transition state.
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1d: X-Ray Absorption Spectroscopy of Dicyclopentadienyluranium
Complexes

The inability to grow x-ray quality crystals of [Cp¥,UX]; (X = H, OH, and F)
limited the interpretation of the low temperature NMR spectra of these complexes. Since
the spectra did not resemble that of any other U(III) complex, we were not certain of the
conformations of the Cp rings or even the nuclearity (dimer versus trimer) of these
complexes. One way to address the question of nuclearity was to examine the U-U
distance in these compléxes using extended x-ray absorption fine structure spectroscopy
(EXAFS). The U - U distance in a trimer is expected to be quite a bit longer than in a

dimer because the U - X - U angle can be close to linear in a trimer. For comparison, the

average U - U distance in [Cp*2UCIl3 is 5.66 A versus 4.36 A in [Cp$,UCI].! 128 1

order to probe the reliability of the bond lengths determined by EXAFS, several

complexes which had been crystallographically characterized were examined.’

In addition, since the edge-shift of the x-ray absorption is depéndent upon the
shielding of the electron, we were interested to see whether changing the ligands in these
complexes would have any effect upon the energy of the x-ray absorption. The Ly x-
ray absorption spectrum of [Cp¥UCl]y, is shown in Figure 1d.1. The Ly electrons are
the 2p3/; electrons. The edge shifts for the complexes relative to a 0.2 M water solution
of UOCl; are given in Table 1d.1. The standard deviation of the edge shift was found
to be 0.23 eV by comparing the edge shifts for successive scans of one sample
([Cp*,UFy). |

The edge shift reflects the change in the binding energy of the Ly electrons. A
more negative shift indicates a smaller binding energy. As seen in Table 1d.1, the edge
shifts of the U(III) complexes are more negative than the U(IV) complexes consistent
with greater screening of the Ly electrons in the U(III) complexes due to the extra 5f

electron. While there does appear to be trend among the binding energies of the U(IV)
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complexes, the energies would have to be different by more than 0.7 eV (30) for the

difference to be meaningful.
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Figure 1d.1: The Ly x-ray absorption spectrum of [Cp¥,UCl],

The binding energies of the U(IV) and U(III) complexes with the same halide but
different Cp ligands are very similar for all of the complexes except the U(IVj dichlorides
and the U(II) fluorides. In addition, no trend in binding energies versus Cp ligand
exists among these compounds. At least towards the binding energies of the uranium -

Ly electrons, the Cp” and Cp* ligands are identical. The difference between the two Cp

ligands is therefore entirely steric.
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Table 1d.1: Binding energies of the U Ly electrons in €V of some dicyclopentadienyl-
-uranium complexes relative to a 0.2 M UO,Cl, solution. The standard deviation of the
edge shift is 0.23 eV.

Compound Edge Shift (eV) Compound - Edge Shift (eV)
[Cp#,UO], 2.0

CptUF, 2.4 [Cp™>UF2h 2.6
Cpt,UCl, 2.9 CpaUCL 2.4
Cp#UBr; -3.5 Cp’2UBr; -3.7
Cp#,UIL -3.6 Cp~2UlL -3.6
[Cpt,UOH], 6.4

[Cpt,UF, 50 [Cp™,UFl, 5.9
[Cpt,UCI]; -6.3  [CpaUCl, 6.4
[Cpt,UBr], 5.7 [Cp”,UBrl, 5.6

EXAFS spectroscopy gives information about the atomic number, distance, and
number of the atoms neighboring the atom being examined (uranium in this case). The
analysis of a complex yields different shells of coordinating atoms. A shell is described
by the atomic number of the atoms comprising it, number of atoms in the shell
(coordination number, CN), the distance of the atoms from the central atom (radius, R),
and by the Debye-Waller factor (6) which represents both the static and thermal disorder
of the atoms in the shell. The Debye-Waller factor is analogous to the thermal parameter
in crystallography.

The analysis was carried out using the EXAFS theoretical phases and amplitudes

calculated using FEFF6* with atom positions based on known crystal structures. 2838

When the crystal structure was not known, the atomic positions of the Cp,U unit were
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taken from the crystal structure of the most similar complex, and the U-X distances were
chaﬁged according to the relative radii of X. Full experimental details are given in the
experimental section.

Plots of the EXAFS spectra, theoretical fits, and their Fourier transforms are
given in Figures 1d.2 -1d.12. The spectra are plotted against k which is the energy in A-
1 of the ejected Ly electron determined by subtracting the energy of the Lyy edge from
the energy of the x-rays. The EXAFS, %, are weighted by k3 to give features at higher k
similar amplitude to low k features. The results of the analyses of the EXAFS spectra
are given in Tables 1d.2 and 1d.3. Note that, just as in crystallography, the number in
parentheses in the EXAFS distance column is the standard deviation of that parameter in
the fit relative - to the data; however, empirically, the error in distances determined by
EXAFS is about 0.01 - 0.02 A based upon comparisons to crystallographically

determined structures.
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Figure 1d.2: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp”,UF]»
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Figure 1d.3: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp”2UCI],
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Figure 1d.4: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp¥,UOH],
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Figure 1d.6: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp$,UCl];
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Figure 1d.7: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp¥,UBr];
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Figure 1d.8: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp”2UF3],
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Figure 1d.9: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp”2UBr];
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Figure 1d.10: EXAFS spectrum (gray), fit (black), and Fourier transform of [Cp¥,UQO]»
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Figure 1d.12: EXAFS spectrum (gray), fit (black), and Fourier transform of Cp*¥;UBr;
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Figure 1d.13: EXAFS spectrum (gray), fit (black), and Fourier transform of Cp¥,UI,

The quality of the EXAFS data varies somewhat due to a number of factors
including the nature of the sample (hea\;ier atom neighbors scatter electrons better and
give more intense data at high k), the quality of the x-ray beam at the time of acquisition,
and the number of scans averaged to give the spectrum. In general, if the beam was not
noisy, the average of two scans gave a fairly good EXAFS spectrum. The U-U
distances obtained from EXAFS are generally in good agreement with those obtained by
crystallography. In the case of [Cp”,UF;];, the agreement is poor; however, the

EXAFS spectrum of this compound is poor.
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Table 1d.2: EXAFS Data for Dicyclopentadienyluranium(Ill) Complexes

Shell Coordination Debye- Distance Distance
Number Waller by by
(CN) Factor (5)  EXAFS(A) Crystallography (&)

[Cp"2UF]y

U-F 2 0.0056 2.353(5) . 2.331(3)

U-Ciing 10 0.0143 2.862(8) 2.767(8)

U-Cring (MS) 20 0.0001 3.418(6)

U-U 1 0.0077 3.934(9) 3.8446(4)

U-Si 4 0.0244 4.17(3)
[Cp”2UCl]2 :

U-Cring 10 0.0059 2.719(2) 2.78(2)

U-Cring (MS) 20 0 3.416(6)

U-Si 4 0.0147 4.21(1) '

U-U 1 0.0016 4.33(2) 4.357(1)
[Cp+,UOH], :

U-O 2 0.0052 2.375(6)

U-Cring 10 0.0102 2.864(8)

U-Cring (MS) 20 0.0030 3.38(1)

U-U 1 0.0013 3.89(3)

U-Crent 4 0.0010 3.84(2)

U-CMme 4 0.0014 4.06(4)

U-CMe 4 0.0054 4.44(4)
[CpHUF],

U-F 2 0.0057 2.264(6)

U-Cring 4 0.0067 2.428(8)

U-U 1 0.0027 3.891(5)

U-Ceert 4 . 0.0019 3.860(8)
[Cp%UCH],

U-Cring 10 0.0062 2.759(3) 2.78(4)

U-CringMS) 20 0.0007 3.419(7)

U-Ceert 4 0.0097 3.86(3)

U-CMme 4 0.019 4.02(6)

U-U 1 ' 0.0055 4.57(1) 4.540(1)
[Cp+UBr]; -

U-Cring 10 ' 0.0111 2.828(4)

U-Br 2 0.0099 2.993(5)

U-Cring (MS) 20 0.0005 3.411(8)

U-Crert 4 0.0034 3.834(8)

U-Cpme 4 0.0079 4.04(2)

U-U 1 0.0080 4.65(2)
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Table 1d.3: EXAFS Data for Dicyclopentadienyluranium(IV) Complexes

Shell Coordination Debye- Distance Distance
' Number Waller by by
(CN) Factor (6) ~ EXAFES (A) Crystallography (A)
[Cp”2UF;2 ,
U-F 3 0.0060 2.316(5) 2.2(1) (average of 3
U-F distances)
U-Ciing 10 0.0515 2.60(3) 2.76(1)
U-U 1 0.0048 3.741(8) 3.9504(7)
U-Si 2 0.0055 4.12(1)
Cp’2UBr;
U-Cring 10 0.0121 2.708(7) 2.71(1)
U-Br 2 0.0046 2.742(2) 2.734(1)
U-Cring (MS) 20 0.0001 3.409(8)
U-Si 4 0.0082 4.175(8)
U-CMe 6 0.0017 4.72(2)
[Cp+,UO],
U-0 1 0.0080 2.15(1) 2.118(7)
U-0 1 0.0080 2.33(1) 2.121(7)
U-Crine 10 0.0145 2.823(6) 2.80(5)
U-u 1 0.0029 3.399(3) 3.3904(7)
U-CMme 4 0.0064 4.25(1)
Cp+UF,
U-Crine 10 0.0113 2.335(3) 2.74(3)
U-Ceert 4 0.0010 3.874(8)
U-CMme 8 -0.0063 4.104(8)
U-CMe 4 0:0027 5.29(2)
Cp#UBr,
-Cring 10 0.0155 2.710(8)
U-Br 2 0.0052 2.744(2)
U-Ceert 4 0.0009 3.817(7)
U-CMme 8 0.0080 3.98(1)
CphUIp
U-Crine .10 0.0104 2.728(3)
U-1 2 0.0051 2.975(1)
U-Ctert 4 0.0021 3.817(7)
U-CMe 4 0.0041 3.98(1)

69



For the most part, the distances for the U-Ccp ring and U-X where X is the other
ligand on uranium agree with the crystallography only when X is much heavier than C.
The problem is that low atomic number (Z) scattering atoms have the greatest EX»AFS
amplitude in the low k region of the spectrum. If X is a light atom, such as O or F, both
the U-Cring distance and the U-X distance are somewhat similar, so both shells of atoms
make very similar contributions to the EXAFS spectrum. When a fit of the EXAFS
spectrum was attempted including both the U-Cijpg and the U-X contributions, the
Debye-Waller factors of the shells were strongly correlated. Either the Debye-Waller
parameters of both shells became very small, or the Debye-Waller factor for one of the
shells became very large. If this problem with the Debye-Waller factors occurred, the
shell which gave the best fit to the observed spectrum was retained and the other shell
was discarded. In many of the compounds, EXAFS data for both U-Cyipg and U-X is
not reported because of this problem.

When X is much heavier than carbon, as in Br and I, the amplitude of its
contribution to the EXAFS spectrum is larger than the contribution from carbon at higher
k, as shown the deconvolution of the fit of the EXAFS spectrum of Cp”2UBr» in Figure
1d.14. In this case, both the U-Cring and U-Br distance can be determined. In general,
due to the large number of carbon atoms in these complexes, the utility of EXAFS in
determining bond lengths to other atoms coordinated to the uranium center is limited to
heavier atoms.

In the cases where the U-X bond length could be determined, the agreement with
crystallographic data was good. Where crystallographic data was not available, the bond
lengths are similar to bond lengths in analogous complexes. For example, in Cp¥2UBr,
and C_pizUIZ, the U-X bond lengths of 2.744(2) A and 2.975(3) A, respectively, are
close to the U-X bond lengths found in Cp”oUBry and Cp”pUIy of 2.734(1) A and

2.953(2) A, respectively.18
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Figure 1d.14: Deconvolution of the fit of the EXAFS spectrum of Cp”,UBry
Upper Plots:  Spectrum (in gray), fit (in black)
Second Plot:  Ciipg Scattering
Third Plot: Br scattering
Fourth Plot:  Cring-Cring multiple scattering
Fifth Plot: Si scattering
Sixth Plot: CMe scattering

Despite the fact that the EXAFS spectra did not always yield useful information
on the nearest coordination shells of the uranium center, useful information was obtained
from the U-U distances. As noted earlier, the low temperature NMR spectra of
[Cp¥UX], complexes where X = H, F, or OH were confusing, and it was not clear
whether the molecules exist as trimers or as a mixture of rotamers. The identical U-U
distance of 3.89 A in both [CpizUF]z ahd [Cp#,UOH], implies that they have the safne
symmetrically bridged dimeric structure seen in [Cp”pUF]y. A trimer or a dimer in

which only one of the fluorides or hydroxides was bridging would have a U-U distance
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of about twice the U-F distance depending upon the U-F-U angle, that is, about 4.6 A.
In [Cp*,UCI]3, the U-U distance is 5.67 A compared to the U-CI distance of 2.90 A.

In summary, EXAFS spectroscopy on these complexes gives useful information
on the U-U distance in dimers. Additionally, when obtainable, the U-Cp distances and
distances to other ligands of the complexes are in good agreement with those determined
by crystallography. However, because of complications due to the similar atomic
number and bond distance of the Cp carbon atoms, the latter bond distances are not

always available.

72



- 1e: Ring Conformations and Barriers to Site Exchange (“Ring Rotation”)
in Uranium Metallocenes -

In the preceding sections, the crystal structures and NMR behavior of a number
of complexes were reported. The observations were not commented upon previously
since it was difficult to make any generalizations based upon any of these small subsets
of structural data. From the combined structural and solution data, a number of trends
become obvious. The conformations of the Cp* and Cp” rings observed in these
compounds can be placed into the three categories shown in Figure le.l. A few
complexes have ring orientations in which the Cyy structure has the rings slightly twisted
with respect to each other but not to the extent of the C; structure; note that in the Cp
structure two R groups lie between the X ligands. This additional structure is labeled
C2v/Cy; note that in this structure, the R groups do not lie between the X ligands. A list
of known crystal structures and ring conformations is given in Table le.l along with the

Van der Waals radius of X,'when known, and the U-U distance in dimers.

X
R \/E

Figure le.l Observed conformations of Cp” and Cp# rings in bent metallocene
complexes. R = SiMes or CMes,
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Table le.1: Conformations of bent metallocenes containing the Cp” or Cp* ligand

Compound Conf. Radius = U-X U-U M-Cp Cp-U-Cp Exch
of x4 Dist.  Dist. Dist. Angle  Barrier
CpHUF, Cay 1.35  2.09 2.46 125.3
CpUCI, Cov 1.8 2573 2.42 124.7
[CptUH], Cs ? 1.2 o 13.2
[Cp*,UF], Cs? 1.35 13.5
[Cp,UOH], Cs ? 1.4 13.5
[Cp+UCI, Cay/Co 1.8 286 454 252 120 8.4
[Cp*,UBr], Cov/C2  1.95 | 9.0
[Cp*,Ul], Cpu/C2?  2.15 . 8.9
Cp’2UMe; Cs 2.0 2.42 2.44 131
Cp”2U(OMe), Cy . 8.5
Cp”aUI '8 ) 2.15  2.953
Cp”aUBr;!® Cov/Cy 195 2734
[Cp”2UF2)2 Cs 1.35 2.3 3.95 2.48 126.3 10.0
[Cp”2UF]2 Cs 135 233  3.85 2.49 130 12.4
[Cp2UCI), P Cs 1.8 281 436 249 131 8.9
[Cp™2UBth"” | Cs 195 293 433 o 7.9
[Cp™oUT], P2 Cs ? 215 .
[Cp™,UOL, Cs 1.4 212 339 249 123 16.9
[Cp”2UOH]2 Cso 1.4 230 3.85 2.49 128 12.4
Cp™,UCly- Cy 1.8 2.67
PhyP+!®
[CpUO], Cs 1.4 212 339 252 124 >16.6

In order to make sense of the conformations of the Cp ligands it is necessary to
consider the different steric interactions in the molecules. First, in all of the molecules,
the ligand R groups must be ih the neighborhood of X. In monomers, depending on the
size of X, the ligands adopt either a Cyy geometry or a Cy géometry. If X is small, the
steric interaction between X and the R group of the Cp ligand is also small, and the Cp

ligands can adopt the Cp, geometry. As X gets larger, then the R groups cannot adopt
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the Cy, geometry since this will result in an unfavorable interaction between the R group

and the X group. Rather, the ligands adopt the C; conformation in which the R groups

of one Cp ligand straddle one of the X ligands to minimize steric interactions.

f{:lgg . | %Czd

tz S14 Czz

Figure le.2: An ORTEP diagram of Cp”;UMe, with 50% thermal ellipsoids

Table le.2: Some distances and angles in Cp”2,UMe>

Distances Angles
U-c1 2.42(2) A Cpl-U-Cp2  130.8°
U-Cp 244 A CI-U-C2 105007y
U-(Cring) 2.72(3) A
u-c2 2.42(2) A
U-Cp2 2.44 A
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An example of a complex with the Cy conformation is Cp~UMe; shown in
Figure le.2. Distances and angles are given in Table le.2. Few compounds with
uranium to carbon sigma bonds have been structurally characterized. However, the
2.42(2) A U-Me bond length in Cp”aUMe, is similar to the 2.465(7) U-Me bond length
in Li{UMe)[OCH(CMe3)y]a}. % to, the 2.422(8) A U-Me bond length in
MeU[OC(CMe3)3]3 %7 and to the 2.48(3) A U-C o-bond length in CpsU(2-methyl-
allyl).48 In comparison to Cp”2UCI,, the Me-U-Me angle is 10° wider than the CI-U-Cl
angle due to the presence of the bulky SiMe3 between the methyl groups. The Cy

geometry of Cp”UMe; also allows the metallocene to bend less than in the Cpy

Cp”2UCly,
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Figure le.3: Packing of Cp”2UCly
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It seems strange that all of the vmonomers do not adopt the C; conformation since,
regardless of the size of X, this conformation minimizes repulsions between X and the
Cp ligand. One explanation is that Cp”,UCl,, Cp#,UCly, and Cp*UF; adopt the Cay
geometry in the solid state to maximize dipole interactions. In all of the crystal structures
of these molecules, the metallocenes are aligned along the short b axis of the unit cell
with a U - U separation equal to the length of the b axis as shown in Figure le.3.
Presumably packing in this way maximizes the interactions between the molecular
dipoles. By adopting the C»y structure, the molecules can get closer together than if they
had the C; structure. This explanation is supported by the conformation of the
Cp”zUClz anion in the [Cp”pUCIy]- [PPhy4]* structure.” In this case, the anionic
metallocene fragments are not aligned, and the ligands adopt the expected C; structure.
In addition to explaining the Cj, conformation of Cp¥;UF;, the dipole interaction
hypothesis also explains the low solubility of this complex in hydrocarﬁons. |

In the dimers, the interaction between the Cp ligands on opposite metal centers is
also important. When this interaction dominates, the ligands adbpt the Cg conformation,
and the dimer either has the Cj, geometry of [Cp”,UO], or the C; geometry of
[Cp”2UCl]2. This intermetallocene interaction is more important than the interaction of
the ligand with X in all of the [Cp”,UX], dimers and when the uranium centers aré close .
together as in [Cp¥,UO],. In the case of [Cp¥,UCl],, the Cp ligands adopt a geometry
between Cyy and C;. This conformation suggests that the geometry of the CMe3 groups
is influenced by both the X ligand and by the other metallocene fragment of the dimer. -
Since the Cp-CMes distance is shorter than the Cp-SiMe3 distance, the influence of the
other metallocene fragment of the dimer does not force the Cpt containing molecules to
adopt the Cg geometry until the U-U distance is very short, as in [Cpt,UO],.

The conformations are responsible for the NMR behavior of the complexes. For
the monomers, when X is large, the site exchange can be stopped at low temperature,

and the two inequivalent CMes or SiMes groups in the C, conformation- can be
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observed. In Cp”,U(OMe),, this barrier is 8.5 kcal/mol. The barrier is presumably due
to the interaction of the SiMes group with the OMe ligand. '

In the dimers, two possible cases exist depending upon whether the metallocenes
adopt a C5 or Cy,/C; conformation. In the Cp,/Cy conformation, seen in [Cp¥;UCl],
the R groups of the ligands do not need to interact with the front of the other metallocene

in the dimer when changing sites, as shown in Figure 1e.3. The most important result of

Figure le.3 Site Exchange in [Cp%,UCl]; (13)

this observation is that in [Cp¥,UX], dimers with this conformation, the barrier to site
exchange will not depend greatly on the U-U distance. Rather, the barrier will depend
on the size of the bridging ligand. This is consistent with the trend in ring rotation

barriers in the [Cp¥,UX]; series AG¥ > AG#p; > AG#¢y.

Figure 1e.4 Site Exchange in Dimers with the Cs Ring Conformation

On the other hand, when the ring conformation is Cg, the barrier to ring rotation
is strongly dependent upon the U-U distance since the bulky R groups must rotate past
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the other metallocene unit of the dimer as shown in Figure le.4. This rotation
mechanism is consistent with the trend observed in site exchange barriers: [Cp”2UQ]; >
[Cp2UOH]; = [Cp2UF]2 > [Cp™2UCI]; = [Cp”2UBr]2 > [Cp™2Ul)s.

The only molecules which do not obey these rules are [CpizUF]zb and
[CpizUOH]z. At low temperatures, these molecules display several inequivalent CMe3
resonances. Since EXAFS data show that the U-U distances in these molecules are
- consistent with a dimeric structure, the most likely explanation of the observed behavior
at low temperature is that more than one conformer exists in solution. In [Cp*UF]y, at
low temperatures, 6 inequivalent CMes3 groups are present, in [Cp¥2UOH], 5 are
present (two overlap). The presence of two rotamers, with one having the [Cp”,UCI],
. structure with- 4 inequivalent CMe3 groups and one having either the [Cp#,UCl],
structure can account for these observations. Since the U - U distance in [Cp¥,UF]; and
[Cp*2UOH]; is somewhere between that of [Cp#UCl]; and that of [CpizUO]z,
rotamers with the Cp,/Cy conformation of [Cp#;UCl], and the Cs conformation of
[Cp#2UO], might both be stable. |

The conformations of metallocenes containing the Cp* or Cp” ligands are due to
two factors: first, the interaction between the SiMe3 or CMes groups and the other
ligands bonded to the metal center and second, the interaction between metallocene units
in dimers. The ligand site exchange barriers determined by variable temperature 'H

NMR spectroscopy reflect the different conformations.
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Chapter Two: Tris-cyclopentadienyl Complexes

Unlike the chemistry of dicyciopentadienyluranixim(III), the chemistry of
triscyclopentadienyluranium base adducts has been extensively studied.!*  The
electronic structure of CpsUeL (L is a Lewis base) has also been ‘studied, and the MO
structures of CpzU and CpsUeL have also been described.’” Surprisingly, some
calculations have suggested that the ground state of Cp3U might be d!f2 rather than the
expected 3 configuration because the 6d,2 orbital does not interact with the Cp ligands
and is low In energy.6 The base adducts are calculated to have an f3 ground state
because the d,2 orbital is destabilized by the ¢-donating orbital of the base. In light of
the fact that Cp”’3Th haé a 6d! ground state and not a 5f 1 grbund state, the uranium result
seems plausible.!%!! However, while base adducts of Cp3U are well known, base-free
CpsU compounds are rare. Only (Me3CCsHy)sU, 12 (MesSiCsHy)sU, !
(Me4C5H)3U,14 and Cp”3U15 are known, and the ground states of none of these
compounds have been examined. Since Cp”3U and Cp”3U(+-BuNC) had been

1

synthesized previously by Beshouri, 3 we thought it would be interesting to examine the

magnetism and EPR spectra of these complexes to determine whether the ground state is

d1f2 or £3.

2a: The Ground State of Tris-cyclopentadienyluranium

Cp”;U seems to be an excellent candidate in which to study the electronic ground
state of the uranium center. The compound has idealized Cs;, symmetry in the solid
state, but, unforuinately, it crystallizes in the space group P 1 and does not have true Cap

symmctry.16 The tert-butyl 1socyanide adduct of Cp”3zU has also been made, so a

uranium compound which should have an £3 ground state is available. In addition, the
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analogous neodymium complexes can be examined since all of the neodymium
complexes should have an f3 ground state.

The syntheses of the tris-cycldpentadienyl complexes are similar to the syntheses

of known compounds (eq 2a.1). Like Cp”3Ce, both Cp”;La and Cp”3Nd were
synthesized by treating Ln[N(SiMe3);]5 (Ln = La, Nd) with Cp”H in toluene.'” While
this route does work to make Cp”3U, it does not work well. Instead, Cp”",UCl, was
reduced by molten potassium in hexane, as in the synthesis of Cp”3Th from Cp”,ThCl,
and sodium-potassium alloy. 10 Neither of these routes gave Cp#3U. It was prepared
by Vtreating [Cp¥,UF], with CpizMg in tetrahydrofuran. The tris-cyclopentadienyl

compounds are all very soluble in hexane from which they were crystallized.

MIN(SiMes)ol5 + 3Cp"H — Cp™sM + 3 HN(SiMe3), (M =La, Nd, U)
3Cp’UCL, + 6K — 2Cp’3U +6KCl + U (metal) (2a.1)
[Cpt,UF], + Cpi,Mg — CptU + MgF,

The tert-butyl isocyanide (-BuNC) and cyclohexyl isocyanide (CgH;iNC)
adducts of Cp”3M (M = La, Nd, U) were made by adding the base to a hexane solution
of Cp”3bM. The base adducts formed immediately. Like the Cp”’3M complexes, the base
adducts are hexane soluble, but less so than the base-free cé)mpounds. The CN
stretching absorption is a strong, sharp feature in the IR spectrum (Table 2a.1). The CN

stretch in the uranium complexes is lower in frequency than the CN stretch in the

lanthanide complexes due to the greater overlap of the 5f orbitals with the 7t* orbitals of

the isocyanide group,lg’lg"

Table 2a.1: CN stretching frequencies (in cm!) of Cp”3M(CN-R) complexes

Base Alone”® M=La M =Nd M=U
R = tert-butyl 2146 2178 2178 2140
R = cyclohexyl 2138 2183 2154
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The variable temperature magnetic susceptibilities, %, of Cp”3Nd, Cp”3U, and

their isocyanide adducts were measured. Plots of 1/x versus T are given in Figure 2a.1,

and the numerical results are given in Table 2a.2. The magnetic moment from 200 K to

300 K in all cases is consistent with a 4lg/; ground state with the various crystal field

states equally populated. For the 41g/, level, the theoretical value of pg is 3.62 B.M.%!
The measured U.¢ values for the neodymium complexes are very similar to the free ion

value since the 4f orbitals have very little overlap with the ligand orbitals.?! In the

uranium complexes, the value of [l ¢ near room temperature 1s lower presumably due to

covalent effects.??* The 5f orbitals of uranium have a greater radial extent than the 4f

orbitals of neodymium and interact more strongly with the ligand orbitals.?> ‘The low

temperature magnetic moments for all of the complexes are similar except for the Cp”3U

and Cp¥3U complexes in which L is somewhat greater.

Table 2a.2: Magnetic data for Cp”’3M and Cp”MeL complexes

Hetf (5 K) Keg (57 K) Megr (200—300 K)
Cp”3Nd 1.65 1.84 3.70
Cp’_’3Nd-(C6H1 1NC) 1.75 2.05 3.60
Cp”’3Nde(+-BuNC) 1.69 1.84 391
Cp’3U : 2.03 2.17 3.32
Cp3U*(CgH;;NC) 1.76 1.87 3.25
Cp”’3U*(+-BuNC) 1.78 1.94 3.14
CpiU 2.13 2.36 : 3.37
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Figure 2a.1: Magnetic susceptibilities of Cp”3M and Cp”’3MeL complexes

The EPR spectra of the tris-cyclopentadienyl complexes and their base adducts
. are shown in Figures 22.2-22.8 along with their least-squares fits. The line-shape used
in fitting is that outlined by Soulie?* which is based upon earlier work by Pilbrow.?® In

the fitting procedure, both the positions of the EPR signals and their line widths were

allowed to vary. The fitting results are given in Table 2a.3. The values of [¢ calculated
from the EPR spectra are close to or lower than g determined by magnetic
susceptibility for all of the complexes. One reason that [.¢r determined by EPR is low is
that one of the g corﬁponents, g3, occurs at very high field in all of these compounds.
The g3 component is only observed for the Cp”3Nd-L coﬁiplekes. The fitting program

obviously can not determine g5 if it does not contribute to the spectrum over the range of
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magnetic fields examined. In many cases, g3 ends up being very small as a fitting

parameter making Ug¢r t00 low.

0 2000 4000 6000 8000
) Gauss

Figure 2a.2: EPR spectrum of Cp”3;Nd powder at 2 K

. I l I . I . L 1
2000 4000 6000 8000 10000

Gauss

Figure 2a.3: EPR spectrum of Cp”’3Nde(cyclohexyl isocyanide) powder at 2 K
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Figure 2a.4 EPR spectrum of Cp”’3Nde(+-BuNC) powder at 2 K
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Figure 2a.5: EPR spectrum of Cp”3U powder at 2 K
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Figure 2a.6: EPR spectrum of Cp”3Us(cyclohexyl isocyanide) powder at 2 K
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Figure 2a.7: EPR spectrum of Cp”3Us(t-BuNC) powder at 2 K
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Spectrum

2500
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Figure 2a.8: EPR spectrum of Cp#;U powder at 2 K

Table 2a.3: EPR values for CpsM and their base adducts determined by fitting their EPR
spectra. The linewidth in GHz is in parentheses. The g values in curly brackets occur to

fields not observed in the spectra (not reliable). Peg(calc) = (1/2)(g12+g,2+g32)1/2

g1 £ g3 Megr(calc) Uerr(exp)
Cp”3Nd 2.48(0.48) 2.08(1.29) {0.18(0.69)} 1.62 1.65
Cp”3Nd+(CgH1NC) 2.51(0.21) 1.76(0.29) 0.88(0.07) 1.60 1.75
Cp”3Nde(z-BuNC) 2.25(0.19) 2.08(0.11) 0.86(0.09) | 1.59 1.69
Cp~3U 3.41(0.50) 1.65(2.08) 0.85(0.75) 1.94 2.03
Cp”3Us(CgH;1NC) 2.51(0.96) 1.59(1.17) {0.72(1.76)} 1.53 1.76
“Cp”’3Ue(t-BuNC) 2.41(0.12) 1.75(0.09) {0.29(0.65)} 1.49 1.78
Cpt;U 3.60(0.16)  2.36(0.34) {0.70(0.98)} 221  2.13
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The theoretical basis for explaining the electronic spectra of lanthanide ions in

Cs, and C3p, symmetry was developed by Stevens, Elliott, and J udd. 263! Briefly, for
an f3 ion, the ground state is 4lg, due to spin-orbit coupling. The crystal field due to the
surrounding ligands is a treated as a perturbation of the 4y, state. The 4y, state is 10
fold degenerate with the substates having J,= (-9/2, -7/2, -5/2, ..., 9/2). The crystal
field removes the degeneracy of the J, states. The crystal field for a éomplex with Cgy,

symmetry has the form shown in eq 2a.2 where the A™ terms are parameters

V(Cap) = AJ(32% - 12) + A§(352% - 30222 + 3r) (222)
+A(23128 - 315r%2% +105r%2% — 510+ A(x® — 15x%y? + 15x%y* - y©)

whiph describe the crystal field. For our purposes, the most important term is A% term.
This term allows mixing of states having AJ, = 6. The A, terms do not mix states
having different values of J,. Ignoring contributions from excited states, and limiting the
discussion only to the J = 9/2 manifold, the EPR active ground states of an f3 jon are
¥ =11/2) and ¥ = al7/2) + bl-5/2) where the term in the ket is the J, value of the state.
The other possible ground states have g; = 0. |

In C3, symmetry, the situation is similar. In this case, the crystal field is that

shown in eq 2a.3 where the terms have meanings similar to 2a.2. The big difference

V(Csy) = V(C3p) + AZ 3 - 3xy2) + Ag(l 12 - 3zr2)(x3 - 3xy2) (22.3)

between eq 2a.2 and eq 2a.3 is the presence of the A3, terms. These terms allow mixing
of states with AJ, = 3. For an f3 complex with C3, symmetry, only one ground state is
EPR active: ¥ = xI7/2) + yI-5/2) + z11/2). This ground state is a mixture of the two EPR
active ground states for a complex with Cs}, symmetry. If the symmetry is lower, the

corresponding crystal field allows more mixing of J, states.
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For uranium(Ill) and neodymium(1II), the form of the crystal field is identical. |

However, the magnitude of the A%y terms change from metal to metal. The A*, terms

determine the mixing of different J, states, so the coefficients a and b, or X, y, and z will

change depending upon the crystal field parameters. However, the crystal field
pafameters for U(III) are about twice as large as the Nd(III) parameters, and ratios of the
parameters are about the same in both cases. The result of the ratios remaining the same
between the metals is that the ground states are more dr less the same in analogous
complexes.

Crystal field anaiyses based mainly upon optical spectra have been carried out on
CpsNd(THF) and on Cp3Nd(CgH;;NC) by Amberger and coworkers.>?>*> They find
thét the ground state in these complexes is mainly 11/2) character with smaller amounts of
{7/2) and 1-5/2) character. Since the structural features of Cp”3Ce(z-BuNC) and
(MeCsH,)Ce(z-BuNC) are similar,!” Cp”3Nd(CgH{;NC) and Cp”3Nd(z-BuNC) are
both expected to be structurally similar to Cp3Nd(CgH{;NC) and therefore, should have
similar crystal field parameters. |

The EPR spectra are related to the ground states as shown in eq 2a.4 - 2a.6
neglecting contributions from higher energy J states.>! Note that eq 2a.6 reduces to eq

2a.4 when ¢ = 90° and to eq 2a.5 when ¢ = 0°.

gy (Landé g va_me) = 1+ [S(S+1)-LL+D+IJ+)/[2I(F+1)]

= 8/11 for 419/2

¥ = 11/2)
g=gy=0.73
(2a.4)
g = (J+1/2)gy = 5g; = 3.64
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¥ = (cosB)I7/2) + (sinB)I-5/2)
g = gJ(7C0526 - 58in26)

(2a.5)
g, = g[8(sinB)(cosh)]
¥ = cosh[cos0)I7/2) + (sin®)I-5/2)] + (sind)I1/2)
g = gylgy(7cos28 - 5sin20)cos2+sin2]
(2a.6)

g1 = g;[8(sin®)(cosB)(cos2¢)-5sin2¢]

Table 2a.3: Idealized axial EPR parameters for CpsM and CpsMe<L complexes and

corresponding ground state parameters, 6 and ¢ (see eq 2a.6).

gL 8l 0 ¢
Cp”3Nd -2.28 0.70 4586 6292
Cp”3Nd(CgH,|NC) -2.13 0.88 40.65 61.25
Cp”3Nd(+-BuNC) -2.17 0.86 41.10 61.69
Cp”3U -2.53 0.85 40.24 65.64
Cp”3U(C¢H,;NC) -2.05 0.72 45.19 60.51
Cp”3U(+-BuNC) -2.08 0.70 45.74 60.81
Cpi,3U | 298 0.70 46.79 71.53
Cp5Nd(thf)*? | 2755 0.152(calc)  58.52 51.40
Cp3Nd(CgH, 1NC)33 56.58 54.49
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Based on the assumption that all of the molecules have C3, symmetry, eq 2a.6
can be used to find 6 and ¢ based upon the EPR spéctra. As is obvibus from Table 2a.2
or from looking at the EPR spectra, none of these compounds actually have Cs,
symmetry, so the two larger g values are averaged to obtain g, and the smaller g value
is used for g;. Where g3 < 0.7, it will be changed to be 0.7 (this has little effect on 0,
but some effect on 0). The basis for changing g is that the EPR fitting program cannot
determine g5 if g3 is at too great a magnetic field to be seen in the EPR spectrum.
Therefore, the assumption is made that g3 is at the lowest unobservable field giving it a
value of 0.7. Since g is negative for Cp3Nd(thf), it is assumed to be negative for all of
these complexes as well. 6 and ¢ can be found by calculating g“' and g .for all values of
0 and ¢ using eq 2a.6 and éomparing the calculated g and g, values to the observed
ones. The g values and 6 and ¢ obtained in this way are given in Table 2a.3.

From the data in Table 2a.3 it is clear that the grbund state in all of these
complexes is mainly 11/2). The % 11/2) character in the ground state varies from 76%
for Cp”3U(CgH | NC) to 90% for Cp#3U. The parameter ¢ crudely shows the amount
of mixing caused by the deviation from Csy, to C3, symmetry. The closer to 90° that ¢
is, the smaller the amount of mixing caused by deviation from Cs}, symmetry. The trend
in ¢ shown in Table 2a.3 seems reasonable. Cp¥ is presumably the bulkiest ligand, so‘
steric effects will tend to force Cp#3U to most closely adopt the Cs;, structure. Cp” is
somewhat smaller, so Cp”’3M can more easily distort, although for Cp”3Ce, £(Cp-Ce-
Cplave = 120°. However, even in base adducts, the Cp-M-Cp angles remain near 120°
in Cp”3Ce(-BuNC), ZL(Cp-Ce-Cp)aye = 119.5°'7 In the CpzNdeL complexes, the
smaller Cp ligand can bend back fuﬁher than Cp” (in Cp3Pr(CgH{{NC), ZL(Cp-Pr-
Cp)ave =117.4°* and in Cp3U(thf), Z(Cp-U-Cp),ye = 117.6°), 3 deviating more from
Cj3;, symmetry and making ¢ smaller.

While the data derived from the EPR spectra of these complexes does seem

interesting, any conclusions arrived at must be viewed cautiously. First, these
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complexes do not have C3 symmetry and crystal field parameters other than the ones
discussed may be important. However, the compounds are fairly close to C3 symmetry,

so this is probably not too great a problem. Second, except for the Cp”3;NdeL

complexes, the EPR spectra are poor, and all three g components cannot be observed in
most cases. Finally, all of the analyses of the spectra have 'ignored excited state
contributions and changes in g due to covalency (orbital reduction factor).

In short, the electronic ground states of Cp”’3M (M= U and Nd) complexes and
their base adducts have been examined. Variable temperature susceptibility suggest that

the complexes all have an f3 electronic ground state. The low temperature EPR spectra

of these complexes have been measured. The g values are consistent with a 4Ig, ground

state in which the lowest substate is mainly J, = 1/2.
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2b: Tris-cyclopentadienylzirconium

Few tris-cyclopentadienyl compounds of the d-transition metals have been
described and, with the exception of the “pseudolanthanides” Cp3Y_3 ®and Cp3La37, none
of them have all three cyclopentadienyl ligands bound in an M3-manner. The crystal
structure of Cp3Sc shows that it is a dimer with the two (13-Cp)2Sc fragments bridged
by a pair of Cs5Hs groups that are 1!-bound to each CpsSc fragment.38 The crystal
structure of the d! CpsTi shows that two rings are bound in an 1>-manner and that the
third is bound as n2.3 While the crystal structure of the d2 Cp3V is not known, the 1H
NMR spectrum of this paramagnetic compound shows two resonances in a 2:1 ratio.*°
The spectrum- was assigned to two 1°-Cp ligands and a fluxional n!-Cp ligand. The
solid state and solution structures of Cp3Tc and Cp3Re also show that two rings are 1
and one is 1. 41-43 Curiously, the two 1>-rings are not rotating on the NMR time scale
since all 5 protons are inequivalent. The ml-ring is not ﬂuxionél since it has 3
inequivalent protons which are distinct at all temperatures studied.

In contrast to the d-metal complexes, the tris-cyclopentadienyl compounds of the
f-metals (except for lutetium) all have 3 1°-Cp ligands,44 and unlike transition metal

4 As noted by Bursten, two

complexes, the f-metal complexes form base adducts.
factors are responsible for the difference in reactivity between the f and d-metal
comple:xes.7’8 First, the f-metals have large radii which reduces steric congestion
enough to allow all three Cp ligands to coordinate in an m°-manner. Second, the
presence of the low lying f-orbitals preveﬁts ‘these complexes from becoming
electronically saturated.

The MO description of tris-n5—cyclopentadienyl compounds has been described

by Bursten and prei/iously by Lauher and Hoffmann.®*#¢ For d-transition metals, the

three ligands contribute 13 electrons since one ligand-based orbital of a’ symmetry (in the
point group C3y,, Figure 2b.1) has little or no overlap with s, p, or d orbitals. This
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orbital is entirely ligand based and therefore relatively high in energy. Only one non-

bonding metal based orbital is available, and it is largely d;2. Any d-metal complex with

more than two electrons must place electrons in M-Cp antibonding orbitals which will

force the third cyclopentadienyl ligand to be something other than 1°. As previously

noted, in the f-block metallocenes, electrons fill the f orbitals rather than the d orbitals.

This leaves the d,2 orbital empty, preventing electronic saturation, and allowing these

complexes to form base adducts.

Figure 2b.1: The non-bonding a’ (in Cs}, symmetry) Cp based orbital of (15-Cp)sZr.
The different shadings represent different signs of the carbon nt-bonding p-orbitals.

An interesting anomaly among the f-metallocenes is [(Me3Si)2C5H3]3Th.10 This

complex has a 6d! rather than a 5f! electronic ground state and, unlike the other f-block

147 The analogous lanthanide

metallocenes, does not appear to form base adducts.
metallocene, [(Me3Si),CsH3lsCe, has an f! electronic ground state and forms base

1747 We were interested in comparing the reactions of this 6d! actinide

adducts.
metallocene to that of a transition metallocene with a d! electronic ground state to
investigate the influence of the electronic ground state upon the reactivity. In order to do

this, we had to prepare a compound with three 13-Cp ligands. Since zirconium(IV)-
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complexes which have three 115-Cp ligands were known®*4? and since Cp3Ti was also
known,? it seemed likely that (1°-Cp)3Zr could be synthesized.

Cp3Zr was synthesized by reducing CpsZr*® with potassium graphiteSI in
toluene from which it was crystallized as shiny, brown, hexagonal plates. Cp3Zr was
also made by reducing CpsZr with sodium naphthalide in tetrahydrofuran. However,
while it was possible to prepare Cp3Zr pure by the former method, the latter always gave
CpsZr contaminated with 5-10 % CpsZrH.>? In general, it was very difficult to obtain
pure Cp3Zr since even the potassium graphite reduction often gave CpsZr contaminated
with Cp3ZrH. The purity was determined by treating a CgDg solution with CCly and
comparing the integration of the cyclopentadienyl resonance before addition of CCly (due
to Cp3ZrH) to the integration of the cyclopentadienyl resonance after addition (due to
Cp3ZrCl from the reaction of CpsZr and CpzZrH with CCly).  The purity of
paramagnetic Cp3Zr could not be defernﬁned diréctly since we were unable to find its
NMR resonance. Attempts to reduce CpsgZr with r-Buli in a manner similar to the
reduction of Cp3UC112’53'55 or szer256 gave only Cp3ZrH, presumably by [-
 hydride elimination. o

The EPR spectrum of CpsZr at room temperature in 2-methyltetrahydrofuran was
observed with gjso = 1.977 and six satellites having Ajso = 115 MHz (41 Gauss) due to
coupling to 91Zr. As a frozen glass, the spectral parameters are gi=1.999 and
g1=1.970, as shown in Figure 2b.2. These g values are consistent with the MO model.
For an electron in a d;2 orbital, spin-orbit coupling cannot change the value of g) from
that of a free electron, but spin-orbit coupling to the empty dx, and dy, orbitals can
reduce to value of g _];'.57 " The magnetic moment of Cp3Zr was determined by van’abIé

temperature magnetic susceptibility and was found to be 1.64 B. M. from 5t0 300 K.
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Figure 2b.2. EPR spectrum of Cp3Zr in 2-MethylTHF at 70 K

The solid state structure of Cp3Zr is shown in Figure 2b.3. Interesting distances
and angles are given in Table 2b.1. The molecule possesses crystallogréiphic 6 (C3n)
symmetry and is monomeric. The nearest intermolecular Zr-H and Zr-C distances are
4.29 A and 5.00 A, respectively. Surprisingly, the average Zr-C distance is 2.58 A, the
same as the average Zr-C distance for the three 11°-Cp ligands in CpqZr. 8

Table 2b.1: Selected Distances and Angles in Cp3Zr

100

Zr-Cl 2.592(3) A Cl-C2 1.420(5) A
Zr-C2. 2.564(3) A C2-C3 1.395(5) A
© Zr-C3 2.590(4) A Cl-Cl' 1.376(7) A
Cl1-Hl 0.95(4) A C1'-C1-C2 108.4(2)°
C2 - H2 0.97(3) A C1-C2-C3 166.8(3)°
C3 - H3 0.84(5) A C2-C3-C2 109.2(4)°
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Figure 2b.3. An ORTEP drawing of Cp3Zr with 50% thermal ellipsoids

As noted above, the Cp rings of Cp3Zr are postulated to have a high-lying non-

bonding orbital of a' symmetry which is not stabilized by the metal center.” The Cp
rings of Cp3Zr are distorted in a manner consistent with this lack of stabilization. This
orbital (Figure 2b.1) possesses a node between C1 and C2, the presence of which is
reflected in the longer C1-C2 distance of 1.420(5) A relative to the shorter C2-C3 and
C1-Cl' distances of 1.395(5) A and 1.376(7) A, respectively. In the analogous
Cp*—,»Sm58 (Cp* is MesCs) which crystallizes in the same space group also at a site of 6

symmetry, the Cp* ligénds are not distorted in this mahner, coﬁsistent with stabilization
of this orbital by the fy(3x2.y2) orbital as predicted by Bursten and Strittmatter.>® While
other tris-cyclopentadienyl compounds have been characterized by crystallography, these

39 Incomplete substitution of the Cp

compounds do not have pentasubstituted Cp rings.
ring removes the degeneracy in the e, orbital, and distorts the ligand.(’o"sl
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THF, pyridine, or O=P\/§/\

» N. R.
CO, C,H, — N R
ccl
4 » Cp;ZrCl
KCq
Cp4Zr-———>- Cp3Zr =
1 H,0 = [Cp,ZrO];
1/2 Hzo Cp3er
-
[CpyZrO];

Figure 2b.4: Some reactions of Cp3Zr (N. R. stands for no reaction).

Some reactions of CpsZr are shown in Figure 2b.4. We were unable to isolate or
obtain evidence for the existence of base adducts of CpsZr with THF, pyridine, or
OP(OCH>);CEt. In addition, Cp3Zr did not appear to react with carbon monoxide or
ethylene. In all cases, only Cp3Zr was recovered as determined by EPR spectroscopy.
NMR spectroscopy showed no evidence of diamagnetic zirconium species in any of
these reacﬁons. While Cp3Zr did not form base adducts, it did react with CCly and
-BuNC to form the oxidation products Cp3ZrCl and Cp3ZrCN, respectively. When
treated with one equivalent of water in benzene, Cp3Zr gave [Cp22r0]362‘ and CpH.
When treated with half an equivalent of water, Cp3Zr gave a mixture of [szZrO]g62 and
Cp3ZrH52 presumably by the series of steps shown in eq 2b.1. The postulated
formation of [Cp,ZrO], from CpsZrOH is very similar to the observed formation of

[(Me3SiCsHy),UO]; from (Me3SiCsH,);UOH.
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2 Cp3Zr + HyO — Cp3ZrH + {Cp3ZrOH }
(2b.1)

{CpsZrOH} — 1/3 [Cp,ZrOl; + CpH

Steric effects cannot account for the inability of CpsZr to form base adducts since
Z1(IV) compounds which have three 13-Cp ligands plus an additional ligand bondea to
the Zr center are known. In addition, Zr(Ill) should be larger than Zr(IV) for a given
" coordination number. Rather, the lack of reactivity is most likely due to its electronic

structure.

‘When a Lewis base interacts with Cp3sZr, the d;2 orbital is destabilized becoming
the o* orbital - with respect to the incoming ligand. Since the unpaired eiectron must
occdpy this orbital when CpsZr interacts with a Lewis base, th.e‘ interaction with the
incoming ligand becomes much less favorable. However, the unpaired electron does not
prevent single-electron reactions. When the ligand is a one electron donor, as is the case
for H, OH, CN, and ClI, the unpaired electron in the a’ (d,2 parentage) orbital can share
the bonding orbital with the electron from ligand leaving the antibonding orbital
unoccupied. ‘

To help judge whether the reactivity of CpsZr is a result of its electronic
structure, or if similar tris-cyclopentadienyl transition metal complexes reacte
analogously, the behavior of CpsTi was briefly examined. The reactivity of
Cp3Ti,50’64’65 as shown in Figure 2b.5, is quite different from that of Cp3Zr. While
Cp3Zr does not react with CO, Cp3Ti is known to form CpyTi(CO); when treated with
~CO.50 Additionally, although CpsTi reacts with CCly and -BuNC, the products are
CpTiCly and [szTiCN]4,66 respectively. Treatment of CpsTi with one-half of an
equivalent of water produced (Cp2Ti)2(n-O) cleanly.67 The reactivity of Cp3Ti is

consistent with a bent metallocene in which the 112-Cp ligand behaves like a weakly

bound alkyl group.
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P Cp,Ti(CO),
ccl
4 P Cp,TiCl,
Cp;Ti —
EBURC » [Cp,TiCN],
1/2 H,0

—» (Cp,Ti)(1-0)

Figure 2b.5. Some reactions of Cp3Ti

The synthesis, ‘structure, and chemical béhavior of CpaZr have been described.
Its reactivity is controlled by the presence of an electron in the d,2 orbital. Since

[(Me3Si),CsH3]5Th reacts similarly,*” and since its electronic ground state is also d!, it
seems likely that electronic structure controls the reactivity in this case as well. Cp3Ti,

which also has a single d electron but does not have the same molecular structure, reacts

differently. In light of the similarity between Cp3Zr and [(Me3Si),CsH3]3Th, perhaps,

in this case, it is useful to think of zirconium as "a little thorium".

104



2¢:  Exchange Coupling in (Cp,Ti),(1-0)

Wieghardt has recently published a paper on dititanium(III)-p-oxo compounds
with nearly linear oxo bridges, (Mestacn)> Tip(X)4(-O) where X is Cl, NCS, or NCO,
and Mestacn is N,N,N-trimethyl-1,4,7-triazacyclononane.68‘69 These di-d! dinuclear
complexes are weakly antiferromagnetically coupled with a coupling constant of ca. -
7 cml. A model has been advanced to explain the small coupling in these compounds.
The single d-electron on each octahedral titanium(IIl) center occupies a dyxy orbital (taking
the Ti - Ti direction as z). These orbitals are orthogonal to the 2p orbitals of the bridging
oXygen atom so no antiferromagnetic coupling can occur by superexchange through the
oxygen orbitals. In order to account for the observed magnetic behavior, they postulate
‘ thatb the weak antiferromagnetic coupling results from overlap of the two dyy orbital
through -space, and that this interaction is greater than the ferromagnetic potential
exchange between the electrons. vWieghardt notes that (CpaTi)(u-O) also contains two
dl-metal centers connected by a nearly linear oxo bridge, but.that no magnetic studies

have been described.

While examining the chemistry of Cp;Ti (previous section), it was discovered
that (Cp,Ti),(1-O) can be easily made from water and Cp;Ti. The new synthesis gives
(Cp2T1)20 in high purity which is an essential prerequisite for examining magnetic
behavior. The original synthesis of (CpyTi)20O was the reaction between titanocene and
nitrous oxide.”®’! The khaki-green material was said to be explosively pyrophoric.
The 1dentity of the compound was inferred by the molecular ion in the mass spectrum
and a g-value of 1.975 in the EPR spectrum of a toluene solution at room temperature.
The crystal structure"of (Cp2Ti)20 was recently determined.”? The crystal structure
shows that the two metallocene units are perpendicular to each other giving the molecule
idealized Dyq symmetry. The Ti-O distance is 1.838(1) A and the :I"i-O-Ti angle is

170.9(4) °, values similar to those in' Wieghardt's compounds.
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(Cp2Ti)20 was prepared by the reaction of Cp3Ti with one-half of an equivalent
of water in tetrahydrofuran at -78 °C. Crystallization from toluene gives green plates
which are brown when powdered. The powdered compound is very air sensitive, but
not pyrophoric. To show that the bridging oxygen came from the added water, the 180 |
labeled compound was prepared using 180 enriched water. Mass spectroscopy confirms
the incorporation of the labeled oxygen. The isotopically labeled compound has a new
absorption in the infrared spectrum at 725 cm! assignable to the Ti-180-Ti asymmetric
stretch. In the unlabelled compound, the Ti-O absorption is found at 780 cm!, but it is
partially obscured by the C-H out of plane wagging absorptions of the CsHs ligands.73
In order to verify that this compound was the same as that which was characterized by
crystallography, the umit cell of a single crystal was determined and found to be identical

to the published unit cell.”?
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- - - — Simulated
‘ ] i 1 ' 1 1 L l 1 1 1 L 1
3000 3200 3400 3600
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Figure 2c.1: EPR spectrum of (Cp,Ti)(t-O) in toluene at 2 K.

106



EPR spectroscopy shows that (CppTi)20 has a triplet ground state. As a
powder, the room temperature EPR spectrum of (CpyTi);0 is extremely broad and
isotropic with a g value of 1.977. At 2 K, the spectrum is still isotropic with a g value of
1.979, and a half-field signal is observed at g = 3.974. As a toluene glass at 2 K,
(CpyTi)20 gives the triplet spectrum shown in Figure 3c.1 which corresponds to the
values gy = 1.979, g; = 1.981 and IDI = 0.0249 cm-!. The additional signal seen at g
= 1.975 in Figure 3c.1 is thought to be due to oxidized or hydrolyzed (Cp;Ti)2(u-O)
(due to filtering the EPR sample through a Kimwipe in the glove box) since this signal’s

intensity varies between EPR samples prepared from the same batch of (Cp2Ti)20.
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Figure 2c.2: Variable temperature susceptibility of (Cp,Ti)(u-O)

The variable temperature magnetic susceptibility was measured from 5 to 300 K
at 0.5 and 4 T and is.'shown in Figure 2c.2. Belovs} 20 K, the susceptibility is field
dependent. We believed that the field dependence arose from saturation magnetization
due to intermolecular ferromagnetic coupling, so we examined the magnetization at 5,

10, and 20 K as a function of applied field as shown in Figure 2c.3. At 20 K, the
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magnetization increases almost linearly with applied field as expected for a paramagnetic
system in which intermolecular interactions are weak. However, at lower temperatures,
the magnetization no longer increases linearly with applied field indicating that

intermolecular ferromagnetic interactions are lowering the internal field of the sample and

therefore, the observed magnetization.74
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Figure 2c¢.3: Magnetization of (Cp,Ti)(u-O) at different fields (1 Tesla = 10* Gauss)

_ 2.2
y = 2Ng W +Not (2¢.1)
kT(3+ exp(—2J/kT))

Above 20 K, the susceptibility is independent of the applied field, and a least
squares fit of the data using the Curie-Weiss equation gives Hegr = 2.47, and 6 = 8.3 K
per dinuclear molecule; the positive sign of 0 is consistent with an intermolecular

ferromagnetic interaction.’*”> Because of the field dependence of the susceptibility,.
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only the 0.5 T data from 10 to 300 K was used for fitting. The Bleaney-Bowers
equation (eq 2c.1), where 7 is per dinuclear molecule,’* gives only a mediocre least
squares fit (%2(of fit)=6.6 x 109) with g = 1.979 (fixed, from the EPR spectrum),

J =22 cm-!, Noo = 357 x 10% cm3/mol, and the other symbols have their usual

meaning.MJ6

X ‘
X = (2¢.2)
1-(220/Ngudyy’

The intermolecular ferromagnetic interaction was treated using the Weiss

7377 \where z is number of neighbors, J' is the

Molecular Field approximation (eq 2¢.2)
intermolecular coupling constant between the z nearest neighbors, and ¥’ is the Bleaney-
Bowers equation. A much better fit is obtained (xz(of fi) = 1.3 x 104) with the
parameters g = 1.979(fixed, from the EPR spectrum), J = 11 eml, z’=32 cm-1, and
No =-28 x 106 cm3/mol.”® From the value of 6, the Weiss constant, can be
calculated to be 6 K from eq 2¢.3 where S = 1 for each dinuclear molecule. This value
agrees well with the 6 = 8.3 K determined by fitting 1/y with the Curie-Weiss equation.
Since the Weiss Molecular Field approximation is only valid above this temperature, we
did not try to fit the data below 10 K to this model. The variable temperature .

susceptibility and the least squares fits are shown in Figure 2c.4, and peff and the least

squares fits versus temperature are shown in Figure 2c¢.5.

_ 2728(S+1)
3k

0 (2¢.3)

109



400

300

200X

100

I TS W S AU T OO T S A N O ST I B R |

o

Kelvin

Figure 2c.4: Modeling the magnetic susceptibility of (Cp,Ti)(u-O). Dotted line:
Bleaney-Bowes equation. Solid line: Bleaney-Bowers equation with Weiss Molecular
Field approximation.
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Figure 2c.5: Modeling the magnetic moment of (Cp,Ti)(1-O). Dotted line: Bleaney-
Bowers equation. Solid line: Bleaney-Bowers equation with Weiss Molecular Field
approximation. ;

110



Figure 2¢.6: Qualitative MO diagram for (Cp,Ti)(1-O)

As far as we know, this is the only bimetallic titanocene compound in which the
titanium centers are coupled ferromagnetically. Stucky has studied a large number of
titanocene dimers and has found antiferromagnetic coupling in all cases which they
explain mainly by superexchange involving the bridging ligand"/g'84 In the case of
(CpaT1)20, as in Wieghardt's oxo bridged dimer, no superexchange pathway exists. As
shown in Figure 2c.6, the 2py and 2py orbitals on the oxo bridge are orthogonal to the
la; orbitals of each titanocene fragment. Since 1aj has little or no electron density along
46,85

the z axis™ 7, it cannot interact effectively with either the 2s or 2p, orbitals of the oxo

111



bridge. Additionally, the two 1la; orbitals cannot interact through space. In (Cp2T1)20
the laj orbitals are rotated by 90° relative to each other and should have little overlap.

Since no mechanism exists for coupling the electrons of the titanium centers in

86-88

(CpaT1)20, the coupling is ferromagnetic due to potential exchange. In

Wieghardt's bridging oxo dimer, the lack of a superexchange pathway did not result in
antiferromagnetic coupling presumably due to overlap of the two dyy orbitals through
space; nonetheless, the magnitude of the coupling was smal] 586

In summary, the variable temperature magnetism and low temperature EPR of
(Cp,Ti)(n-O) were examined. The titanium centers are found to be ferromagnetically
coupled with J = 11 cml. This observation is in contrast to the anti-ferromagnetic
coupling in all of the other titanocene dimers. The difference in coupling is due to the
fact that no ligand mediated superexchange pathway exists between the titanium centers

of (Cp,Ti)(1-0).
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Chapter Three: Decamethyltitanocene Chemistry

Unlike some of the chemistry in the preceding sections, the chemistry of

titanocenes and pentamethyltitanocenes is well known and well developed. The first

titanocene, Cp,TiCl,, was, of course, first made by Wilkinson.! The development of

the pentamethylcyclopentadienyl chemistry of titanium is largely due to Brintzinger
and Bercaw.?* The titanium(III) chemistry studied in this chapter was largely

developed by Teuben and co-workers.* They found that the Cp* ligand allows the
preparation of monomeric titanium(III) complexes. These complexes were of interest
to us because their electronic spectra could possibly provide useful information about

the T-bonding in these complexes. >

3a: A n-Bonding Spectrochemical Series in Cp*,TiX

Cp*,TiX complexes (X is a monodentate, one-electron ligand such as a halide,
amide, alkoxide, or alkyl group) appear to be ideal for the study of ligand m-bonding.

They are monomeric, unlike Cp,TiX. They have a single electron in the a; orbital
" making electronic spectroscopy simple, unlike CppVX in which both the aj and by
orbitals are singly occupied. 78 They have an empty by orbital available for n-bonding,
unlike CppMXj5. Finally, the bonding in bent metallocenes is well ﬁnderstood.

The best known bonding médel, the Lauher-Hoffmann model, is shown in

_ Figure 3a.1 using an alternative coordinate system. 10-15 The coordinate system used
here (due to Petersen and Dahl), varies from the usual coordinate system as shown in

Figure 3a.2. Choosing this alternative coordinate system minimizes the mixing of d,2
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and dy2_,2 orbitals. This metallocene bonding model is supported by two papers by

Petersen and Dahl in which single crystal EPR spectroscopy showed that the unpaired
electron in (3-MeCsHy), VCl, and Cp,VSs occupies an orbital that is perpendicular to
the plane formed by the metal and the two Cp centroids and is largely of d,2 parentage
(in this coordinate system).g’16 In Cp*;,TiX, the unpaired electron resides in the low-

lying aj orbital which is largely d;2. The empty by orbital can interact with the p,

orbital of the X ligand to form a nt-bond.

Dahl-Petersen
Coordinate System

XZ L auher-Hoffmann
Coordinate System

Figure 3a.1: Qualitative MO drawing for Cp,TiX (after Lauher and Hoffmann)9
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Figure 3a.2: Walsh diagram for metallocenes (after Lauher and Hoffmann)

The syntheses of the titanium complexes were straightforward. Teuben showed

that Cp*,;TiCl is a useful synthon for the preparation of Cp*,>TiX complexes by
chloride metathesis.*!” This synthetic route was used to prepare additional examples
-of Cp*,TiX (X = F, N(Et)Ph, N(Me)H, OMe, or OPh) in which X is a potential nt-

‘donor ligand. The brown-purple methoxide and phenoxide and the lilac colored
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methylamide are soluble in hexane from which they were crystallized. The N-H
stretching frequency of the methylamide is a sharp, low intensity feature found at
3370 cm-! in the solid state. ’

The fluoride Cp*;TiF was prepared in two steps. First, the difluoride

Cp*,TiF, was prepared using the method used by Lappert to make CpyTiFy: the

reaction of Cp*;TiMe; with BF3°OEt3 in diethyl ether. 18 Curiously, the difluoride is
almost identical in color and solubility to Cp*,TiMe,; consequently, the reaction

proceedes with little color change. Reduction of the difluoride with potassium-

graphite19 gave Cp*oTiF as green crystals from hexane. Recently, Cp*,TiF has also

been prepared by the reaction of Cp*;TiCl with Me3SnF.20

The solid state structure of Cp*;TiN(Me)H is shown in Figure 3a.3, and is

almost identical to that of the amide Cp*zTiNHz.21 Useful bonding parameters are
listed in Table 3a.1. The most interesting aspect of the crystal structure is the
orientation of the methylamide ligand which adopts the least stefically favorable
conformation. In Cp*;TiNHj, the amide group adopts a similar conformation. The
methylamide group lies just slightly out of the plane formed by the titanium atoin and
the two ligand centroids with a Cp1-Ti-N-C21 torsion angle of 13.5°. The interaction
of the amide methyl group with the Cp* ligand bends the amide group "down" opening
the Ti-N-Me angle to 145° rather than the 120° expected for an sp2 hybridized nitrogen
atom. In Cp*;TiNHj, the Ti-N-H angle is only 126°. | Stabilization of the nitrogen lone
pair by interaction with the empty b, orbital is presumably the reason that the
methylamide ligand adopts tﬁis conformation. A similar explanation was given for the

orientation of the methylamide ligand in the solid state structure of

Cp*,Hf(H)N(Me)H.??
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Figure 3a.3: An ORTEP drawing of Cp*,TiN(Me)H with 50% thermal ellipsoids -

Table 3a.1 Distances and angles in Cp*;TiN(Me)H

Distances 4 Angles
Ti-N 1.955(5) A Cp1-Ti-Cp2 141.7°
Ti-Cpl 2.084 A Cpl-Ti-N-C21  13.5°
Ti-Cp2 2.094 A N-Ti-Cpl 110.4°
Ti~(Cring) 2.41(2),& : N-Ti-Cp2 107.9°
N-H1 - 0.77(7) A C21-N-H1 105(5)°
N-C21 1.446(8) A Ti-N-H1 110(5)°

Ti-N-C21 144.9(5)°
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In contrast to the orientation of the amide group in Cp*2TiN(Me)H, the crystal

structure of Cp*,TiN (Me)Ph?® shows that the N-methylanilide ligand is perpendicular

to the Cp*;Ti fragment with a Cp(centroid)-Ti-N-Me torsion angle of ca. 90°
preventing the nitrogen lone pair from acting as a mw-donor to the empty by orbital. In
Cp*2TiNH; and Cp*,TiN(Me)H, the conformation of the amide group relative to

Cp*,Ti implies maximum Ti-N w-bonding while in Cp*;TiNMePh, the conformation

of the amide group implies minimal w-bonding. The Ti-N bond distances are

consistent with this hypothesis. In Cp*;TiNH; and Cp*>TiN(Me)H, the Ti-N bond
distances are 1.944(2) A and 1.955(2) A, respectively, while the Ti-N bond distance of
Cp*2TiN(Me)Ph is 2.654(2) A. Other than the orientation of the amide ligand and the
short Ti-N bond length, the crystal structure is unremarkable. The other structural
features are similar to related crystallographically charécterized Cp*,TiX

cornpounds.‘4’17’21'23

The crystal structure analysis of Cp*;TiF revealed two crystallographically
independent but virtually identical molecules in the asymmetric unit, one of which is
shown in Figure 3a.4. The important bond parameters for both independent molecules
are listed in Table 3a.2. The Ti-F bond lengths are short at 1.845(4) A and 1.838(4) A.
However, as seen in Figure‘ 3a.4, the fluorine atoms have large thermal parameters

making the bond lengths seem shorter. The bbnds lengths corrected for the thermal

motion using the RMS displacements are 1.860 A and 1.855 A, respec:tively.24 The

corrected bond distances are 0.5 A shorter than the Ti-Cl distance of 2.363(1) A in

Cp*,TiCl* in agreement with difference in the size of chloride and fluoride.?> Like
Cp*,TiN(Me)H, the rest of the structure of Cp*,TiF is similar to the other known

Cp*;TiX structures.®1721:23
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C213 _
Figure 3a.4: An ORTEP drawing of Cp*,TIF with 50% thermal ellipsiods

" Table 3a.2: Selected Distances and Angles in Cp*,TiF

Molecule 1 Molecule 2

Til-F1 1.845(4) A Ti2-F2 1.838(4) A
Ti1<(Cring) 2.38(2) A Ti2-(Cring) 2.38(2) A
Til-Cpl 2.06 A S Ti2-Cp3 2.05 A
Til-Cp2 2.06 A Ti2-Cp4 2.05A
Cpl1-Til-Cp2 144.1° . Cp3-Ti2-Cp4  145.6°
Cp1-Til-F1 1107.3° | Cp3-Ti2-F2 106.3°
Cp2-Til-F1 108.5° Cp4-Ti2-F2  108.0°
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The EPR spectra of the new compounds and several known Cp*;TiX
compounds 4317 were measured as methylcyclohexane solutions at room temperature
and as frozen glasses. The EPR results are listed in Table 3a.3. For Cp*,TiBr and

| Cp*,Til, the the EPR parameters were obtained from the simulated spectra. The EPR

spectra and simulations for some complexes are shown in Figures 3a.5 - 3a.8. A

typical spectrum, that of Cp*,TiN(Me)H is shown in Figure 3a.9.

Table 3a.3: EPR data for Cp*;TiX compounds. Where present, the ligand hyperfine
coupling constant 1s given in MHz in parentheses.

“Compound | ewve@® g, () 2x (0) gy (©)
Cp*,TiH © 1.997(39)  1.981 1780
Cp*yTil 11939 1.997 1.973(36)  1.852
Cp*,TiCH,Ph 1.948  1.996 1.870 1978
Cp*Ti(nS-H,CCsMey) | 1:950 1,997 1.985 1.880
Cp*,TiCH,CMes 1951  1.998 1.984 1.881
Cp*,TiBr 1953  1.996(12) 1.980(21) 1.883
Cp*,Ti(n-Pr) 11.953 1.998 1.984 1.884
Cp*,TiCl 1956  1.999 1.984 1.889
Cp*2TiN(Me)Ph . 1958  1.999 1.981 1.937
Cp*, TiN(Et)Ph 1955  1.998 1.980 1.895
Cp*,TiMe 1958  1.998 1.981 1.898
Cp*TiNMe; 1962 1998 ~ 1979 1.924
Cp*,TiF 1972 1.998(37) 1982 1.938
Cp*,TiEt ©]1972 2,000 1.982 1.974
Cp*,TiOPh 1974 1999 1983 1945
Cp*TiOMe 1977  1.999 1.981 1.956
Cp*;TiNH, 1979  1.998 1.981 1.962
Cp*TiN(H)Me 1980  1.998 1.980 1.965

a) The averaged g-values in solution at room temperature
b) The anisotropic g-values from frozen solutions (ca. 80 K)
¢) Unobserved
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Figure 3a.5: EPR spectrum of Cp*,TiH in methylcyclohexane at 80 K (Note that the
EPR simulation does not allow the peak width to vary between peaks)
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Figure 3a.6: EPR spectrum of Cp*,TiF in methylcyclohexane at 80 K
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Figure 3a.7: EPR spectrum of Cp*,TiBr in methylcyclohexane at 80 K
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Figure 3a.8: EPR spectrum of Cp*,Til in methycyclohexane at 80 K
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3300 - 3350 3400

Figure 3a.8: EPR spectrum of Cp*,TiN(Me)H in methylcyclohexane at 80 K

At room temperature, complexes with ligands usually thought of as good m-
donors (OR, NRj) have g,y values greater than those of complexes whose ligands are
thought to be poor n-donors. We were unable to observe either titanium or ligand

hyperﬁne coupling at room temperature in any of these complexes, in agreement with
earlier studies.

The EPR spectra of these compounds as frozen glasses are more informative
than the room temperature spectra. The most striking aspect of these spectra is their
similarity. All of the compouﬁds show two peaks at lower fields with g values of about

1.999 and 1.981. The g value of the other peak varies widely following the trend seen

in gave. Finally, like the spectra of Cp*zTiBr and Cp*zTiI,5 the spectra of Cp*,TiH

and Cp*,TiF display ligand hyperfine coupling at low temperature.
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Figure 3a.10: Electronic spectra of Cp*,TiX molecules (X is given near the spectrum)
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Table 3a.4: Electronic transitions of Cp*,TiX complexes in cm-!. The molar

extinction coefficients are given in L cm! mol-! in parentheses.

Compound lay —»2a;  laj > by (AE,,) laj > bj (AE,)
Cp*,TiH 20976 (131) 18272 (69)

© Cp*,Til 16065 (135) 14610 (51)
Cp*,TiCH,Ph 20203 (173) 16017 (42)
Cp*Ti(h6-Me,CsCH,) 23030 (180) 17816 (180)
Cp*,TiCH,CMe; 20340 (182) 15190 (29)
Cp*,Tin-Pr 21702 (189) 17342 (63)
Cp*,TiBr 17260 (131) 15023 (40)
Cp*,TiCl 18118 (110) 15426 (59)
Cp*,TiN(Me)Ph | 19465 (247) 15893 (121)
Cp*,TiMe 21781 (170) 16665 (50)
Cp*,TiEt 20826 (122) 15895 (21)
Cp*,TiF 23231 (167) 5738 (23) 17124 (29)
Cp*,TiOPh 19596 (134) 6464 (29) 15980 (51)
Cp*,TiOMe 19607 (128) 7700 (21) 16155 (47)
Cp*,TiNH, 20369 (90) 7633 (6) 15422 (34)
Cp*,TiN(Me)H 19593 (114) 8180 (8) 15159 (40)

The electronic spectra of severai Cp*2TiX were measured at room temperature
as 10-3 to 10-2 M solutions in methylcyclohexane. Some spectra are shown in Figure
3a.10. The spectra were fit sums sums of Gaussian curves, and the energies of the
peaks determined in this way are listed in Table 3a.4. In the visible region, two peaks
are present for all,.complexes: a more intense peak at higher energy and a less intense
peak at lower energy. In the near infrared, weak transitions were observed for a few of

the compdunds. The near IR peak varies in energy from 5630 cm-! for Cp*;TiF to

8220 cm-! for Cp*)N(Me)H. At 77 K, Cp*,TiEt has an absorption at 8460 cm-!. No
2 p

near infrared absorption was observed for many of the compounds.
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As noted previously, the unpaired electron occupies the la; orbital which is

largely d,2 with a small amount d,2_,2 character. This orbital is non-bonding and

-y

interacts only weakly with the X ligand in Cp"‘zTiX.10 The LUMO, by, is mainly d,,

character, and, in the absence of m-effects, is close to 1a; in energy. When X is a -
donor, b, is the m-accepting orbital and is destabilized as the ligand nt-donating orbital
is stabilized. By comparing the energy of the la;—b, transition for a series of
complexes to the energy of this transition in a complex with a c-only ligand, Cp*TiH,
the relative strength of the m-interaction in these complexes can be determined. Since

b, is m-antibonding, the actual strength of the m-interactions will be somewhat less than
the energy determined in this way.
For a Cp*,TiX complex, three d-d absorptions are expected: 1a;—b,, 1a;—b;,

and la;—2a; in order of increasing energy (see Figure 3a.1). The la;—aj; transition

should be similar in energy to the la;—b; and la;—2a, transitions but is electric

dipole forbidden and not observed. The absorptions observed in the optical spectra can

be assigned in a straightforward manner. First, the lowest energy absorption, which is

only observed when X is a strong nt-donor, is assigned to the 1a;—b, transition. When

X 1s not a good n-donor, the 1a;—>by absorption is too low in energy for us to observe

directly. The absorptions observed in the visible region of the spectrum are the

la;—b; and la;—2a; transitions. The more intense, higher energy peak is assigned to

the la;—2a; transition. Its greater intensity is due to the fact that the 2a; orbital is
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c-antibonding towards the X ligand of Cp*yTiX. The ligand character in this orbital

gives this transition some charge transfer character. 26 The weaker visible absorption is

the la;—b; transition. The by orbital is somewhat Ti-Cp* antibonding and also can

act as a m-acceptor if the X ligand of Cp*,TiX has a py orbital capable of acting as a 7-
donor (e.g. Cp*,TiN(Me)Ph).
While the energy 1a;—b, transition could not be measured directly in all cases,

its energy can be determined by a combination of EPR and visible spectroscopy. As

shown by McGarvey, the deviation the g; values from g is due to coupling of excited

states into the ground state is shown in eq 3a.1 where i is x, y or z; A is the spin-orbit

o~y (LI <0lLE ln)(r;!l; 10) | Ga)

coupling constant, E, -Ej, is the difference in energy of the orbitals, and the sum is over

6

all orbitals containing d-character.” For bent metallocenes, Petersen and Dahl have

shown that the relationship of the g values to the energies of the excited states is as

shown in eq 3a.2 where A is the observed spin-orbit coupling constant,

or=g 2A(a\3 + b)2 gv=g 2A(a\3 - b)2 - 8Ab2 (32.2)
x=g0 - — =go-————— 2=80 - .
. AEyz ’ AExz AExy

go is 2.002 (the value of g for a free electron), AEy,, AExy and AEy; are the energies of

the excited states of d,,, d,,, and d,, character, that is, the a,, by, and b; orbitals,

yz> Yxy>
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respectively, and a and b are the coefficients of d;2 and dx2.y2in the ground state, ¥ =
ald;2) + bldx2_y2). %16 Since we did not measure AEyz, only the last two relationships

are used. Note that in eq 3a.2, while no orbital reduction factor is used, the value of A

is allowed to vary to account for covalency.

Using eq 3a.2 rather that eq 3a.l involves two main assumptions. First, only
the unoccupied d orbitals contribute to the change in g. Since the d orbitals are
involved in bonding, some low lying orbitals will also have d character and could
potentially change the value of g. However, these orbitals are much further in energy

from la; and contain little d-orbital character, and so, are not expected to change g to

any great extent.

The other assumption is that the by and b, orbitals have the same amount of d

character. Since these orbitals are involved in bonding to the Cp* versus the X ligands,

d.27

this assumption could possibly be ba Using eq 3a.3, where the k2 terms are

223 -b)? , 8Ab% 5
o = - =T x = - K 3a.3
By 0 AE,, y 8z =80 AExy z ( )

the .orbital reduction factiors, can accounted for the different amount of d-character in

the by and b, orbitals. Unfortunately, the presence of the k2 terms introduces too many

variables to determine using only the two equations of 3a.2. By choosing a new set of

parameters, a’, b’, and A’ as shown in eq 3a.4, a relationship similar to eq 3a.2 can be
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, 2 , 2,2
a 1 K Iy Ab“x 2 .2 ‘
=1+ /._y(a 3 _1) A= 2 a“+b =1 3a4

2K @A3-b) __ 8\b?
gy = 80 AE,, gz=80 AExy

(3a.5)

used, eq 3a.5. It must be noted that a’, b’, and A’ have no real physical meaning, but

are closely related to a, b, and A. When K2 is equal to K,2, 2’ and b’ become a and b,
respectively. PES studies on the similar Cp, VX (X=halide, alkyl) have shown that the
amount of ligand character in the b, orbital is very small.?® The consequence of this

observation is that the second assumption is probably not too bad, so a’, b’, and A’ are

interchangable with a, b, and A. If gy AE,,, g,, andA’ are known, eq 3a.5 can be used

to obtain the energy of the b, orbital relative to 1a;.

To use eq 3a.5 to obtain the energy of the b, orbital, the EPR spectra, as well as
the electronic spectra must be assigned. The high field g component of the EPR
spectra, g3, has already been assigned to g, by Mach and Raynor.5 Since b’ is
expected to be quite small, g, is the low field component, closest to gg. The remaining,

middle component is g,.

In the compounds for which gy, g,, AE,, , and AE,, are observed, the values of

a’, b’, and A’ can be determined directly. The results are shown in Table 3a.5. The

‘values of a’ and b’ vary only slightly among these complexes, and the value of a’2/b’2

is similar to that seen by Petersen and Dahl for Cp,VX, complexes.”'® The fact that a’
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and b’ have the same sign shows that laj resides mainly in the yz plane (the d,2 orbital
is compressed along the x axis, see the lay, d,2 orbital in Figure 3a.2). In contrast,

Petersen and Dahl found that in the Cp; VX, complexes, a and b have opposite signs,
so that laj is mainly in the xz plane.®!®  However, for Cp,VCO, the ratio a2/b2 was

about the same as this ratio in Cp2VX», but the signs of a and b were the same.?’ This
contradiction was explained by noting that in CppVCO, as in the trivalent

decamethyltitanocenes, the change in sign of b reflects a decrease in electron density

along the x-axis minimizing a destabilizing interaction with the c-orbital of the ligand.

Table 3a.5: Values of a’, b’, and A’ determined from the electronic and EPR spectra

&b (em D
Cp*,TiF 096 029 99
Cp*,TiOPh | 097 026 92
Cp*,TiOMe 097 026 89
Cp*,TiNH, 095 030 84
Cp*,TiNMe)H | 095  0.30 83

Unlike the values of a’ and b’, the value of A’ changes with the ligand. The

greater the ligand electronégativity,m the higher the value of _7»’. As seen in Figure

3a.11, this relationship is roughly linear. The less electronegative ligands have a more

covalent interaction with the titanium center, decreasing A’ for the unpaired electron.
The highest calculated value of A’ is 98 cm-!s for Cp*,TiF, considerably reduced from

the free-ion value of 154 cm-! for Ti(IIl) in the gas phase.31
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Figure 3a.11: Observed spin-orbit coupling constant for Cp*2TiX complexes

The transition energy AEy, was calculated using the g values from the EPR

spectra, the value of AE,,, and the A’ values obtained from fitting the linear

Xy»
relationship shown in Figure 3a.11. The results, along with the calculated values of a’
and b’ are listed in Table 3a.6. The values of AEy;, calculated from the EPR spectra

agree with those obtained from the near infrared spectra.
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Table 3a.6: Calculated values for Cp*,TiX complexes. The energies are in cm1.

v & AE, (calc) AE,,(obs) AE,, relative
to Cp*,TiH
Cp*,TiH 057 082 447 0
Cp*,Til 036 093 1537 1090
Cp*,TiCH,Ph 040  0.92 1601 1154
Cp*Ti(n6-Me,CsCH,) | 0-39 092 1794 1348
Cp*,TiCH,CMej 0.32 2157 1710
Cp*,Tin-Pr 034 094 2096 1649
Cp*,TiBr ] 038 092 1923 1476
Cp*,TiCl 027  0.96 2852 ’ 2405
Cp*,TiN(Me)Ph 028  0.96 4870 4423
Cp*,TiMe | 033 094 2410 1963
Cp*,TiF 030 096 5622 5738 5175
Cp*,TiOPh 026 097 6445 6463 . 5998
Cp*,TiOMe 026  0.97 7995 7700 7549
Cp*,TiNH- 031 095 7479 7633 7032
Cp*,TiN(Me)H 030  0.95 8217 8180 7770
Cp*,TiEt 033  0.94 8695 8460(a) 8248

a) Not used in determining the k2 relationship.

The amount of destabilization of by caused by the m-donor ligand was

calculated by comparing AEy, to the value of AEy, in a compound which possess a
o-only ligand: Cp*TiH. A potential problem exists, however, in that Lauher ahd
Hoffmann have predicted that the hydride ligand will not lie on the x axis.'® This
distortion would increase the value of AEy, for Cp*TiH f;om a true G-only value.
However, more recent calculations have suggested-that the hydride ligand does lie

along the x axis.>? The relatively high value of b’ for this complex was disturbing
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since this observation implies that the bonding in Cp*TiH is somewhat different from
the other metallocenes.

Since we thought that a geometric distortion (bending of the hydride ligand)
was responsible for the difference in bonding suggested by the high value of b’ in
Cp*,TiH, we determined its crystal structure. An ORTEP drawing of Cp*,TiH is
given 1n Figure 3a.12, and bond distances and angles are given in Table 3a.7. Like
Cp*,TiF, two crystallographically independent, but virtually identical, moleculeé exist
in the asymmetric unit. The hydride hydrogen atoms in both molecules were located
and refined isotropically, all of the other hydrogen atoms were located and refined
positionally with a global thermal parameter. The hydride ligand does indeed lie on the
psuedo 2-fold axis of the molecule, but the Cp*-Ti-Cp* angle is much greater than that
of other decamethyltitanocenes. The smaller steric demand of the hydride ligand
allows the metallocene angle to increase relative to other Cp*,TiX complexes.

The large value of the Cp*-Ti-Cp* angle is somewhat surprising in light of the

metallocene angle in other hydride complexes. The metallocene angles in the d0

metallocenes Cp,TaH3 and CppyNbH3 are 139.9° and 141.6°, respectively.>®> The
metallocene angle in d2 Cp,MoH, is larger at 145 8034 Finally, the metallocene angle

in d* (EtMe4Cs)(CsHs)ReH is largest at 161..6°.35 The trend in bending angles can be
explained by referring to Figure 3a.2. Since both the 1a; and b; orbitals fall in energy
when the rrietallocene angle increases, when these orbitals are occupied, as in
Cp,MoH, and in (EtMe4C5)CpReH, the metallocene angle should increase. Since the
la; and b, are unocéupied in Cp*,TiH, the large metallocene angle must be due to

steric repulsions between methyl groups of the Cp* ligands at the back of the
metallocene wedge. It is still surprising that this angle is so much larger than in other

decamethylititanocene complexes.
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Figure 3a.12: An ORTEP drawing of Cp*,TiH with 50% thermal ellipsoids

Table 3a.7: Selected distances and angles in Cp*,TiH

Molecule 1 Molecule 2

Til-Hla 1.69(5) A Ti2-H2a 1.84(4) A
Ti1<(Cring) 2.36(1) A Ti2~(Cying) 2.36(1) A
Til-Cpl 203 A Ti2-Cp3 203 A
Til-Cp2 203A. Ti2-Cp4 2.04 A
Cp1-Til-Cp2 152.3° Cp3-Ti2-Cp4 152.0°
Cpl-Til-Hla 103° © Cp3-Ti2-H2a 106°
Cp2-Til-Hla 104° Cp4-Ti2-H2a 101°
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The larger Cp*-Ti-Cp* angle in Cp*,TiH is the geometric distortion
responsible for the higher value of b’ in this complex. As seen in Figure 3a.2, as the

titanocene angle increasgs, the d,2 and d,2_,2 orbitals become closer in energy and will
interact more strongly, giving la; more d,2_,2 character relative to the other
complexes. The greater hybridization of the 1a; orbital will increase b’ and decrease a’
for Cp*,TiH.

The trend in 7-bond strengths of the halides are found to be F > Cl > Br > I.

This trend has been observed previously in other analyses of bonding in bent

metallocenes and has been attributed to strong overlap between the p-orbitals of the

halide and the d orbitals of the bent metallocene fragment.>%*” ‘While this trend

appears to contradict the spectrochemical series, this is actually not the case. It is well

known that the splitting in octahedral metal complexes, 10Dq, is a combination of ¢
and T effects. Specifically, 10Dq = 3e5(L) - 4e,(l) where eg and e, are angular overlap
parameters which reflect the 6 and © donor ability of ligands.26 For © donors, such as

halides, both €4 and e, are positive. Fluoride is both a strong ¢ and a strong 7 donor.
As one descends the periodic table, both eg and e, decrease. In octahedral Cr(III)

complexes, the mt-bonding trend is also F > CI > Br > .26 In Cp*,TiX, fluoride is a

good T-donor, only slightly weaker than phenoxide.

A potential problem exists in the analysis of the halides since the observed spin-

orbit coupling could increase due to ligand character in the metallocene d-orbitals.

This effect would decrease gy by increasing Aff rather than by decreasing i)z making

the heavier halides seem like poorer m-donors than they actually were. For Cp*,Til
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with {j = 5069 cm-! ;%8 this effect would be greatest, but since 3g,y - gy (thatis, g, +gy)

is approximately the same for all of these compounds, Aeff seems not to vary greatly

among these compounds. In addition, based upon the small values observed for the

ligand hyperfine coupling, little ligand character is present in the la; orbital.>® This

observation is in agreement with the previously mentioned PES studies on Cp,VX in

which little ligand orbital character was seen in the b, orbital.?8

In conclusion, the origin of the shifts in the g values of trivalent

decamethyltitanocenes is explained in terms of the model developed by Petersen and

Dahl.”!® The major factor contributing to the change in the g value is spin-orbit

coupling to the low lying b orbital. Since the energy of b is closely related to the

n-donor ability of the X ligand in these Cp*;TiX compounds, a combination of the

electonic spectra and the g values from the EPR spectra allows the ®-bond strengths of

these compounds to be estimated.

142



3b: Agostic Interactions in Cp*,TiX Complexes

Agostic interactions are well known in organometallic chemistry and are

thought to be important in a number of processes including olefin polymerization.

Among Ti(III) complexes, Cp*,TiEt is reported to have a -agostic ethyl group on the

basis of its IR spectrum.'’ Since, as shown in the preceding section, EPR is very

sensitive to the energies of the low lying excited states in Cp*,TiX complexes, this

method seemed to be well suited to studying agostic interactions in these compounds.

As shown in Figure 3b.1, a B-agostic interaction of a ligand with the titanium

center will raise thev energy of the b, orbital. This change in energy is reflected in the
EPR spectrum by a shift of the g, component to Jower-field resulting in a higher g};
value. For example, in Cp*,TiEt, g, is 1.974 while, in Cp*,TiMe, g, is 1.898. Since
the energy of the b, orbital relative to the la; orbital can be calculated from the EPR
and electronic spectra of these complexes, the energy of b, in a- complex with an
agostic ligand can be compared tc; that of a similar complex without an agostic

interaction.

The difference in energy between la; and b, is greater than the actual strength
of the agostic interaction for two reasons. First, b, is the antibonding orbital, and the

stabilization of the bonding orbital will be less than the destabilization of the

antibonding orbital. Second, if the o-bond of the ligand moves off of the C, axis of the
metallocene, by will be destabilized by 6-bonding as well as by the agostic interactién.
Note that for Cp*,TiEt, the 1a1—>24a1’ separation is about 1000 cm-! lower than in

Cp*,TiMe showing that the ethyl group is interacting more weakly with the 2a; orbital
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presumably because is has moved off of the C, axis of the metallocene. In addition,
the destabilization of b, reflects only the electronic contribution to the agostic
2 y =3

interaction. The electronic contribution is greater than the net interaction since it does

not reflect destabilization due to steric crowding or strain caused by bending the ligand.

~—2a;

| YA Vo d \
@ ! \ \‘%';1 \ H
/i‘_--_i\\ 1 _ fﬂ_}@iH

7 \ - -
» 'N- b, B-agostic ethyl

Figure 3b.1: Destabilization of the b, (d,,) orbital by a B-agostic interaction. Note that
the symmetry labels for C,, symmetry have been included for consistency. The actual
symmetry is Cg or C;.
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In the Cp*,TiX system, no other alkyl ligands appear to have agostic
| 2) y g PP

interactions based upon their EPR spectra.17 All of the other alkyl ligands function as

o-donors only. While b, in Cp*TiMe is somewhat destabilized relative to the other

alkyl complexes, no corroborating evidence, such as low frequency C-H absorptions in

the IR, exists to support an (t-agostic interaction in this complex.
Another complex which appears to have a -agostic ligand is Cp*zTiN(Me)Ph.

In the crystal structure of this compound, £Ti-N-Cys. = 110.8(2)° and £LTi-N-Cpy, =

131.6(1)° while in the n-butyl isocyanide adduct of Cp*,;TiN(Me)Ph, £Ti-N-Cjpe
121.2(4)° and £Ti-N-Cpy, = 125.6(4)°.2 In addition, weak absorptions are seen at

2570 cmr! and 2620 cm! in the IR spectrum, typical of agostic C-H bonds.*® In
Cp*,TiN(Me)Ph, the X ligand does appear to lie on the C, axis of the metallocene, so
the destabilization of b, is due entirely to the agostic interaction.

Surprisingly, the g, values for Cp*,TiEt and Cp*,TiN(Me)Ph are not equal to
the averages of the g components at low temperature. This observation implies that
some change in the electronic structure of the complexes occurs between ~100 K and
300 K. Since only these complexes have different gave values at different
temperatures, the change is likely due to the presence (or absence) of the agostic
interaction as argued below. Presumably, molecules having an agostic interaction are

in equilibrium with molecules without one as shown in eq 3b.1.
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Figure 3b.2: Variable temperature EPR behavior of Cp*,TiEt
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Figure 3b.3: Variable temperature EPR behavior of Cp*,TiN(Me)Ph
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Ti H Ti—E H
Q/M E = CH, or NPh Q/ X (3b.1)
H H
agostic anagostic
1
Zobs : ﬁ(gagostic + Kganagostic)
(3b.2)

K = e—(AH-TAS®)/RT

Fitting the g,,. values of these complexes at different temperatures using eq
3b.2 will give the values of the three unknowns: AHO, ASO | and Zanagostic- 1 he value

of Zangostic 1S assumed to be the average of the g components in the frozen glass
spectrum. Plots of g, versus T for Cp*,TiEt and Cp*zN(Me)Ph are shown in Figures

3b.2 and 3b.3, respectively. For Cp*,TiEt, the variable temperature EPR data from -98
oC to 68 °C yield AHO = 1.93(3) kcal/mol, ASO = 6.3(2) e.u. and gapagosiic = 1-9570(7).
For Cp*,TiN(Me)Ph from -58 °C to .l 05 °C, the values are AHO = 1.5(1) kcal/mol, ASO
=7.905) e.u., and ganagostic = 1.9545(3). The data are for three éeparate runs for each
complex and assume an error of 1 X 104in g (c(gave) for spectra acquired at the same

temperature).

The entropy difference between the agostic and anagostic molecules is the same

in both cases. The entropy difference is RIn(c) where ¢ is the product of the symmetry
numbers of the anagostic molecule versus the agostic molecule.*! Assuming that all of
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the ligands are freely rotating, then the anagostic molecule has C,, symmetry (G = 2)

while the agostic molecule has C¢ symmetry (¢ = 1). Additionally, in the agostic

molecule, a 3-fold methyl rotation and a 2-fold Ti-Et rotation are being stopped. The

symmetry difference ¢ is 3 X 2 x 2 and RlnG is 4.9 in rough agreement with the

observed ASO.
The ganagostic values for Cp*,TiEt and Cp*,TiN(Me)Ph are very similar to the

g,y Vvalues of Cp*,TiMe (1.958) and Cp*,TiN(Et)Ph (1.955) as expected. The
Zanagostic vValues can be used to estimate the g, value for the anagostic form of the
molecules by assuming that g, and g, are the same in both conformations. For
Cp*,TiEt and Cp*,TiN(Me)Ph, the g, values for the non-agosic conformation are

1.890 and 1.884, respectively. If the optical spectra are known for the agostic and

anagostic conformers, the change in the la;—b, energy between them can be

estimated. This energy gives the electronic contribution to the agostic interaction.
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Figure 3b.4: Electronic spectrum of Cp*;TiEt in C;Dg at 77 K
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Figure 3b.5 Electronic spectrum of Cp*,TiN(Me)Ph in MCH at 77K

From AHO and ASO, at 20°C the equilibrium constants for Cp*,TiEt and
Cp*,TiN(Me)Ph are 0.87 and 4.1, respectively. The equilibrium constants help to
explain why no la;—b, transition is observed for Cp*,TiEt or Cp*,TIN(Me)Ph at

room temperature. For Cp*,TiN(Me)Ph, most of the molecules have no agostic

interaction and for Cp*,TiEt around 45% have no agostic interaction . By measuring
the. electronic spectrum at lower temperature, we hoped to observe the la;—b,

transition. While the transferability of solution data to a frozen glass is somewhat

questionable, at 77 K, the equilibrium constants for Cp*,TiEt and Cp*,TiN(Me)Ph are
8 x 1073 and 3 x 10-3, respectively. Spéctra acquired at this temperature are expected

to be due only to the agostic species. The spectrum of Cp*,TiEt'in toluene-dg at 77 K
is shown in Figure 3b.4, and that of Cp*,TiN(Me)Ph is shown in Figure 3b.5. The

energies of the electronic transitions for the complexes at 77 K and at room

temperature is given in Table 3b.1. Unfortunately, the la;—b, transition for
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Cp*,TiN(Me)Ph was not observed due to the presence of C-H or C-D stretch overtones

from the solvent. However, this energy can be obtained from the EPR spectrum using

the methodology outlined in the previous section.

Table 3b.1: Transition energies for Cp*,TiEt, Cp*2TiMe, and Cp*,TiN(Me)Ph in cm!

TmK b 2 AE,, AE,, AE,,vsCp%TiH
(obs) (calc) in kcal/mol
Cp*,TiN(Me)Ph 295 0.27 0.96 2765 6.6
Cp*,TiN(Me)Ph 77 0.28 0.96 4870 12.6
Cp*,TiMe 295 0.33 0.94 2410 5.6
Cp*,TiEt 77 0.33 0.94 8460 8695 23.6
Cp*,TiEt 295 0.33 0.95 2291 53

a) For AE,, (calc), the 77 K data uses the g values seen in the frozen glass, and for the
293 K data, la;—b; is calcluated using g, for the anagostic conformation.

Some interesting differences exist between the low temperature and room

temperature spectra. The la;—2a, transition for Cp*,TiEt decreases in energy at low
temperature. This is presumably due to the 6-bond of the ethyl ligand moving off of
the C, axis of the metallocene when the ethyl group form the B-agostic interaction.
The la1—§b1 transition of Cp*,N(Me)Ph increases in energy at low temperature. The

by orbital is the m-acceptor for the nitrogen lone-pair py-orbital. As the N-Me group

forms an agostic bond with the titanium center, the nitrogen is pulled closer to the

titanium atom, forcing by higher in energy. This effect is also seen in the la; — 2a;
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transition because, unlike Cp*,TiEt, the N(Me)Ph ligand remains on, or very close to,

the 2-fold axis of the metallocene. An amusing consequence of the energy shift of the

la;—b; transition, along with the narrowing of the peaks at low temperature is that a

solution of Cp*,TiN(Me)Ph is dark green at room temperature but light pink at 77 K.

As noted earlier, the combined visible and EPR spectra can be used to estimate
the electronic contribution to the agostic bond. Results are given in Table 3b.1. For

Cp*,TiEt, by is destabilized by 18 kcal/mol in the agostic conformation, and in

Cp*zTiN(Me)Ph, b, is destabilized by 6 kcal/mol in the agostic conformation. In both
cases, the enthalpy difference, AHY, is quite a bit smaller than the destabilization of the

b, orbitals for reasons stated earlier.

The net enthalpy, AHO, of the agostic bond is much smaller than in agostic
interactions in other complexes. In (Cy3P)2(CO)3W (Cy = cyclohexyl) one of the

PCy; ligands has a y-agostic interaction with the tungsten center. The strength of the

agostic interaction is estimated to be 16 kcal/mol.*? Additionally, theoretical

calculations on the molecule Ti(Et)Cl5(dmpe) (dmpe = bis-dimethylphosphinoethane)
show that the agostic form is 12.4 kcal/mol lower in energy than the anagostic -
conformation.*> In comparing this energy to that of the Cp*,TiX complexes, it is

important to note that the strength of the agostic interaction in a titanium(III) complex
is expected to be weaker than that for an analogous titanium(IV) complex since
titanium(IV) complex is more electrophilic and is expected to have a stronger agostic

interaction. In addition, the Cp*,Ti environment is more sterically demanding than
either of these two examples (the Cy3P ligand is large, but its bulk is well away from

the tungsten center).
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The fact that the agostic interaction in Cp*,TiEt is so weak explains why no

other alkyl complexes of Cp*,Ti form -agostic interactions. As shown in Figure 3b.4,

the substituent on the f3-carbon atom has an unfavorable steric interaction with the Cp*
ligand. Since the net strength of the agostic bond in Cp*,TiEt is only about 2 kcal/mol,

it seems unlikely that any other alkyl group will have a 3-agostic bond.

Figure 3b.4: Steric Interactions in a B-agostic alkyl complex of Cp*,Ti

In summary, Cp*,TiEt and Cp*,TiN(Me)Ph both possess weak B-agostic

interactions. The electronic contributions to the interaction were estimated using the
method outlined in the preceding section. The net enthalpy and entropy of the bond
were determined by variable temperature EPR spectroscopy. The agostic interactions
were found to be weaker than that calculated for a Ti(IV) complexe presumably due to
the weaker electrophilicity of and greater steric congestion in the Ti(IIl) complexes.
The agostic interaction produces some interesting changes in the electronic spectra of

the complexes.
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3c: Reactions of a Decamethyltitanocene Anion

While investigating the EPR spectra of the Cp*,TiX complexes, it was thought
that the spectrum of Cp*,TiBH, would be interesting. Since we did not wish to

synthesize boryl anions, one synthetic strategy was to treat a decamethyltitanocene

anion with comfnercially available BrBH,*SMe,.
While organometallic anions are by no means rare (i.e. Co(CO)4"), metallocene

anions are. The scarcity of metallocene anions has been attributed to the poor m-

acceptor qualities of the Cp ligand.** Since the m-accepting orbitals of Cp have &

symmetry (in 'D5d metallocenes), their overlap with the transition metal d-orbitals will

be poor.
Two synthetic routes are known for metallocene anions. First, they may be

prepared by the reduction of the neutral metallocene. This method has been used by

Jonas to prepare Cp,V- and Cp?_CO'.45’46 The anion of Cp*,Mn was also prepared in

this way.*’ The second method is to deprotonate a metallocene hydride with a strong

base. This method has been used by Green and coworkers to prepare [Cp,M(H)(1-

L)l, M =W, Mo),44 and by Stucky and coworkers to prepare Cp,ReLi(PMDTA)

(PMDTA =N, N, N’, N”, N”- pentamethyldiethylenetriamine).48

Me,N_ _NMe,
Li

\\NMez
Cp*,TiCl + ——————» Cp*,Ti—Li_ j (3c.1)
Ly - CioHg 2
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Initially, the former method of synthesis was chosen since it involved fewer
synthetic steps. Treatment of Cp*,TiCl with [(TMEDA)Li]2C18H849’50 in ether gives
Cp*,TiLi(TMEDA) in fair yield (40-60%) as shown in eq 3c.1, but the complex can
also be made by deprotonating Cp*,TiH with n-BuLi in the presehce of TMEDA
(TMEDA = N,N,N’,N’-tetramethylethylenediamine). Cp*,TiLi(TMEDA) is

moderately soluble in ether and very soluble in tetrahydrofuran or toluene.

3300 3320 3340
Gauss

Figure 3c.1: The EPR spectrum of Cp*,TiLi(TMEDA) in MCH at RT.

The room temperature EPR spectrum of Cp*ﬂiLi(TMEDA) 1s shown in Figure
3c.1. The four line pattern is due to coupling to 7Li, but the spectrum is distorted by

the 3 line pattern due to coupling to Li. The EPR spectrum of Cp*,Ti®Li(TMEDA) is

shown in Figure 3c.2 for comparison. The g value for this complex is 1.989,

considerably greater than the g values of the Cp*,TiX éomplexes given in Table 3a.3.

The EPR spectrum shows a 26 MHz coupling to the 7Li nucleus which is éuggcsts
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theat the 1a; orbital contains about 7% lithium character.>® The variable temperature
magnetic susceptibility of Cp*,TiLi(TMEDA) shows Curie behavior with fe¢ = 1.75

B.M (from 5 to 300 K). In addition, the magnetic moment in solution is 1.7 B.M.

(Evans’ method).5 !

3300 3320 3340
Gauss

Figure 3c.2: The EPR spectrum of Cp*,TiLi(TMEDA) in MCH at RT. Peak at 3335 '
Gauss is due to hydrolysis.

Table 3c.1: Distances and angles in Cp*,TiLI(TMEDA)

Distances Angles
Ti-Li 294(2) A Cpl-Ti-Cp2 145.2°
Ti-Cpl 2.05 A Cp1-Ti-Li 107.9(4)°
Ti-Cp2 2054 Cp2-Ti-Li - 106.7(4)°
Ti~(Cring) 2.36(4) A Ti-Li-N1 142(1)°
Li-N1 2.153) A Ti-Li-N2 136(1)°
Li-N2 2.18(2) A N1-Li-N2 82.1(9)°
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Figure 3c.3: An ORTEP drawing of Cp*,TiLi(TMEDA) with 50% thermal ellipsoids.

The crystal structure of Cp*,TiLi(TMEDA) is shown in Figure 3c.3.
Interesting distances and angles are listed in Table 3c.1. As is obvious from Figure
3c.3, this crystal structure has some problems, namely disorder in the TMEDA ligand
and in one of the Cp* ligands. The Ti-Cp* centroid distances and angles are very
similar to those of the other Cp*,TiX cdmplcxes. The Li-N distances in the
Li(TMEDA) unit are the same as in other L M[Li(TMEDA)] compléxes mainly
reported by Jonas.*® The Li-N distances in Cp*,TiLi(TMEDA) are also the same as
those in [(Me3Si)3,C5H2][Li(TMEDA)]52 in which Li is presumably cationic. While it
is difficult to estimate the length of the Ti-Li bond, the bond length observed in

Cp*,TiLi(TMEDA) is much longer than the Li-Ni bonds in
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[(norbornene),Ni;Li(TMEDA)], and in [Ni(CDT);Li(TMEDA)], (CDT =1, 5,9 -
cyclododecatriene) which are 2.38 A and 2.39 A, respectively.*> The difference in
radii between Ni(-II) and Ti(I) is not known; however, the 0.55 A difference between
the Li-M distances in the titanium and nickel complexes is certainly larger than the

difference metal radii.
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Figure 3c.4: Qualitative MO Diagram for Cp*,TiLi(TMEDA)
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The distances and angles of the Cp*;Ti unit of Cp*,TiLi(TMEDA) suggest that
it is a normal bent metallocene. A qualitative MO diagram for Cp*,TiLi(TMEDA) is

shown in Figure 3c.4. The major difference between this molecule and the trivalent
titanocenes is that in Cp*,TiLi(TMEDA), the c-bonding orbital is localized on
titanium rather than on the ligand due to the electronegativity difference between
lithium and titanium. The electronegativity of lithium is 0.98 while the

electronegativity of titanium is 1.54.°> In addition, since the Cp*,Ti group is Ti(Il)
rather than Ti(0), its electronegativity will be greater than that of the metal.

Presumably the 1a; orbital is still the singly occupied orbital.

Since the o-bonding orbital is localized on titanium, Cp*, TiLi(TMEDA) is best

thought of a 15 electron Ti(I) compound. The oxidation state différence explains the
high g value. Since the spin-orbit coupling constant for atomic Ti(I) is only 38 cm!
while that of Ti(III) 1s 155 cm‘l,3 ! less excited state character will be mixed into the
la; orbital leaving g closer to 2.002.8

In an attempt to produce Cp*, Ti anion without coordinated lithium,
Cp*,TiLi(TMEDA) was treated with 4, 7, 13; 18-tetraoxa-1,10-

diazabicyclo[8.5.5]eicosane (K211). The resulting brown solid has an axial EPR

spectrum with gy = 1.998 and g; = 1.989 and does not show coupling to lithium.
Unfortunately, the variable temperature magnetic susceptibility gives a very low value

of g (1.01 B. M.) which may be due to small sample size. While the EPR spectrum
is axial, the g values are not consistent with a Ds;, metallocene. If the anion possesses
the ferrocene structure, then the electron configuration could be (eg)z(al g)l, (eg)3(a1g)o,

or (eg)!(a}4)? depending upon the ordering of the orbital energies. The EPR spectrum

1s not consistent with the first electron configuration since this is a S = 3/2 system, and’
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no fine structure is observed in the spectrum. The second electron configuration would

result in g > 2 due to spin-orbit coupling within the triply occupied e, level, and no

EPR signal should be seen at RT for this degenerate ground state. Finally, for the third

configuration, g should be much less than 2 again due to spin-orbit coupling within the
e, level, and, again, no EPR signal should be seen for this degenerate ground state at
room temperature. The EPR spectrum is most consistent with a d3 configuration with
the unpaired electron in a d,2 orbital and the other two electrons paired in a d,2.,2
orbital, in other words, the same electronic structure as Cp*,TiLI(TMEDA). Without a

crystal structure, not much more can be said about the electronic structure of

Cp*, Ti[Li(K211)].
H,, H,CCH
Cp*,TiCl 22" Jgm N.R.
+
[((TMEDA)Li],C;oH
| l 2-1078 DO o cp,Ti(CO),
o H,0 N
Cp*,TiL(TMEDA) = [Cp*, TIOLi(THF)],
T N e Cp*,TiNH
Cp*,TiH P2t

+
TMEDA (PhsP)AuCl, Mel s

+ > Cp*Ti(®-H,CCsMes)
n-BuLi

Figure 3c.5: Some reactions of Cp*,TiLi(TMEDA)

While Cp*,TiLi(TMEDA) would appear to be an excellent starting material for
making interesting molecules from its reactions with electrophiles, its reactivity was
disappointing (Figure 3c.5). The compound did not react with Ny, H,, or ethylene. It
reacted with carbon monoxide to make the known Cp*zTi(CO)2.3 No identifiable
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product was isolated in its reactions with NpO, [(COD)RhCI],, [(COD)IrCli],, (COD =

1,4 -cyclooctadiene), or (Me3P),RhCl. The product of the reaction with (Ph3P)AuCl
was identified as Cp*Ti(n%-H,CCsMey,) by is EPR spectrum. The reaction with water
gave [Cp*,TiOLi(THF)],, and the analogous reaction with ammonia gave mainly the
known amide, Cp*,TiNH,. The reaction with Mel produced Cp*Ti(n®-H,CCsMe,4)

and Cp*,TiOMe, the latter is due to hydrolysis of Cp*,TiLi(TMEDA). It is worth
noting that the reaction of Cp*,Til with MeLi produced Cp*,TiMe. In the cases where
Cp*,TiLI(TMEDA) did react, it seems mainly to have oxidized to Cp*,Ti instead of

undergoing metathesis.

C36 @ @ C17

CI19

Figure 3c.6: An ORTEP diagram of [Cp*,TiOLi(THF)], with 50% thermal ellipsoids
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~ Table 3c.2: Bond distances and angles in [Cp*, TiOLi(THF)],

Titanium 1 Titanium 2

Til-01 1.783(4) A Ti2-02 1.791(4) A
TI1-Cpl 2.16 A Til-Cp3 2.14 A
Til-Cp2 2.14A Til-Cp4 2.14 A
Til-(Cring) 2.47(4) A Ti2(Cring) 2.45(4) A
Lil-O1 1.88(1) A Li2-0O1 1.88(1) A
Lil-02 1.87(1) A Li2-02 1.84(1) A
Li1-03 1.92(1) A Li2-04 1.95(1) A
Til-Ti2 | 6.111(2) A Lil-Li2 2.29(2) A
Cp1-Til-Cp2 137.5° : Cp3-Ti2-Cp4 138.4°

" Cpl-Til-Ol 111.0° Cp3-Ti2-02 110.9°
Cp2-Til-O1 111.5° Cp4-Ti2-02 - 110.7°
Til-O1-Lil 1416(5)° Ti2-02-Lil 142.2(4)°
Til-O1-Li2 143.0(4)° Ti2-02-Li2 141.5(5)°
01-Li1-02 - 103.7(6)° O1-Li2-02 105.2(7)°
01-Lil-03 125.6(7)° 02-Li1-03 130.3(6)°
01-Li2-04 125.4(6)° 02-Li2-04 129.2(7)°

The most interesting reaction of Cp*,TiLi(TMEDA) is that with water. This

reaction produces dimeric [Cp*,TiOLi(THF)], along with a colorless gas, presumably
hydrogen. This compound has a g,,, value of 1.982 consistent with strong m-bonding

of the titanium center to the lithoxide. The molecular structure of the compound is

shown in Figure 3c.6, and interesting distances and angles are given in Table 3c.2. In
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addition to the molecule shown, a tetrahydrofuran molecule of crystallization is found
in the asymmetric unit. The bonding parameters for the metallocene units are similar

to the other Cp*,TiX complexes. The bonding parameters for the (O,Li,)(THF), core
are very similar to those of [ROLi(ether)], where R = 2,6-di-terr-butylphenyl and ether
= diethyl ether™* or THF>> and where R = tris-zerr-butylmethyl and ether = THF.>
Treatment of Cp*,TiOLi(THF) with Mel in CgDg produces Cp*,TiOMe as determined

by EPR spectroscopy.

The apparent insertion of the oxygen atom of water into the Ti-Li bond of

Cp*,TiLi(TMEDA) is somewhat surprising. At least three routes can account for the
formation of Cp*,TiOLi(THF) (Scheme 3c.1). While route (a) seems unlikely, not

much differentiates routes (b) and (c) since the Li-X (X= H or OH) bonds will be

stronger than the corresponding Cp*,TiX bonds in both cases. Evidence supporting
route (c) is provided by the reaction of Cp*,TiLi(TMEDA) with NH3 which produceé
Cp*,TiNH,. Apparently LiH is not a strong enough base to deprotonate Cp*,TiNH,

and make a compound analogous to [Cp*zTiOLi(THF)]z..

Cp*;Ti—Li +H,0 —= Cp*,Ti"-----Li —= — Cp*,TiOLi(THF) + H, ()
Cp*,Ti——Li +H,0 — Cp*,TiH + LiOH — — Cp*,TiOLi(THF) + H, (b)
Cp*,Ti—Li +H,0 — Cp*,TiOH + LiH — —= Cp*,TiOLi(THF) + H, ©)

Scheme 3c.1: Potential routes to [Cp*,TiOLi(THF)],
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In conclusion, the Ti(I) anion Cp*,TiLi(TMEDA) has been prepared. Its

structural parameters are similar to those of trivalent decamethyltitanocenes. Its

reactivity mainly involves its oxidation to Cp*,Ti. With water it forms
[Cp*;TiOLI(THF)], which was structurally characterized. With ammonia it forms
Cp*,TiNH,. In general, Cp*,TiLi(TMEDA) reacts as a strong reducing agent rather

than undergoing metathesis.
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Chapter Four: Experimental Details

All reactions and manipulations were carried out in an inert atmosphere using
standard Schlenk and dry box techniques. Hexane, diethyl ether, and tetrahydrofuran
were dried over sodium benzophenone ketyl, distilled, and degassed immediately prior
to use. Toluene, methylcyclohexané, and deuterated NMR solvents dried over and
distilled from potassium or sodium. Me3SiBr and Me3Sil were distilled under argon
and stored over copper powder before using.

Infrared spectra were recorded on a Perkin-Elmer 283 spectrometer as Nujol
mulls between CsI plates. 1H NMR spectra were measured on a JEOL FX-90Q FT
NMR spectrometer operating at 89.56 MHz. Chemical shifts were referenced. to
tetramethylsilane (6 =.0) withlpositive values at lower field. Unless otherwise noted,
all spectra were acquired at 30 °C in CgDg. Melting points were measured on a
Thomas-Hoover melting point apparatus in sealed capillaries and are uncorrected.
EPR spectra were measured powders, solutions, or frozen glasses in either
methylcyclohexane or 2-methyltetrahydrofuran using a Varian E-12 spectrometer. The
microwave frequency was measured using an EIP-548 microwave frequency cbunte_:r
and the magnetic field was measured using a Varian E-500 NMR Gaussmeter. Spectra
were digitized using UNPLOTIT or UNSCANIT. Susceptibility measurements carried
out on a SHE model 500 SQUID susceptometer. UV-visible épectra were recorded
using a modified Cary 17 spectrophotometer at room temperature in
methylcyclohexane. Electron impact mass spectra were recorded by the mass
spectroscopy laboratory, and elemental analyses were performed by the analytical
laboratories both at the University of California, Berkeley.

Unless otherwise noted, all calculations and numerical modeling of spectra and

! Transition metal EPR spectra

susceptibilities was done using the program Horizon.
was simulated using the program ABVG. f-Element EPR spectra were fit using a

locally written program (Appendix 3).
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The x-ray spectroscopy measurements were done at SSRL at beam lines 4-1
and 4-3 using a Si(220) monochrometer detuned 50%. Data was recorded transmission
using argon filled ionization chambers. The spectra were referenced to a 0.2 M
solution of UO7Cl, or UF4 powder. Edge positions were determined by comparing the
inflection point of the sample spectrum to that of the reference. Data analysis was
performed using the EXAFSPAK programs written by Graham George at SSRL as
follows. First, a pre-edge correction was applied to the data. A spline was chosen such
that low R peaks in the Fourier transform of the EXAFS spectrum were minimized.
The resulting EXAFS spectrum was fit using theoretical amplitude and phase values
provided by FEFF6.2 The coordination numbers were not allowed to vary in the

analyses. The fitting results are given in Appendix 2.

Notes: a) Many of these compounds were initially made and/or characterized first by
other rnembers.of the Andersen group and are included here for completeness. Where
someone else has made the compounds first, their characterization is given with the
syntheses that were developed in this thesis research. In addition to the footnote, their
initials are given next to the complex name-. The initials are as follows: A. L. S., Dr.
Anthony L. Stewart; S. M. B., Dr. Sharon M. Beshouri; L. L. B., Dr. Laura L. Blosch;
R. K. R., Dr. Robert K. Rosen.

b) We had difficulty getting good combustion analyses on complexes with the
Cp” ligand when analogoﬁs complexes with the Cp# ligand would analyze correctly;

this is presumably due to SiC formation resulting in low carbon content.

Chapter One
Compounds Cp”2UCl; (2), Cp”2UBr; (4), and Cp”2UI> (6) have been reported
previously.3 Our syntheses are somewhat different so are reported here. Compounds

[Cp”2UF]2 (12), [Cp”2UCI]2 (14), [Cp”zUBr]g (16), [Cp™2UI], (18), and
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Cp”2U(NMej), have been reported, but with little or no experimental details or

characterization.*”

Cp¢K6(A. L. S.). Potassium (4.6 g, 120 mmol) was washed with hexane, cut into little
pieces and dried under vacuum in a 500 mL Schlenk flask. Tetrahydrofuran (150 mL)
was added, and Cp tH™® 20 mL, 16.6 2, 93 mmol) was added by syringe. The reaction
1s slow. The mixture was allowed to stir and the flask was periodically vented to the
Schlenk line. After seven days,. gas was no longer evolved, and the tetrahydrofuran
was removed under reduced pressure. The remaining light pink solid was dried under
vacuum. The flask was taken into the dry box and the remaining potassium was
physically removed from the powder (18.9 g, 94%). The compound was used without
further characterization. The compound is insoluble in all common solvents except for

hot tetrahydrofuran in which it partially decomposes.

Cp¥,Mg. CptH"*® (18.8 mL, 15.6 g, 87.3 mmol) was added by syringe to a stirring
solution of BuyMg (60 mL, 0.64 M in heptane, 38.4 mmol). The solution became
slightly cloudy and was heated to reflux for three days. The solution was allowed to
cool and was filtered. Cooling the filtrate to -80 °C for 7 days produced colorless
crystals (11.8 g, 81%). H NMR (Cg¢Ds): 6 5.90 (m, 3H, ring protons), 1.31(s, 18H,

CMe3). The compound was used without further characterization.

szi:zUClz6 (1 (A. L. S) A mixture of KCp¥ (5.25 g, 23.1 mmol) and UCl; (4.60 g,
11.6 mmol) was suspended .in 100 mL of tetrahydrofuran. The reaction mixture
immediately turned deep red and became hot. After stirring fof 8 hours, the
tetrahydrofuran was removed under reduced pressure. The solid résidue was
suspended in 150 mL of diethyl ether and filtered. The volume of the filtrate was

reduced to ca. 20 mL and the mixture was heated to redissolve the solid. Cooling to =
170



20°C produced large, blood red prisms (7.5 g, 93%). MP: 165-167 °C. 'H NMR: 3
97.4 (1 H, vip = 15 Hz, b), 0.31 (18 H, vy/2 =5 Hz, CMe3), -40.9 (2 H, vip = 14 Hz,
ap). IR: 3070(w), 3060(w), 1270(w), 1258(w), 1248(w), 1200(w), 1165(w), 1162(w),
1050(w), 1020(w), 922(w), 833(w), 792(w), 775(w), 670(w), 664(w), 470(w), 355(w),
280(w) cml. MS (M+) m/z (calc., found): 662 (100, 100), 663 (30, 61), 664 (68, 66),
665 (19, 21), 666 (13, 11). Anal. Calcd for CogH42CloU: C, 47.1; H, 6.33; Cl, 10.7.

Found: C, 47.1; H, 6.45; Cl, 10.7.

Cp”,UCL*° (2) (S. M. B.). A mixture of UCl (2.54 g, 6.68 mmol) and Cp”,Mg!'?
(2.96 g, 6.68 mmol) was suspended in 100 mL of diethyl ether. The reaction mixture
slowly turned orange. After stirring for’three days, the diethyl ether was removed
under reduced pressure and the orange solid residue was dissolved in 150 mL of
hexane. The orange solution was filtered, aﬁd the volume of the solution was reduced
to ca. 30 mL. The solution was heated to redissolve the solid, and slow cooling to
-80 °C gave golden yellow_ needles (3.3 g, 68%). ThelH NMR spectrum agrees with
that reported previously. (Note: this reaction does not work in tetrahydrofuran

presumably due to the formation of Cp”UCI3(thf);.)

Cp#UBr; (3). Cp#aUCI; (0.50 g, 0.75 mmol) was dissolved in 50 mL of hexane, and
Me3SiBr(0.49 g, 3.0 mmol) was added using a syringe. The solution was allowed to
stir for 12 hours then the volume was reduced to ca. 5 mL. Cooling to -80 °C produced
red blocks (0.52 g, 91%). MP: 185 - 187 °C. 'H NMR: 8 105.56 (1 H, vy = 38 Hz,
b), 1.54 (18 H, vip= 15 Hz, CMe3), -43.85 (2 H, vy, = 45 Hz, ap). IR: 3110(w),
3081(w), 2721(w), 1290(w), 1249(w), 1205(m), 1195(m), 1167(s), 1058(m), 1029(w),
1024(w), 938(m), 930(w), 864(m), 844(s), 780(s), 734(w), 722(w) cm~l. MS (M) m/z
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(calc, found): 750(50,87), 751(15,49), 752(100,100), 753(29,72), 754(52,89),
755(14,43). Anal. Calcd for CogH42BrU: C, 41.5; H, 5.63. Found: C, 41.9; H: 5.69.

(Note: the product often needed a second treatment with Me3SiBr to completely
metathesize all of the chlorides). The NMR spectrum of the impurity, ‘CpizU(Br)(Cl),
is distinct from the spectrum of both Cp¥;UBr; and Cp#,UCl;. In all cases the mixed
halide comblex is clearly visible in the NMR spectrum when the reaction does not

proceed to completion.

Cp”2UBr2>° (4) (S. M. B.). Cp”,UCI, (2.00 g, 2.75 mmol) was dissolved in 50 mL of
diethyl ether giving an orange-green solution. Me3SiBr (1.1 mL, 1.3 g, 8.4 mmol) was
added using a syringe. The solution slowly darkened. After stirring for 10 hours, the
volatile components were removed under reduced pressure. The orange solid residue
'was dissolved in 50 mL of hexane giving a purple-red solution which was then filtered.
The volume of the filtrate was reduced to ca. 25 mL and the solution was heated to
dissolve the S(;lid. Cooling to -20 °C produced bright orange needles (1.85 g, 82 %). -
The 'H NMR spectrum agrees with that reported previously. (Note: the produc.t often
needed a second treatment with Me3SiBr to completely metathesize all of the

chlorides. This reaction does not work in hexane.)

Cp#*UI, (5). CpHUCl, (1.5 g, 2.3 mmol) was dissolved in 50 mL of diethyl ether and
MesSil (0.92 mL, 1.4 g, 6.8 mmol) was added using a syringe. The initially red
solution became purple.. After stirring for 3 days, the ether was removed under reduced
pressure, and the dark solid residue was dissolved in 75 mL of hexane. The solution |
was filtered and the volume was reduced to ca. 45 mL. Cooling to -20 °C yielded
purple-orange needles (1.52 g, 80 %). MP: 180-186 °C. 'H NMR: § 108.31 (1 H, vi2
= 64 Hz, b), 3.69 (18 H, v/ = 13 Hz, CMe3), -46.2 (2 H, vi2 = 43 Hz, a). IR:

3062(w), 2722(w), 1247(s), 1198(w), 1167(m), 1076(s), 1057(w), 1025(m), 847(s),
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788(s) cml. MS (M)* m/z(calc, found): 846(100,100), 847(30, 31). Anal. Calcd for
CogHa2IpU: C, 36.9; H, 5.00. Found: C, 36.9; H, 5.14. (Note: the product often

needed a second treatment with Me3Sil to completely metathesize all of the chlorides.)

Cp”2UL*>? (6) (S. M. B.). Cp”2UCI; (1.5 g, 2.1 mmol) was dissolved in 50 mL of
hexane and Me3Sil (0.84 mL, 1.2 g, 6.2 mmol) was added by syringe. The initially
orange solution quickly turned red. After stirring for 10 hours, the volatile components

were removed under reduced pressure, and the dark red solid residue was dissolved in
75 mL of hexane. The solution was filtered and the volume of the filtrate was reduced
to ca. 45 mL. Cooling to -20 °C gave purple-brown blocks (1.52 g, 81%). The’
IH NMR spectrum agrees with that reported previously. (Note: the product often

needed a second treatment with Me3SiBr to completely metathesize all of the

chlorides.)

Cp*UF; (7). a) CpiUMe; (1.23 g, 2.00 mmol) was dissolifed in 30 mL of diethyl
ether, and BF3*OEt; (0.51 mL, 0.59 g, 4.1 mmol) was added using a syringe. The
solution immediately became warm and turned green. After 12 hours, the diethyl ether
was removed under reduced pressure and the tube was heated to 80 °C under vacuum
for 1 hour fo remove MeBF,. The orange solid residue was dissolved in 50 mL of
hexane, and the solution was filtered. The volume of the filtrate was reduced to ca.
25 mL. Cooling to -20°C produced orange-yellow needles (1.00 g, 80%). MP: 173-
176 °C. 1H NMR -1.38(18 H, v1/2 = 24 Hz, CMe3), -9.61(1 H, vi/2 = 30 Hz, b), -16.55
(2 H, vip = 36 Hz, a3). IR: 3100(w), 2730(w), 1290(w), 1255(s), 1205(m), 1165(m),
1060(£n), 1035(w), 925(m), 825(m), 820(s), 785(m), 725(w), 685(m), 665(m), 510(s),
480(s), 430(w), 355(m), 245(m) cm'!. MS (M)* m/z 630. Anal. Calcd for
CoeH42F2U: C, 49.5; H,. 6.71. Found: C, 49.5; H, 6.86.
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b) Cp¥,U(OMe); (1.53 g, 2.34 mmol) was dissolved in 25 mL diethyl ether,
and BF3*OEt; (0.60 mL, 0.70 g, 4.9 mmol) was added using a syringe. The color of
the solution immediately changed from green to red. After stirring for 6 hours, the
ether was removed under reduced pressure, and the tube was heated to 70 °C under
vacuum for 1 hour. The red solid residue was suspended in 50 mL of hexane and,. and
the solution was filtered. The volume of the filtrate was reduced to ca. 30 mL.
Cooling to -20 °C gave yellow needles (1.1 g, 74 %). H NMR spectrum was identical

to that of Cp¥UF, produced by route (a).

CpizﬁMe26 (A. L. S.). Cp*,UCl, (1.00g, 1.51 mmol) was dissolved in 50 mL of
ether, and MeLi (4.2 ' mL, 0.72 M in diethyl ether, 3.0 mmol) was added by syringe.
The solution immediately turned orange and cloudy. After stirring for 6ne hour, the
ether was removed under reduced pressure. The dark orange solid residue was
suspended in 25 mL of hexane, and the solution was filtered giving a deep orange
solution. The volume of the solution was reduced to ca. 2 mL. Cooliﬁg to -20 °C gave
orange brown blocks (0.73 g, 78 %). MP: 120 -125 °C. TH NMR: 8 18.81 (1H, vy/o=
12 Hz, b), -0.64 (18H, vy,2 = 6 Hz, CMe3), -35.43 (3H, v12 = 14 Hz, U-Me), -39.02(H,
viz =9 Hz, ay). IR: 1250(s), 1200(m), 1165(m), 1110(s), 1055(m), 1025(m), 935(m),
845(m), 825(s), 810(m), 765(s), 675(m), 655(m), 405(m) cm-1. MS (M-CH3)t m/z =
659. Anal. Calcd for CogHygU: C, 54.0, H:7.71. Found C, 53.7; H, 7.83.

[Cp”2UF2]2 (8). Cp”2U(NMe,); (0.50 g, 0.67 mmol) was dissolved in 25 mL of
diethyl ether, and BF3°OEt2.(O.17 mL, 0.19 g, 1.3 mmol) was added using a syringe.
The orange solution turned bright green after 5 minutes. After stirring for 12 hours, the
volatile components were removed under reduced pressure, and the reaction mixture
was heated to 70 °C under vacuum to remove Me;NBF>. The green solid residue was

dissolved in 40 mL of hexane, and the solution was filtered. The volume of thé
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solution was reduced to ca. 2 mL. Cooling to -20 °C produced green blocks (0.34 g,
72 %). MP: 114-116 °C. 1H NMR §-0.76 (18 H, vi; = 2.4 Hz, SiMe3), -14.61 (2 H,
viz = 9 Hz, ap), -16.14 (1 H, vy2 = 13 Hz, b). IR: 3041(m), 1318(w), 1247(s),
1204(m), 1079(s), 917(s), 839(s), 793(s), 753(3), 692(m), 637(s), 619(w), 515(s),
475(s), 370(s), 355(s), 310(s), 270(m), 245(w) cm-l. MS (M)* m/z (calc, found):
694(100,100), 695(45,68), 696(23,33), 697(7,12). Anal. Calcd for CooHa2F,Si4U: C,

38.0; H, 6.09. Found: C, 37.5; H, 6.26.

Cp”zU(NMe2)2.5 Cp™»UCI; (4.00 g, 5.50 mmol) and LiNMe(0.57 g, 11 mmol) were
suspended in 100 mL of tetrahydrofuran. The solution immediately became warm and
turned dark yellow-green. After stirring fér 12 hours, the tetrahydrofuran was removed
under reduced pressure. The green solid residue was suspended in 90 mL of hexane,
and the solution was filtered. The volume of the filtrate was reduced to ca. 10 mL.
.Cooling to -20 °C produced orange blocks (2.82 g, 69 %). MP: 125-127 °C. !H NMR:
d 9.82(6 H, vip =5 Hz, NMezl), 0.07(18 H, vi2 = 3 Hz, SiMe3), -5.70(1 H, vi2 =
6 Hz, b), -10.82(2 H, vi/2 = 11 Hz, ap). IR: 3050(w), 2767(s), 1317(w), 1245(s),
1208(m), 1141(s), 1122(w), 1079(s), 1058(m), 919(s), 833(s), 779(s), 754(s), 689(m),
636(m), 616(w) cm-1. MS (M)* m/z (calc, found): 744(100,100), 745(50,52),
746(25,26). Anal. Calcd for CpeHs4N2SigU: C, 41.9; H, 7.30, N, 3.76. Found: C,

41.9:H,7.33: N, 3.29

Cp*U(OMe); (9). Cp#UCI; (3.00 g, 4.52 mmol) and KOMe (0.65 g, 9.3 mmol)
were suspended in 50. mL of tetrahydrofuran. After stirring at 70°C for 12 hours , the
tetrahydrofuran was removed under reduced pressure yielding a viscous green oil
which slowly solidified under vacuum. The green solid residue was suspended in
50 mL of hexane, and thé solution \;vas filtered. The volume of the solution was

reduced to ca. 5 mL and additional white solid precip_itafed. After 12 hours the
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solution was filtered and the volume was reduced to ca. 2.5 mL. Cooling to -20°C
produced green blocks (2.05 g, 69%). MP: 86-88 °C. lHNMR §37.12(3H, vi2=5
Hz, OMe), -1.56 (18 H, vip = 5 Hz, CMe3), -9.02 (1 H, vi/2 =9 Hz, b), -25.89 (2 H,
virz =8 Hz, ap). IR: 3067(w), 2726(w), 1297(w), 1251(s), 1201(m), 1166(m), 1115(s),
1093(s), 1055(m), 1025(m), 975(w), 936(m), 822(s), 753(s), 723(w), 679(m), 657(m)
cml. MS (M)* m/z 654. Anal. Calcd for CogHygg02U: C, 51.4; H, 7.39. Found: C,

50.3, H, 7.25.

Cp”2U(OMe), (10). Cp”2UCl;, (2.00 g, 2.57 mmol) and KOMe (0.40 g, 5.6 mmol)
were suspended in 50 mL of tetrahydrofuran. The mixture was heated to 70°C was
stirring for 12 hours. " The mixture was filtered and the tetrahydrofuran was removed
under reduced pressure and the solid was heated to 60 °C under vacuum for 1 hour.
The dark solid residue was suspended in 50 mL of hexane and filtered. The volume of
the solution was reduced to ca. 10 mL and a white solid precipitated. After 12 hours,
the solution was filtered, and the volume of the solution was reduced to ca. 2 mL.
Cooling to -20 °C produced dark purple blocks (1.65 g, 84 %). MP: 95-99 °C. 1H
NMR 6 46.32 (3 H, vi2 = 4 Hz, OMe), -1.24(18 H, vi2 = 3 Hz, SiMe3)-, -10.75 (1 H,
Vi = 4 Hz, b), -25.09 (2 H, vi/2 = 4 Hz, a3). IR: 3043(w), 2812(m), 1316(w),
1247(s), 1212(w), 1113(s), 1086(s), 1055(m), 920(s), 835(s), 781(m), 754(s), 689(w),
634(s), 620(w) cm-l. MS (M)* m/z 718. Anal. Calcd for C24H4g02Si4U: C, 40.1; H,

6.73. Found: C, 39.7; H, 6.70.

~

Cp”zUMez9 (S. M. B.). Cp”2UCl3 (2.00 g, 2.75 mmol) was dissolved in 50 mL of |
diethyl ether and MeLi (10.6 mL, 0.52 M in diethyl ether, 5.5 mmol) was added by
syringe. The solution immediately turned red-qrange and cloudy. After stirring for 10
hours, the solvent was removed under reduced pressure. The orange solid residue was

suspended in 50 mL of hexane, and the solution was filtered. "The volume of the
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filtrate was reduced to ca. 3 mL. Cooling to -20 °C produced red-orange crystals
(1.45 g, 77%). MP: 120-125 °C. '"HNMR § 7.7 2 H, vi2 =9 Hz, b), -1.0 36 H, vi2
= 4 Hz, SiMe3), -21.2 (4 H, vi2 = 10 Hz, ap), -28.0 (6 H, vi/2 = 8 Hz, U-Me). IR
1250(s), 1200(m), 1165(m), 1110(s), 1055(m), 1025(m), 935(m), 845(m), 825(s),
810(m), 765(5), 675(m), 655(m), 405(m) cm’l. MS (M-CH3)* m/z 659. Anal. Calcd
for C24H4gSi4U: C, 54.0; H, 7.71. Found: C, 53.7; H, 7.83.

Cp#U(CH2SiMe3)2. A mixture of Cp¥,UCI; (1.00 g, 1.51 mmol) and LiCH;SiMe3
(0.28 g, 3.0 mmol) was dissolved in 30 mL of hexane. After stirring for two hours, the
deep red solution was filtered and the volume of the filtrate was reduced to ca. 4 mL.
Cooling to -20 °C gave dark red blocks (0.58 g, 50 %). 1H NMR 8 11.93 (1H, vi/; =
25H, b ), 2.80 (9 H, vi/2 = 15 Hz, SiMes), -0.50(18 H, vi/2 = 15 Hz, CMe3),
-30.89(2 H, virz = 30 Hz az), -55.93 (2 H, vi2 =45 Hz, CHj). IR: 1237(s), 876(s),
844(s), 815(s), 759(s), 430(w), 357(m) cm-l. MS (M-SiMeg)* m/z (calc, found)
678(100, 100), 679(39,65). Anal. Caled for C34He4SioU: C, 53.2; H, 8.41. Found: C,

53.0; H, 8.51.

[CpF2UFL (11). Cp#,UF; (1.68 g, 2.66 mmol) was dissolved in 50 mL hexane, and
t-BuLi (1.5 mL, 1.85 M in hexane, 2.8 mmol) was added using a syringe. The solution
immediately turned green and cloudy. After 12 hours of stirring, the hexane was
removed under reduced pressure. The green solid residue was suspended in 100 mL of |
toluene and heated to 60 °C. The solution was filtered, and the volume of the filtrate
was reduced to ca. 25 mL. Cooling to -20 °C produced very small dark green crystals
(0.79 g). The volume of the mother liquor was reduced to ca. 10 mL, and cooling to
-20 °C yielded another crop of green solid (0 31 g, 1.10 g total, 68 % total yield). The
compound did not melt to 300 °C. 1H NMR & -11.78 (vi2 = 51 Hz, CMe3) no other

resonances observed. IR: 3067(w), 1304(w), 1291(w), 1252(s), 1234(w), 1201(m),
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1163(m), 1055(m), 1021(m), 925(m), 817(m), 799(s), 743(s), 676(m), 659(m), 610(w),
435(w), 330(s) cm-!. MS (M)* m/z (calc, found): 1223(100, 100), 1224(58, 56),
1225(17, 16). Anal. Calcd for CogH4pFU: C, 51.1; H, 6.92. Found: C, 50.8; H, 6.87.

[Cp’2UF], (12). [Cp2UF2]2 (1.59 g, 2.29 mmol) was dissolved in 50 mL hexane and
t-BuLi (1.30 mL, 1.85 M in hexane, 2.40 mmol) was added using a syringe. The
solution instantly turned dark greén. The hexane was removed under vacuum giving a
dark green solid. The green solid residue was suspended in 50 mL hexane, and the
solution was filtered. The volume of the fitrate was reduced to ca. 10 mL. Cooling to |
-20 °C produced dark green blocks (0.46 g, 30%). MP: 244-246 °C. 'H NMR &
-10.64 (vi/2 = 28 Hz, .SiMe3) no other resonances observed. IR: 3040(w), 1316(w),
1249(s), 1205(w), 1076(s), 1055(w), 919(s), 836(s), 773(m), 752(s), 691(m), 635(m),
621(w), 475(m), 370(m), 330(s), 200(m), 280(w), 240(w) cm-l. MS (M)* m/z (calc,
found): 1347(100, 100), 1348(90, 87), 1349(66, 60), 1350(34, 41), 1351(15, 23),
1352(5, 12). Anal. Calcd for CooHgoFSiqU: C, 39.1; H, 6.26. Fou_ndﬁ C,37.8;H,6.17.

[CpizUCl]z6 (13) (A. L. S.). A solution of Cp¥,UCl; (2.00 g, 3.01 mmol) in 100 mL
of hexane was cooled to -80 °C, and #-BuL.i (1.6 mL, lv.9 M in hexane, 3.01 mmol) >was

added by syringe. The mixture was allowed to warm to room temperature while |
stirring. After three hours, the hexane was removed under reduced pressure. The
green solid residue was extracted with 2 x 30 mL of toluené, and the solution was
filtered. The volume of the filtrate was reduced to ca. 50 mL. Cooling to -80 °C gave
dark green blocks (1.2 g, 63 %). The compound did not melt to 310 °C. 1H NMR &
61.98(1H, vi/2 =400 Hz, b), -6.66(18H, vipp= 36 Hz, t-Bu), -51.62 (2H, vin =
400 Hz, ap). IR: 3070(w), 2820(w), 1295(w), 1250(s), 1230(w), 1205(m), 1165(m),
1055(m), 1025(m), 930(m), 815(m), 805(s), 765(m), 750(s), 720(w), 675(m), 660(m),

610(w), 425(w), 345(m) cm-l. MS M)+ m/z (calc, found): 1255(100, 100),-
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1256(58,60), 1257(81, 50), 1258(41,26). Anal. Calcd for Cp6H42ClIU: C, 49.7; H:

6.69. Found C, 49.8; H, 6.76.

[Cp”2UCIL*° (14) (S. M. B.). Cp™,UCl; (2.00 g, 2.75 mmol) was dissolved in 50 mL
of hexane apd t-BuLi (1.14 th, 2.4 M in hexane, 2.8 mmol) was added by syringe.
The solution quickly turned green. After stirring for 12 hours, the mixture was heated
to 80 °C, and the solution was filtered. The green solid residue was washed with
50 mL of hexane which was added to the filtrate. The volume of the combined filtrate
was reduced to ca. 40 mL, aﬁd the filtrate was heated to 80 °C to redissolve the solid.
.Cooling to -80°C produced green blocks (1.25 g, 66%). 1H NMR 829.76 (1 H, vi;2 =
190 Hz, b), -2.61(2 H, vy2 = 140 Hz, aj), -9.01 (18 H, vy = 11 Hz, SiMe3). IR
1310(w), 1245(s), 1200(w), 1070(s), 915(s), 830(s), 780(w), 775(w), 745(s), 685(m),
630(m), 615(m), 480(m), 365(m), 350(w), 330(3), 300(m), 280(w) cm-1. MS weak
peak for (M)* m/z (calc, found) 1382(77, 100), 1384 (100, 97); much stronger peak for
Cp”4U3ClO. Anal. Caled for CpoHypClSigU: C, 38.2; H, 6.11; Cl, 5.12. Found C,

' 37.9:H,6.11; Cl, 5.28.

[Cp#2UBrl,!! (15) (R. K. R.). Cp#;UBr (0.52 g, 0.69 mmol) was dissolved in 30 mL
of diethyl ether, and #+-Bul.i(0.29 mL, 2.4M in héxane, 0.70 mmol) was added using a
syringe. The initially red solution immediately became bright green. After 2 hours, the
solvent was removed under reduced pressure, and the green solid residue was
suspended in 30 mL of hexane. The mixture was filtered, and the volume of the filtrate
was reduced to ca. 20 mL. Cooling to -80 °C gave green needles (0.25 g, 54%). The
compound did not melt to 300 °C. 1H NMR & 76.64 (1 H, vi2 = 300 Hz, b), -5.37
- (18 H, vi/2 =34 Hz, t-Bu), -62.77 (2 H, vi2 = 200 Hz, a3). MS M)+ m/z (calc, found)
671(98,100), 672(29,28), 673(100,100), 674(29,26). Anal. Calcd for CogH4oBrU: C,

46.4; H, 6.3; Br, 11.9. Found: C: 46.6; H, 6.4; Br, 12.0.
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[Cp”zUBr]?,A"9 (16) (S. M. B.). Cp”,UCl; (0.75 g, 0.92 mmol) was dissolved in 50 mL
hexane and #-BuLi (0.38 mL, 2.4 M in hexane, 0.91 mmol) was added by syringe. The
solution slowly became green and cloudy. After stirring for seven hours, the mixture
was heated to 60 °C and allowed to settle. The mixture was filtered, and the volume of
the filtrate was reduced to ca. 15 mL. Cooling to -80 °C produced little green blocks
(0.45 g, 66%). The compound did not melt to 250 °C. !H NMR § 35.49 (1 H, b), -3.17
(2 H, vi2 = 80 Hz, ajp), -7.08(18 H, vi/2 = 15 Hz, SiMe3). IR 3070(w), 3020(w),
1325(m), 1245(s), 1200(m), 1075(s), 915(s), 830(s), 785(m), 775(w), 750(s), 690(m),
635(s), 615(m), 475(m), 370(m), 350(w), 330(w), 300(m), 280(w), 240(w) cml. MS
(M)* ™z (calc, found) 1470 (38, 44), 1471 (34, 50), 1472 (100, 100), 1473 (80,94),
1474 (91, 94), 1475 (61, 60), 1476 (56, 33). Anal. Calcd for CyoH42BrSisU: C, 35.9;

H, 5.74; Br, 10.8. Found C, 35.9; H, 5.84; Br, 10.7.

[CpF2UIl2 (17). Cpi,UL (0.65 g, 0.77 mmol) was dissolved in 60 mL of hexane
giving a red solution, and #-BuLi (0.32 mL, 2.4 M in hexane, 0.77 mmol) was added
using a syringe. After 8 hours of stirring the mixture was gfeen and cloudy. The
mixture was heated to 60 °C for 30 minutes then filtered. The volume of the filtrate
was reduced to ca. 20 mL. Cooling to -80 °C produced green needles (0.26 g, 47 %).
MP: 273-278 °C. !H NMR 3 86.9 (1 H, vi/2 = 400 Hz, b), -4.32 (18 H, v = 38 Hz,
CMe3), -68.5 (2 H, vy2 =250 Hz, aj). IR: 3070(w), 2720(w), 1295(w), 1250(w),
1200(m), 1165(m), 1050(m), 1020(m), 925(m), 815(s), 805(s), 765(m), 750(s), 675(m),
655(m), 425(w), 345(w). MS (M)* m/z (calc, found) 719(100, 100), 720(30, 30),
721(4,5). Anal. Calcd for Co6HyoIU: C, 43.4; H, 5.88. Found: C, 43.4; H, 5.94.

[Cp”2UIL*° (18) (S. M. B.). Cp™,Ul; (1.00 g, 1.10 mmol) was dissolved in 50 mL of

hexane and #-BuLi (0.62 mL, 1.85 M in hexane, 1.1 mmol) was added by syringe. The °
180



solution became green and cloudy. After stirring for twelve hours, 25 mL of hexane
was added and the solution was heated to 60 °C. The solution was filtered, and the
volume of the filtrate was reduced to ca. 30 mL. Cooling to -80 °C produced green
blocks (0.74 g, 88%). The compound did not melt to 250 °C. 'H NMR § 41.62 (1H,
vi2 =270 Hz, b), -3.17 (2 H, vi2 = 80 Hz, a3), -7.08 (18 H, v, = 15 Hz, SiMe3). . IR
1320(w), 1245(s), 1200(w), 1175(s), 915(s), 830(s), 790(w), 780(w), 750(m), 960(w),
645(m), 615(w), 475(m), 375(w), 350(w), 200(w) cm-!. MS (M)* m/z (calc, found)
1566 (IOO‘,IOO), 1567 (90,82), 1568 (66, 57), 1569 (34, 37), 1570 (15,12). Anal. Calcd
for CooH4oISi4U: C, 33.7; H, 5.40; 1, 16.2. Found: C, 33.5; H, 5.29; 1, 16.2.

Cp#U(Me)Cl. Cp#,UCI, (2.00g, 3.01 mmol) was dissolved in 50 mL of hexane.
MeLi (5.80 mL, 0.52 M in ether, 3.0 mmol) was added using a syringe. The solution
immediately turned a cloudy red-orange. After 8 hours, the solution was filtered, and
the volume of the solvent was reduced to ca. 7 mL.. Cooling to -20°C produced red-
orange blocks (1.35 g, 70 %). MP: 128-132 °C. I1H NMR § 55.6 (2 H, vi;2 = 12 Hz,
b), 3.46(18 H, vi/2 = 4 Hz, CMe3), -3.82 (18 H, vi/2 =4 Hz, CMe3’), -29.52 (3 H, V12
= 12 Hz, U-Me), -41.78(2 H, vi/2 = 10 Hz, a), -52.42(2 H, Vl/z = 20 Hz, 2’). IR
3091(w), 2740(w), 2720(w), 1293(w), 1248(s), 1199(m), 1166(m) 1114(m), 1056(m),
1023(m), 935(m), 927(m), 832(s), 81 L(w), 775(s), 659(w) cm-l. MS peaks at m/z 607,
627, and 662 are seen corresponding to CpfoUMe, Cp#,UCI, and CpHUCI,,
respectively. Anal. Calcd for Co7Hys5ClU: C, 50.4; H, 7.05. Found: C, 50.0; H, 6.84.

[Cp”zU(OH)]zg. (19) (S. M. B.). A solution of degassed water (20.8 UL, 1.2 mmol) in
10 mL of tetrahydrofuran was added slowly to a solution of Cp”3U (1.00 g, 1.2 mmol)
in 25 mL of tetrahydrofuran. The dark green solution immediately became bright blue-
green. After stirring for 30 min., the solvent was removed under reduced pressure, and

the green solid residue was dissolved in 100 mL of hexane. The hexane solution was
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filtered, énd the volume of the filtrate was reduced to ca. 60 mL. Slow cooling to -
80 °C produced dark green crystals (0.68 g, 87 %). The compound did not melt to 250
°C. 'H NMR 6 -9.18 (vip = 26 Hz, SiMe3) no other resonances observed. IR:
3630(0OH; 2680, OD)(m), 3070(w), 3040(w), 1315(m), 1240(s), 1205(m), 1075(s),
1055(w), 915(s) 830(s), 770(m), 750(s), 690(m), 630(s), 615(w), 575(w), 475(m),
370(m), 350(s), 300(s), 275(w), 240(w) cm-1. MS (M)*m/z (calc, found): 1347 (100,
100), 1348 (90, 91), 1349 (66, 64), 1350 (34, 33). Anal. Calcd for C22H430Si4U: C,

39.2; H, 6.43. Found C, 39.0; H, 6.42.

[CpH2U(u-OH)]2 (20). [Cp¥,UH], ( 0.50.g, 0.42 mmol) was suspended in 30 mL of
diethyl ether. Degassed water (15 pL, 0.84 mmol) was added by syringe. The
solution immediately turned bluc-greén, and blue-green solid precipitated. After-
stirring for one hour, the solid was allowed to settle, and the mother liquor was
removed by filtration. The resulting blue-green powder was dried under reduced
pressure (0.46 g, 89 %). The compound does not melt to 300 °C. 'H NMR § -9.96
(vis2 = 500 Hz, CMe3) no other resonances observed. IR: 3620(m) (O-H; 2675, O-D),
1251(s), 1022(w), 793(s), 739(s), 644(m), 361(m) cm-l. MS (M-2)*m/z (calc, found)
1217(100, 100), 1216(58, 57), 1215(17, 18), 1214(3, 5). Anal. Calcd for C6H430U:

C,51.2;H,7.11. Found: C, 51.1; H, 7.22.

[Cpf2UH], (21). CpiUMes (0.45 g, 0.72 mmol) was dissolved in 20 mL diethyl
ether and transferred to a heavy-walled pressure bottle by cannula. The bottle was
pressurized to 225 psi with hydrogen. After stirring for eight hours, the solution was
transferred to a Schlenk tube by cannula. The ether was removed under reduced
pressur, and the black solid residue was dissolved in 50 mL of warm diethyl ether.
Cooling to -80°C produced small black crystals (0.21 g, 49 %). MP: 263 - 265 °C. IH.

NMR & -18 (vi/2 = 600 Hz, t-Bu) no other resonances obsc_:rved. IR: 3070(w);
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2920(w), 1290(w), 1250(s), 1230(w), 1200(m), 1150(s) (U-H; 825(shoulder), U-D),
1050(w), 1020(w), 925(m), 800(s), 740(s), 670(m), 655(m), 605(w), 555(w), 425(w),
350(w) cm!. MS: (M)* m/z (calc, found): 1187(100,100), 1188(58,57), 1189(17,17),
1190(3,4). Anal. Caled for CoeH43U: C, 52.6 ; H, 7.30. Found: C, 52.3; H, 7.28.

[Cp”ZU(u-O)]z12 (22) (L. L. B.). A solution of degassed water (14.9 vuL, 0.83 mmol)

in 10 mL of tetrahydrofuran was added dropwise to a solution of Cp”,UMe, (0.57 g,

0.83 mmol) in 25 mL of tetrahydrofuran. The orange solution foamed and turned
brown. After stirring for three hours, the solution was filtered, and the volume of the
filtrate was reduced to ca. 2 mL. Cooling to -20 °C produced red blocks (0.17 g,
30 %). The compound does not melt to 250 °C. 1H NMR (C7Dg): 682.5(2H, vin=
97 Hz, a), 79.9 (1 H, vi/2 =46 Hz, b), -0.73 (18 H, v12 = 16 Hz, SiMe3), -13.2 (18 H,
vip =21 Hz, SiMes), -81.8 (2 H, vip =41 Hz, a3), -85.3 (1 H, vi2 = 144 Hz, b). 1IR:
3108(w), 3081(w), 3062(w), 1413(w), 1329(m), 1265(s), 1218(m), 1084(s), 1070(m),
926(s), 842(s), 793(s), 762(s), 701(m), 644(s), 627(w), 582 (U-O-U; 548, U-"*0-U)(s),
493(m), 486(m), 382(m), 322(m), 289(w), 252(w), 233(w) cml. MS (M)*m/z (calc,
found) 1344 (100, 100), 1345 (90.6, 73.8), 1346 (66.9, 55.0), 1347 (34.6, 29.3), 1348
(15.3, 8.0), 1349 (5.6, 3.6). Anal. Calcd for Cp2H420Si4U: C, 39.3; H, 6.29. Found:

C,39.3; H, 6.15.

[Cp*zU(u—O)]z12 (23) (L. L. B.). CpizUMez (1.69 g, 2.71 mmol) was dissolved in
40 mL of tetrahydrofuran. Degassed heavy water (49 puL, 54 mg, 2.7 mmol) was
dissolved in-30 mL of tetrahydrofuran and slowly added to the Cp¥,UMe solution by
cannula. The solution became darker and gas was evolved. After stirring for twelve
hours, the tetrahydrofuran was removed under reduced pressure giving an oily orange
solid. The solid was suspended in 100 mL of hexane, and the solution was filtered.

The remaining brown solid was dissolved in 100 mL of toluene. The toluene solution
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was ﬁlterqd, and the volume of the filtrate was reduced to ca. 25 mL. The solution was
heated to 100 °C and allowed to cool slowly to room temperature. Cooling to -20 °C
produced brown crystals (0.42 g, 25%). The compound did not melt to 300 °C. 'H
NMR (GDg): 6 78.6 (2 H, v, =24 Hz, Ap), 75.7 (1 H, v, = 19 Hz, B), 1.0 (18 H,
Vi =6 Hz, CMe3), -16.4 (18 H, V,,z =7 Hz, CMe;), -85.8 (1 H, v|, =20 Hz, B), -94.5
(2 H, vi» =20 Hz, Aj). IR: 3079(w), 1635(w), 1561(w), 1307(w), 1292(w), 1253(m),
1202(m), 1168(m), 1086(w), 1059(m), 1025(m), 923(m), 809(s), 751(s), 672(m),
659(m), 572 (U-O-U; 540, U-'20-U)(s), 488(m), 428(m), 349(m), 255(m) cm’". MS
(M)* m/z (calc, found) 1216 (100, 100), 1217 (59, 58), 1218 (18, 17), 1219 (3, 2).
Anal. Calcd for CpgH420U: C, 51.3; H, 6.96. Found: C, 51.0; H, 7.03.

Chapter Two

Cp”3U° (S. M. B.). a) U[N(SiMes)2]5'3 (1.00 g, 1.39 mmol) was dissolved in 50 mL
of toluene, and Cp”H (1.4 mL, 1.2 g, 5.6 mmol) was added using a syringe. The
solution was heated to reflux for 3 days. The toluene was removed slowly under
reduced at 105 °C giving a dark oil. The flask was heated to 90 °C under dynamic
vacuum. The greenish brown solid residue was dissolved in 50 mL of hexane. The
solution was filtered, and the volume of the filtrate was reduced to ca. 3 mL. Cooling
to -80 °C produced black, diamond shaped blocks (0.31 g, 25 %). MP: 232 - 235 °C.
IH NMR §20.78 (1 H, vi/2 = 17 Hz, b), -4.78 (2 H, vi2 = 18 Hz, a3), -9.35 (18 H, vi2
=7 Hz, SiMe3). IR 3075(w), 3050(w), 1315(w), 1245(s), 1205(w), 1195(w), 1070(m),
915(s), 830(s), 770(m), 750(s), 685(m), 635(m), 610(w), 480(m), 375(m), 350(w),
325(w), 290(m), 240(w) cml. MS (M)* m/z (calc, found): 865 (100, 100), 866 (67,
76), 867 (42, 48), 869 (6, 19). Anal. Calcd for C33Hg3SigU: C, 45.7; H, 7.33. Found:

C,45.5; H,7.17.
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b) Cp»UCI;, (3.00 g, 4.12 mmol) and potassium (0.35 g, 9.1 mmol) were
suspended in 60 mL of hexane and heated to 80 °C. After stirring for one day, the dark
green, cloudy solution was filtered. The volume of the filtrate was reduced to ca.-
15 mL. Cooling to -20 °C produced green blocks (0.98 g). The volume of the mother
liquor was reduced to 2 mL, and cooling to -20 °C produced a second crop of green
blocks (0.67 g, 1.65 .g total, 69 % total). The 'H NMR spectrum was identical to that

of the product of route (a).

Cp”3Nd. Nd[N(SiMe3)]3'* (2.00 g, 3.20 mmol) was dissolved in 50 mL of toluene,
and Cp”H (2.53 mL, 2.15 g, 10.2 mmol) was added using a syringe. The solution was
heated to 110 °C. After stirring for 5 days, the color had changed from blue to green.
The toluene was slowly removed under vacuum at 100 °C giving oily, green blocks.
The blocks were dissolved in 50 mL of hexane, and the solution was filtered. The
volume of the solution was reduced to ca. 25 mL. Cooling to -20 °C produced large
light green, diamond shaped prisms (1.68 g, 68 %). MP: 191-196 °C. !H NMR §
33.70 (1 H, vip =27 Hz, b), 15.15 (2 H, vy2 =35 Hz, ap), -7.53 (18 H, vy = 5 Hz,
SiMe3). IR: 3050(w), 1320(w), 1245(s), 1209(w), 1201(w), 1079(s), 920(s), 833(s),
778(s), 751(s), 690(m), 641(m), 621(m) cm-1. MS (M-CH3)* m/z (calc, found):
754 (63, 63), 755(70, 70), 756(100, 100), 757(78, 79), 758(84, 84), 759(47, 46),
760(37, 36), 761(18, 18), 762(22, 21), 763(12, 11). Anal. Calcd for C33Hg3SigNd:

51.3; H, 8.22. Found: C, 50.3; H, 8.29.

Cp”’sLa. La[N(SiMes)]s'* (0.62 g, 1.0 mmol) was dissolved in 30 mL of toluene,
and Cp”H (0.90 mL, 0.74 g, 3.5 mmol) was added using a syringe. The solution was
heated to reflux. After three days, the toluene was removed under reduced pressure at
100 °C giving an oily white solid. The solid residue was dissolved in 50 mL of

hexane, and the solution‘was filtered. The volume of the filtrate was reduced to ca.
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10 mL. Cooling to -80 °C produced colorless, diamond shaped prisms (0.44 g, 57%).
MP: 155-160 °C. 'H NMR & 6.86 (m, 3 H, ap and b), 0.33 (s, 18 H, SiMe3). IR:
3074(w), 3051(m), 1319(s), 1246(s), 1210(s), 1203(m), 1078(s), 1041(m), 920(s),
832(s), 774(s), 752(s), 689(s), 640(s), 621(s) cm-!. MS: (M-H)* m/z (calc, found):
765(100, 100), 766(87, 68), 767(54, 42), 768(27, 17). Anal. Calcd for C33Hg3SigLa:

C, 51.7: H, 8.28. Found: C, 51.0; H, 8.30.

Cp’3U+«-BuNC (S. M. B.). Cp”3U (0.50 g, 0.58 mmol) was dissolved in 50 mL
hexane, and -BuNC ( 0.07 mL, 0.05 g, 0.6 mmol) was added using a syringe. The
color of the solutioﬁ immediately changed from deep green to dark purple. After
stirring for one hour, the solvent was removed under reduced pressure. The purple
solid residue was dissolved in 100 mL of hexane, and the solution was filtered. The
volume of the filtrate was reduced to ca. 40 mL, and the solution was heated to
redissolve the solid. Cooling to -20 °C produced purple blocks (0.20 g, 36 %). MP:
230-232 °C. 'H NMR § 0.44 (2H, vi =15 Hz, a3), -2.55 (18 H, v1/2 = 12 Hz, SiMe3),
8.85 (1H, vip = 1.0 Hz, b), -11.25 (3 H, v1/2 = 22 Hz, t-Bu). IR: 3060(w), 2140(s),
1315(w), 1245(s), 1070(s), 925(s), 830(s), 815(w), 775(w), 750(m), 680(w), 630(m),
610(w), 480(w), 365(w), 290(w) cm-!. MS. not done, see below. Anal. Calcd for
C36H72NSigU: C, 48.10; H, 7.64; N, 1.48. Found: C, 46.8; H, 7.63; N, 1.38.

Cp”’3Ndet-BuNC. Cp”3Nd (0.50 g, 0.65 mmol) was dissolved in 30 mL hexane, and
-BuNC(0.08 mL, 0.06 g, 0.7 mmol) was added using a syringe. The initially bright
green solution immediately turned pale blue. After 1 minute, a blue solid precipitated.
The volatile components were removed under reduced pressure. The light blue solid
residue was dissolved in 50 mL of hexane, and the solution was filtered. The volume
of the filtrate was reduced to ca. 30 mL, and the solution was heated to dissolve the

solid. Cooling to -20 °C produced light blue blocks (0.47 g, 85 %). MP: 222-223 °C:
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THNMR 89.73 (1 H, vi/p = 150 Hz, b), 8.89(2 H, vi; = 100 Hz, a3), -1.93 (18 H, vi2
= 18 Hz, SiMe3), -7.21 (3 H, vi/2 = 35 Hz, t-Bu). IR: 3059(m), 2178(s), 1318(w),
1247(s), 1207(m), 1077(s), 923(m), 835(s), 779(m), 754(s), 687(m), 638(m), 622(m)
cm-l. MS only Cp”3Nd observed. Anal. Calcd for C3gH72NNdSig: C, 53.3; H, 8.48;

N, 1.64. Found: C, 52.5; H, 8.78; N, 1.57. )

Cp”’sLa*t-BuNC. Cp”sLa (0.50 g, 0.65 mmol) was dissolved in 50 mL of hexane, and
t-BuNC (0.08 mL, 0.06 g, 0.7 mmol) was added using a syringe. After 15 minutes,
white solid precipitated from the colorless solution. After stirring for one hour, the
hexane was removed under reduced pressure. The white solid residue was dissolved in
100 mL of hexane, and the solution was filtered. The volume of the filtrate was
reduced to ca. 50 mL, and heated to redissolve all of the product. Cooling to -80 °C
produced colorless blocks (0.34 g, 61 %). MP: 222-223 °C. 1H NMR 8 6.83 (1 H, s,
b), 6.63(2 H, s, ap), 1.07 (3 H, s, t-Bu), 0.45 (18 H, s, SiMe3). IR: 3056(m), 2178(s),
1317(m), 1247(s), 1206(m), 1076(s), 1061(w), 922(s), 830(5),. 774(s), 754(s), 687(m),
638(s), 622(m) cm-l. Anal. Calcd for C3gH77LaNSig: C, 53.7; H, 8.53; N, 1.65.

Found: C, 52.6; H, 8.64; N, 1.69.

'Cp”3U'C6H11CN. Cp’3U (O.SO‘g, 0.58 mmol) was dissolved in 30 mL of hexane, and
cyclohexyl isocyanide (0.08 mL, 0.07 g, 0.6 mmol) was added using a syringe. Th¢
color of the solution immediately changed from dark green to dark purple. After
| stirring for one hour, the hexane was removed under reduced pressure. The resulting
dark purple solid residue was dried under vacuum for 3 hours then dissolved‘ in 70 mL
of hexane, and the solution was filtered. The volume of the filtrate was reduced to ca.
40 mL. Cooling to -20 °C produced pul;ple blocks (0.36 g, 64 %). MP: 190-191 °C.
1H NMR 6 0.87 (2 H, v/, = 18 Hz, 8), -2.64 (56H, vi2 =10 Hz, SiMes), -4.75 (3H,
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vir =31 Hz, b), -5.71 (2H, vy, =30 Hz, ), -6.21 (2H, vy2 =27 Hz, v), -7.76 (6H, vi2
=70 Hz, a3), -9.44 (2H, vy/2 =27 Hz, B), -10.16 (2 H, vy, = 20 Hz, 8), -53.32 (1H, vi2
= 36 Hz, o) assignment of the cyclohexyl resonances was based upon the integrated
areas and chemical shifts of the resonances. IR: 3062(m), 2153(s), 1318(m), 1243(s),
1207(m), 1076(s), 1055(w), 922(s), 834(s), 779(s), 749(s), 687(m), 638(s),
618(m) cm-!. Anal. Calcd for C40H74NSigU: C, 49.2; H, 7.65; N, 1.44. Found: C,
48.7; N, 7.87; N, i.35.

Cp”3Nd*CgH;1CN. Cp3Nd (0.50 g, 0.65 mmol) was dissolved in 30 mL of hexane,
and cyclohexyl isocyanide (0.09 mL, 0.08 g, 0.7 mmol) was added using a syringe.
" The initially green solution immediately turned pale blue. After stirring for one hour,
the solvent was removed under reduced pressdre, and the blue solid residue was
dissolved in 100 mL of hexane. The solution was ﬁltered, and the volume of the
filtrate was reduced to ca 50 mL. Cooling to -20 °C pfoduced light blue blocks
(0.50 g, 88 %). MP: 186-189 °C. 'H NMR(CgDg): 9.93 (3H, vy/3 = 66 Hz, aj), 8.64
(6 H, vi2 = 100 Hz, b), -1.81 (56 H, vi/2 = 11 Hz,SiMe3 and v), -3.78 (4 H, vi2 =
70 Hz, 3), -7.24 (2 H, v1/2 = 28 Hz, B), -8.26(2 H, vi2 = 35 Hz, B), -13.94(1 H, v =
45 Hz, o) assignment of the cyclohexyl resonances was based upon integrated areas
and chemical shifts of the resonances. IR: 3107(w), 3085(w), 3061(m), 2723(w),
2183(s), 1319(m), 1248(s), 1211(m), 1077(s), 1057(m), 1039(w), 1018(w), 963(w),
924(s), 894(w), 835(s), 780(s), 750(s), 686(m), 640(s), 621(s) cm-!. Anal. Calcd for
C40H74NNdSig: C, 54.5; H, 8.46; N, 1.59. Found: C, 52.7; H, 8.59; N, 1.51.

Cp3Zr. a) A slurry of KCg15 042 g, 3.1 mmol) in 10 mL of toluene was slowly added
by cannula to Cp4Zr16 (1.00g, 2.84 mmol) dissolved in 200 mL of toluene. After

stirring for ten hours, the reaction mixture was filtered giving a deep brown solution.
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The /volume of the filtrate was reduced to ca. 175 mL, and the solution was heated to
80 °C to redissolve the solid. Cooling to -20 °C yielded thin, brown, hexagonal plates
(0.46g, 56%). The compound did not melt to 300 °C. IR: 3130(m), 1023(s), 1012(s),
912(s), 845(s), 819(s), 790(s) 730 (m, sh), 285(s), 250(s) cm-l. MS (M)* m/z (found,
calc) 285 (100,100), 286 (85,39), 287 (80,38), 288 (28,6), 289 (75,34). Anal. Calcd for
CisHsZr: C, 62.9; H, 5.28. Found: C, 63..1; H, 5.32.

b) A mixture of naphthalene (0.37 g, 2.8 mmol) and a large excess of sodium
slices was suspended in 50 mL of tetrahydrofuran. After stirring for 12 hours, the
green NaCjoHg solution was added by cannula to Cp4Zr16 (1.00g, 2.84 mmol)
dissolved in 100 mL of tetrahydrofuran. The reaction mixture became red-bfown.
After stirring-for 12 hours, the tetrahydrofuran was removed under reduced pressure
and the solid residue was heated to 80 °C under dynamic vacuum for 4 hours to remove
Ci1oHg. The brown solid residue was suspended in 200 mL of toluene, and the solution
was filtered. Cooling to -20 °C gave brown plates (0.40 g, 49%), but they were
contaminated with 12 % Cp3ZrH17 as judged by the following'method.

Reaction of Cp3Zr with CCly. In an NMR tube, a benzene solution of Cp3Zr was
treated with an-excess of dry, deoxygenated CCly4 using a syringe. The color of the
solution immediately changed from green-brown to yellow-orange. The 'H NMR
spectrum of the reac;ion mixture showed it to be Cp3ZrCl. 18 In this way, the purity of
the Cp3Zr was estimated by comparing the integrated areas of the Cp peaks relative to
benzene before and after the addition of CCl4. (Note: the chemical shift of the protons
of Cp3ZrCl was reported as & = 6.05 in CDCl_o,.18 We find the resonance of Cp3ZrCl,

prepared as described in ref. 18, at 5.67 in CgDg).

Reaction of Cp3Ti with CCl4. In an NMR tube, a benzene solution of Cp3Ti19“21 was

treated with an excess of dry, deoxygenated CCly4 added using a syringe. The color
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immediately changed from dark green to dark red. The H NMR spectrum of the

reaction mixture showed it to be CpyTiCly by comparison to an authentic sample

Cp,TiCls.

Reaction of CpgZr with ¢-BulLi. Cpa,Zr]6 (0.50 g, 1.4 mmol) was dissolved in
125 mL of hot toluene then cooled to room temperature. z-BuLi (0.64 mL, 2.24 M in
hexane) was added by syringe. The solution became viscous, and a colorless
precipitate appeared. After 1 hour, the mixture was filtered giving a pale yellow
solution from which white needles formed on standing. The solution was cooled to
-80 °C to complete the crystallization (0.29 g, 71 %). The !H NMR spectrum of
Cp3ZrH was not previously reported: & 5.28 (d, J = 0.5 Hz, 15H), 2.83 (s, 1H). The IR

-spectrum was identical to that previously reported. 17

Cp3ZrCN ¢ 1/73C7Hg. Cp3Zr (0.30 g, 1.0 mmol) was dissolved in 100 mL of warm
toluene. #-BuNC (0.10 g, 1.2 mmol) was added using a syringe. The éolution instantly
became dark then lightened to red and finally to orange-red. The solution was filtered
although no precipitate was evident, and the volume of the filtrate was reduced to ca.
25 mL. The solution was cooled to -20 °C. After two weeks, the slightly cloudy
solution was filtered and cooled to -80 °C yielding small orange-red crystals (0.04 g,
12 %). MP: 220 °C (dec.). IH NMR 8 5.39(15H, CsHs), 2.10(1H,_H3CCgHs). IR:
3100(m), 3080(w), 2130(w), 1260(w), 1020(m), 1010(m), 840(m), 825(s), 810(s),
800(s), 730(w), 605(w), 375(w), 290(m), 235(m) cm -1. MS (M)* m/z (found, calc.):
311(100,100), 312 (43,38), 313 (38,37), 315 (34,32). Anal. Caled for Cs5Hs3N3Zr3:
C,64.2; H,5.19; N, 4.08. Found: C, 63.7; H, 5.37; N, 3.81.

Reaction of Cp3Ti with £-BuNC. Cp3Ti19'21 (0.50 g, 2.1 mmol) was dissolved in -

80 mL of toluene, and -BuNC (0.25 mL, 2.3 mmol) was added by syringe. The green
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solution immediately became deep purple. After standing for 4 hours the solution was
filtered. Cooling to -80 °C gave a purple powder (0.20 g, 48%). The IR spectrum,
color, and solubility matched that reported for [Cp2TiCN14.222 MS (My* m/z (found,

calc) 814(36,40), 815(55,53), 816(100,100), 817(68,71), 818(42,47), 819(16,21).

Reactions of Cp3Zr with water.

a) With one equivalent. Cp3Zr (1.8 mg, 6.4 mol) was dissolved in 0.25 mL of
CgDg. Dry, degassed water (0.1 pmol, 6 umol) was added using a syringe. The -
initially green-brown solution became cloudy, and a white precipitate formed. The
only species present in solution were [Cp2ZrOJz (& =6.21 ppm)24, and CsHg
(0 = 6.40(m), 2.68(m)).

b) With 0.5 equivalents. Cp3Zr (0.26 g, 0.91 mmol) was dissolved in 40 mL of
tetrahydrofuran and cooled to -78 °C. Degassed water (8.2 pL, 0.45 mmol) was
dissolved in 30 mL tetrahydrofuran and slowly added to the solution of Cp3Zr. The
solution was allowed to warm to room temperature and became pale and cloudy as the
temperature increased. After stirring for 12 hours, the tetrahydrofuran was removed -
under reduced pressure, and 100 mL of toluene was added. The mixture was heated to
90 °C then allowed to cool to room temperature and settle giving a clear solution and a
white precipitate which was removed by ﬁltration. The white solid was almovst
insoluble in benzene and its IR and !H NMR spectra matched those reported for
[Cp2Zr0]3.2* Cooling the filtrate to -80 °C caused the precipitation of a white solid

which was found to be a mixture of Cp3ZrH'’ and [CpyZrO}3%* by IR and !H NMR

Spectroscopy.

Attempted reactions of Cp3Zr with ligands. Cp3Zr was dissolved in toluene.
Ligands were added as toluene solution (OP(OCHj;)3;CEt), neat (pyridine), or as a gas

in a thick-walled pressure bottle (CO, and CoHy4). After stirring for 12 hr, no color
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change was noted. The solutions were filtered, and the volume of the mother liquor
was reduced. Cooling to -20 °C produced the characteristic thin, brown, hexagonal

crystals of Cp3Zr. The spectra were identical to that of Cp3Zr.

(CpaTi)2(u-0O). Cp3Ti’9'?‘1 (0.50 g, 2.1 mmol) was dissolved in 50 mL of THF and
cooled to -78 °C. A solution of water (0.018 g, 1.0 mmol) dissolved in 40 mL of
tetrahydrofuran was slowly added by cannula to the Cp3Ti solution. The deep green
solution became red. The mixture was allowed to warm to room temperature. After
stirring for ten hours, the tetrahydrofuran was removed under reduced pressure, and the
solid residue was dissolved in 60 mL of toluene. The solution was filtered, and the
volume of the filtrate was reduced to ca. 15 mL. Cooling to -20 °C produced shiny
green plates (0.25 g, 75 %). MP: 230-234 °C. IR: 1125(m), 1010(s), 890(m), 845(m),
780(s), 610(m), 410(s), 240(m). MS m/z (calc, found) 369(2, 2), 370(21, 23), 371(24,
27), 372(100, 100), 373 (37, 39), 374(20, 21), 375(5, 5). Anal. Calcd for CooH20OTiy:

C, 64.5; H, 5.42. Found: C, 64.9; H, 5.81.

CpqTiz180. The isotopomer wés prepared as described above except that 80 % 180H;
was used. IR: 1125(m), 1010(s), 890(m), 790(s), 775(s), 760(s), 725(s), 610(m),
-405(s), 240(w). MS(calc, found): 370(6, 10), 371(8, 12), 372(44, 60), 373(32, 39),
374(100, 100), 375(36, 36), 376(19, 19), 377(4, 4).

Unit Cell Determination of Cp4Ti20O. A crystal measuring 0.1 X 0.2 X 0.4 mm was
sealed in a 0.2 mm quartz capillary tube in an argon filled dry box and mounted on an
automated Picker FACS-1 diffractometer. An automated search followed by indexing

yielded the following unit cell:

a=795(4) A o=89.3(4)°
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b =10.96(4) AB = 89.5(5) °

c=19.8(1) A y=88.3(3)°
These values are in agreement with the reported values in the orthorhombic space
group Pbcn 25 |

a=7.946(1) A

b=11.102(2) A

c = 19.780(3) A.

Chapter Three

Cp*,TiCl, Cp*;TiBr, Cp*pTil;?¢ Cp*;TiMe, Cp*;TiEt, Cp*,Ti(n-Pr),
Cp*TiCH;C(Me)3; , Cp*pTiH, Cp*;TiCHCg¢Hs;27  Cp*;TiN(Me)(Ph);®
Cp*,TiMep;%’ Cp*,TiH;3® and KCg!® were prepared by literature methods. Cp*2TiBr
and Cp*,Til were synthesized by Dr. Phil Matsunaga.30 (Ph315)AuCl was prepared by .
Dr. Richard Andersen. Cp*,TiNH, was initially made and characterized by Dr. Milton
Rudolf Smith. Lithium amides and alkoxides were prepared by treating the amine or

alcohol with #-BuLi in hexane.

"Cp*,TiNH,.2! Cp*,;TiMe?” (0.93 g, 2.7 mmol) was dissolved in 40 mL of diethyl

ether and cooledto -78 °C. "Excess NH3, dried over sodium, was condensed into lthe
solution. The solution was allowed to warm to room temperature, and the initially
green solution becanie dark purple-brown. After stirring for 4 hours, the volatile
components were removed under reduced pressure. The dark solid residue was
dissolved in 30 mL of hexane, and the solution was filtered. Cooling to -20 °C gave

dark purple crystals (0.55 g, 59%). MP: 193-196 °C. IR 3437(m), 2721(m), 1535(s),
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1491(s), 1023(s), 802(w), 634(s), 626(m), 616(s), 598(s), 486(s), 431(s), 395(m) cm-l.
Anal. Caled for CooH3oNTi: C, 71.8; H, 9.65; N, 4.20. Found: C, 71.7; H, 9.74; N,

4.14.

Cp*;TiN(Me)H. A mixture of Cp*,TiCI?® (0.71 g, 2.0 mmol) and LiN(Me)H (0.09 g,
2.4 mmol) was suspended in 30 mL of diethyl ether. After stirring for twelve hours,
the solvent was removed under reduced pressure, and the solid was suspended in
50 mL of hexane forming a lilac colored solution. The solution was filtered, and the
voiume of the filtraté was reduced to ca. 5 mL. Cooling to -20 °C gave green crystals
(0.32 g, 46%). MP: = 202-205 °C. IR 3360(w), 2765(m), 2725(w), 1405(m), 1160(w),
1083(s), 1037(m), 1010(m), 790(w), 711(w), 617(w), 535(m), 494(s), 419(s), 378(m)
cm-l. MS (M)* m/z (calc, found) 347(12, 44), 348(100, 100), 349(31, 32), 350(12, 11).
Anal. Caled for Co1H34NTi: C, 72.4; H, 9.84; N, 4.02. Found: C, 73.0; H, 9.89; N,

4.04.

Cp*2TIF,. Cp*,TiMe,?° (1.15 g, 3.30 mmol) was dissolved in 70 mL of diethyl ether,
and BF3*OEt; (0.96 g, 6.8 mmol) was added slowly using a syringe. The yellow
solution became orange. After stirring for twelve hours, the solvent was removed
under reduced pressure, and the residue was heated to 90 °C under dynamic vacuum
for 4 hours to remove MeBF,. The yellow solid residue was dissolved in 100 mL of
hexane, and the solution was filtered. The volume of the filtrate was reduced to ca.
20mL. Cooling to -80 °C gave orange needles (1.1 g, 93 %). MP: = 207-208 °C. 'H
NMR & 1.82(s). IR 2720(w), 1165(w), 1065(w), 1020(m), 810(w), 725(w), 635(w),
610(m), 580(s), 565(s), 545(m), 440(s), 390(m) cm-l. MS (M)* m/z (calc, found)
354(10, 11), 355(12, 12), 356(100, 100), 357(30, 29), 358(11, 11), 359(2, 2). Anal.
Calcd for CyoH3gF,Ti: C, 67.4; H, 8.48. Found: C, 67.4; H, 8.59.
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Cp*,TiF. A slurry of KCg (0.21 g, 2.0 mmol) in 20 mL of tetrahydrofuran was added
by cannula to a solution of Cp*,TiF; (0.67 g, 1.9 mmol) dissolved in 10 mL of
tetrahydrofuran. The solution immediately turned dark green. After stirring for three
hours, the solvent was removed under reduced pressure. The solid residue was
suspended in 100 mL of hexane. The dark green suspension was filtered, and the
volume of the filtrate was reduced to ca. 10 mL. Cooling to -20 °C gave dark green
crystals (0.40 g, 63 %). MP: 201-203 °C. IR 2720(w), 1165(w), 1065(w), 1025(m),
805(w), 725(w), 635(w), 610(w), 570(s), 450(s), 415(w), 395(w) cm-1. MS (M)* m/z
(calc, found) 335(11, 16), 336(12, 18), 337‘(100, 100), 338(30, 31), 339(11, 12). Anal.
Calcd for CogH3gTiF: C, 71.1; H, 8.96. Found: C, 70.9; H, 8.94.

Cp*;TiOCH3. A mixture of Cp*,TiCI*® (0.50g, 1.4 mmol) and LiOCH; (0.06 g,
1.6 mmol) was suspended in 40 mL of tetrahydrofuran. The solution was warmed to
70 °C for 3 hours during which time the solution turned red-orange. The suspension
was allowed to cool to room temperature. After stirring for tWelve hours, the solvent
was removed under reduced pressure, and the solid residue was suspended in 50 mL of
hexane. The red-purple suspension was filtered, and the volume of the filtrate was
reduced to ca. 1 mL. Cooling to -20°C produced brown plates (0.33 g, 67 %). MP:
135-150 °C. IR 2790(s), 2720(w), 1270(w), 1150(s), 1075(m), 1025(m), 800(w),
760(m), 725(w), 660(w), 620(w), 550(m), 500(m), 420(m) cm-1. MS M)* m/z (calc,
found) 347(11, 4), 34‘8(12, 5), 349(100, 100), 350(31, 12), 351(12, 5). Anal. Calcd for
C21H330Ti: C, 72.2; H, 9.52. Found: C, 71.7; H, 9.65. |

Cp*;TiOC¢Hs. A mixture of Cp*,TiCI?® (0.50 g, 1.4 mmol) and LiOCgHs (0.16 g,
1.6 mmol) was dissolved in 30 mL tetrahydrofuran. The solution immediately became
purple-red. After stirring for ten hours, the solvent was removed under.reduc-ed

pressure, and the residue was suspended in 50 mL of hexane. The purple suspension
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was filtered, and the volume of the filtrate was reduced to ca. 10 mL. Cooling to
-20 °C gave big purple-brown crystals (0.48 g, 83 %). MP: 202-207 °C. IR: 2720(w),
2610(w), 1615(w), 1585(s), 1565(m), 1485(s), 1310(s), 1160(s), 1065(w), 1020(w),
995(m), 880(s), 750(s), 695(m), 630(w), 620(m), 605(w), 520(w), 430(m), 405(w),
360(m) cml. MS (M)* m/z (calc, found) 409(10, 20), 410(13, 22), 411(100, 100),
412(36, 48), 413(13, 17), 414(3, 4). Anal. Calcd for Co6H350Ti: C, 75.9; H, 8.57.

Found: C, 76.3; H, 8.59.

Cp*;TiN(Et)Ph. A mixture of Cp*,TiC1?® (0.50 g, 1.4 mmol) and LiN(Et)Ph (0.20 g,
1.6) mmol was suspended in 40 mL of diethyl ether. After stirring for 3 hours, the
solvent was removed under reduced pressure. The black solid residue was suspended
in 30 mL of hexane, and the mixture was filtered. The volume of the filtrate was
reduced to ca. 3 mL. Cooling to -20 °C gave small black crystals (0.36 g, 58%). MP:
174 - 181 °C: IR 2720(w), 1370(s), 1355(w), 1340(w), 1305(s), 1280(s), 1185(rﬁ),
1135(W), 1090(my), 1020(s), 980(s), 850(m), 775(s), 745(s), 695(s), 635(m), 535(m),
485(w), 450(s), 420(m)m 405(s), 370(m), 345(s) cm'l. MS (M)* m/x (calc, found)
437(13, 45), 438(100, 100), 439(39, 37), 440(14, 13), 441(2, 3). Anal. Calcd for
C28H4oNTi: C, 76.7; H, 9.19; H, 3.19. Found C, 76.0; H, 9.28; N, 3.36.

Cp”‘zTiN(Me)Ph.28 IR(not previously reported) 3075(w), 3055(w), 2720(w),
2620(w), 2570(w), 1585(s), 1555(m), 1390(s), 1190(m), 1165(m), 1050(w), 1030(m),
990(s), 855(w), 825(s), 755(s), 705(m), 630(w), 545(w), 470(w), 420(m), 350(m) cm-1.

Cp*2TiLi(TMEDA). a) A mixture of Cp*zTiCI26 (1.00 g, 2.83 mmol) and
[(TMEDA)Li],C1oHg>>>? (1.08 g, 2.88 mmol) was cooled to -78 °C and powdered
using the stirbar. The mixture was suspended in 100 mL of cold diethyl ether, and the

solution was allowed to warm to room temperature while stirring. After stirring for
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one houf at room temperature, the solution was green with a green precipitate. The .
diethyl ether was removed under reduced pressure. The dark green solid residue was
heated to 95 °C under vacuum for 2 hours to remove CjgHg. The dark solid residue

was s'uspendgd in 200 mL of diethyl ether, the solution was heated to reflux and

allowed to cool and settle. The dark red solutibn was filtered, and the volume of the
filtrate was reduced to ca. 40 mL. Cooling to -20°C produced dark green blade shaped
crystals (0.48 g, 38 %). The compound did not melt to 300 °C. IR 2715(w), 1365(w),
1290(m), 1250(s), 1185(w), 1160(m), 1130(s), 1100(m), 1040(m), 1020(s), 950(s),

890(w), 840(w), 795(s), 725(m), 630(w), 505(w), 470(w), 445(m), 410(s),

255(w) cm-l. MS no parent ion, but peaks at m/z 316 and 116 corresponding to

Cp*;Ti* and TMEDA)+ respectively. Anal. Calcd for CogHygeLiN2Ti: C, 70.7; H, 10.5;
N, 6.34. Found: C, 70.7; H, 10.6; N, 6.07.

b) Cp*zTiH30 (0.28 g, 0.88 mmol) was dissolved in 50 mL of hexane and
cooled to -78°C. A mixture of TMEDA (0.15 mL, 0.11 g, 0.96 mmol) and vn-BuLi
(0.49 mL, 1.97 M in hexane, 0.96 mmol) was cooled to -78 °C, dissolved in 30 mL of
hexane, and added to the solution of Cp*2TiH. The red solution immediately turned
emerald green and was allowed to warm to room temperature. After stirring for one
hour, the volatile components were removed under reduced pressure, and the green
solid residue was suspended in 100 mL of diethyl ether. The solution was heated to
reflux briefly and then allowed to settle. The green solution was filtered, and the
volume of the filtrate was reduced to ca. 40 mL. Cooling to -20 °C produced dark
green blades (0.25 g, 69%). The EPR spectrum and appearance of the compound is

identical to that of compound prepared by route (a).

Evans’ Method>* Determination of efs for Cp*éTiLI(TMEDA).
Cp*pTiLI(TMEDA) (22.9 mg, 5.19 x 10-5 mol) was dissolved in C¢Dg plus 1 pL of

cyclohexane in a volumetric flask to make 1 mL of solution. The solution was placed
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in disposable pipettes with the tips sealed, and the pipettes were capped with rubber
bulbs. The pipettes were cooled with liqﬁid nitrogen and flame sealed forming small
tubes of the Cp*TiLi(TMEDA) solution. A tube which contained this solution was
~wrapped at the top with Teflon tape and placed in an NMR tube containing 0.2 mL of a
1 mL solution of Cg¢Dg containing 1 puL of cyclohexane. The frequency difference of
the cyclohexane peaks was 8.2 Hz at 30 °C. Y gram = (3Av )/(2rvm) = 1.9 X 10-6 cgs
units where Av is the difference in frequency of the protons, Vv is _the spectrometer
frequency, m is the mass of substance dissolved in 1 mL of solvent, and Y is the
susceptibility of the solvent. (Note: this formula is only good for an electromagnet
NMR spectrometer not for a solenoidal superconducting NMR spectrometer.) ¥corr =
MWYgram + Xdia = 1.2 X 10-3 cgs units where MW is the molecular weight of the
substance and Y gia is diamagnetic correction for the underlying diamangetism of the

substance. peff= (8YmolT)/2 = 1.7 B. M. where T is the temperature in Kelvin (303).

Cp*;TiLi(K211). A mixture of Cp*;TiLi(TMEDA) (0.28 g, 0.63 mmol) and
4,7,13,18-tetraoxa-7,16-diazabicyclo[8.5.5]eicosane (K211) (0.18 g, 0.63 mmol) was
dissolved in 40 mL of tetrahydrofuran, and the mixture was heated to reflux. After two
hours, the solution had become dark red, and the volatile components were removed
under reduced pressure giving a dark red oil. The oil was treated with 100 mL of
diethyl ether giving a red solution and a red-brown precipitate. The solution was
filtered leaving a red-brown powder (0.13 g, 33 %). MP: 270-274 °C. IR 2700(w),
1295(s), 1280(s), 1250(m), 1240(w), 1175(\&),- 1135(s), 1105(s), 1085(s), 1065(s),
1010(s), 940(m), 910(m), 855(w), 825(w), 810(m), 755(w), 740(m), 715(w), 550(s),
350(s) cm1. MS no parent ion, but peaks with m/z 136, and 288 corresponding to Cp*
and K211. Anal. Calcd for C34H58LiN204Ti: C, 66.5; H, 9.53; N, 4.56. Found: C,

66.5; H, 9.61; N, 4.73.
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[Cp*2TiOLi(THF)],*THF. C-?p*zTiLi(TMEDA) (0.50 g, 1.1 mrhol) was dissolved in
30 mL of tetrahydrofuran, and cooled to -78 °C. A solution of degassed water
(204 pL, 1.13 mmol) in 30 mL of tetrahydrofuran \was added to the
Cp*2TiLI(TMEDA) solution by cannula. The solution turned a lighter green color and
evolved gas over the course of three hours. After stirring for twelve hours, green solid
had precipitated. An additional 100 mL of tetrahydrofuran was added fo the mixture
which was the heated to 80 °C and allowed to cool to room temperature. The solution
was filtered. The volume of the filtrate was reduced to ca. 90 mL, and the soluiton was
heated to 80 °C to redissolve the solid. Cooling to -20 °C produced large green prisms
(0.27 g, 53 %). The compound does not melt to 250 °C. IR 2720(w), 160(w),
1020(m), 800(w), 705(s), 625(m), 610(m), 410(s), 370(w), 305(w) cml. MS only a
péak for Cp*2TiOH observed m/z 335; it is not known whether the complg:x was not
volatile or was hydrolyzed. Anal. C.alcd for C5oHgqLiO5Ti: C, 69.5; N, 9.42. Found:
| C, 69.6; H, 9.53. Addihg Mel to the EPR sample produces Cp*;TiOMe (g = 1.977).

Attempted reactions of Cp*;TiLi(TMEDA) with hydrogen or ethylene.
Ci)*zTiLi(TMEDA) (0.25 g, 0.57 mmol) was dissolved in 30 mL of toluene and
transferred to a heavy-walled pressure bottle by cannula. The solution was pressurized
to 100 psi with the gas. After stirring for 12 hours, the pressure was released, and the
solution was transferred to a Schlenk tube by cannula. The ethylene reaction mixture
contained a small amount of fluffy white solid (presumably polyethylene). The
solution was filtered, and the volume of thé filtrate was reduced to ca. 10 mL. Cooling

to -20 °C gave dark green crystals: Cp*;TiLi(TMEDA) by EPR.

Cp*2TiLi(TMEDA) + CO. Cp*TiLi(TMEDA) (0.25 g, 0.57 mmol) was dissolved in
30 mL of toluene, and the solution was transferred to a heavy-walled pressure bottle by

cannula. The green solution was pressurized to 125 psi with carbon monoxide. The |
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solution immediately became red and cloudy. After stirring for twelve hours, the
solution was transferred to a Schlenk tube using a cannula and filtered. The volume of
the filtréte was reduced to ca. 0.25 mL. Cooling to -20 °C produced red needles
(0.12 g, 62%). The !H NMR spectrum (8 = 1.65 ppm), and the CO stretching
frequencies (1920, 1840 cm-l) agree with those previously reported for

Cp*,Ti(CO),. 3

Cp*;TiLi(TMEDA) + NH3. Cp*;TiLi(TMEDA) (0.35 g, 0.79 mmol) was dissolved
in 50 mL of tetrahydrofuran and the Schlenk tube was cooled to 77 K with liquid
nitrogen and was evacuated. Ammonia (181.8 mL, 78 torr, 0.83 mmol), dried over
sodium, was condensed onto the frozen Cp*zTiLi(TMEDA) solution. The mixture was
warmed to -78 °C, and the Schlenk tube was filled with argon. The mixture was
allowed to warm to room temperature while stirring. The solution became green and a
pale solid precipitated. After 4 hours, the tetrahydrofuran was removed under reduced
pressure, and the green solid was suspended in 125 mL of tetrahydrofuran. The
solution was filtered, and the volume of the filtrate was reduced to ca. 5 mL. Cooling
to -20 °C produced green crystals (0.04 g) of unreacted Cp*;TiLi(TMEDA) as
identified by EPR spectroscopy. The volume of the mother liquor was reduced to ca.
0.5 mL. Cooling to -20 °C produced a green solid (0.12 g, 45 %) which was found to
be Cp*,TiNHy by EPR and IR spectroscopy. The product was contaminated some

unreacted Cp*,TiLi(TMEDA).

Cp*;TiLi(TMEDA) + Mel.. Cp*,TiLI(TMEDA) (0.25 g, 0.57 mmol) was dissolved
in 40 mL of -tetrahydrofuran and cooled to -78 °C. Mel (35 pL, 0.080 g, 0.56 mmol)
dissolved in 20 mL of tetrahydrofuran was added to the Cp*iTiLi(TMEDA) solution
using a cannula. The solution was allowed to warm to room temperature. The solution

slowly turned purple over several hours. After stirring for twelve hours, the THF was
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removed under reduced pressure. The dark solid residue was suspended in 20 mL of
hexane, and the mixture was filtered giving a purple solution. The volume of the
filtrate was reduced to ca. 1 mL. Cooling to -20 °C gave purple crystals whose IR and
EPR spectra agree with those of Cp*Ti(T]6-H2CC5MC4)35'36 ' (prepared by the

decomposition of Cp*,TiEt).

Cp*2TiLi(TMEDA) + (Ph3P)AuCl. (Ph3P)AuCl (0.28 g, 0.57 mmol) was dissolved
in 50 mL of toluene. Cp*,TiLi(TMEDA) (0.25 g, 0.57 mmol) was dissolved in 50 mL
of toluene and added by cannula to the (Ph3P)AuCl solution. The solution instantly
turned purple. After stirring for twelve hours, the toluene was removed under reduced
preséure The -purple solid was suspc\:nded in 60 mL of hexane, and the solution was
filtered. The volume of the filtrate was reduced to ca. 2 mL. Cooling to -20° produced
purple needles (0.18 g) which were a mixture of Cp*Ti(T]6—H2CC5Me4) and PPhs as

determined by 'H NMR, IR, and EPR spectroscopy.
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Appendix One: Crystallography Details
Cp72UCly:

Orange needles of the compound were grown by cooling a saturated hexane
solution to -30 °C. The crystals were dried under reduced pressure and loaded into
quartz capillaries in an inert atmosphere box. A crystal measuring 0.08 x 0.20 x
0.60 mm was transferred to an automated Picker FACS-1 diffractometer. The crystal
was centered in the beam. Automatic peak search and indexing procedures indicated that
the crystal possessed a body centered monoclinic cell and yielded the cell parameters.
The cell parameters and data collection parameters are given in the following table.

The 5882 raw intensity data were converted to structure factor amplitudes and
their esds by correction for scan speed, background, and Lorentz-polarization effects.!
Inspection of the intensity standards showed no great change in intensity. An intensity
correction varying from 1.073 to 0.982 was applied to the data. The systematic absences
(h,0,1), h odd; and (h,0,1), 1 odd were then rejected and the data were averaged (Rin=
0.030) yielding 2818 unique data of which 2179 had Fo> 36(F,). Azimuthal scan data
showed fairly flat absorption curves. No absorption correction was applied. The
systematic absences indicated that the space group was I2/a or I12/c. 12/a was chosen.

The cell volume indicates that 4 molecules are present in the unit cell. The
uranium atom had to be on a special position. Since the molecule could have C;
symmetry, the first special position was chosen. The uranium atom position, and the
position of the chlorine and silicon atoms were obtained by solving the Patterson map.
Successive Fourier searches yielded the rest of the heavy atom positions. The heavy
atom structure was refined by standard least squares and Fourier techniques. The heavy
atoms were refined anisotropically. The hydrogen atoms were located in a difference

Fourier, and the hydrogen positions were then calculated based upon idealized bonding-
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geometry and assigned thermal parameters equal to 5 A? for the cyclopentadienyl
hydrogen atoms and 10 A2 for the trimethylsilyl hydrogen atoms. After one least
squares cycle, the hydrogen atoms were refined isotropically. A final differencé Fourier
map showed no additional atoms in the asymmetric unit. Examination of intermolecular
close contacts (<3.5A) showed that the molecule was a monomer.

The final residuals for 216 variables refined against the 2179 unique data with F,

> 30(F,) were R = 2.3%, R, = 2.8%, and GOF = 0.83. The R value for all data

(including unobserved reflections) was 4.2%. The quantity minimized by the least
squares refinements was w(lF| - IF;I)z, where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set to
0.05.% The analytical forms of the scattering factor tables for neutral atoms were used
and all non-hydrogen scatten'ng factors were corrected for both the real and imaginary

3

components of anomalous dispersion.” The largest positive and negative peaks in the

final difference Fourier map have electron densities of 0.51 and -0.49.

205



Crystal Data for Cp”oUClIp

Space group:
a, A

b, A

c, A

a, deg.

B, deg.

Y, deg.

Vv, A3

Z

fw

d (calc.) g/cm3
W (calc.) 1/cm

radiation
monochrometer
scan range, type-
scan speed, deg/min
scan width, deg
reflections collected
unique reflections
reflections F,2> 30(F,?)
R, %

R, %

Rall’ %

GOF .

Largest A/c in final least squares cycle

12/a
22.28(1)
7.069(4)
20.558(8)

90
102.03(3)

90

3166.87
4.2
680.98

1.428

50.154

MoKo(A= 0.71073 A)
highly oriented graphite
4° <206 < 50°, 6-26
2-8, variable

AB= 1.50 + 0.693tan6
5822; +h,+k,tl

2818

2179

2.3
2.8

4.2
0.33

0

Intensity standards: (6, 0, 0); (0, 0, 4); (0, 4, 0) measured every 250 reflections. The

intensity changed little over the experiment.

Orientation Standards: 2 reflections were checked after every 5000 measurements.

Crystal orientation was redetermined if any of the reflections were offset from their

predicted positions by more than 0.1°. Reorientation was done once over the course of

the data collection. The cell constants and errors are listed as their final values.

206



Table of atomic positions in Cp”aUCI;

Atom X Y Z

U 0.250000 0.097323 0.000000
Cl 0.277106 0.342592 -0.081748
Si(1) 0.387992 -0.111586 -0.085529
Si(2) 0.377276 0.164344 0.178346
Cl1 0.357575 -0.074381 -0.007968
C2 0.373425 0.073437 0.038452
C3 0.351488 0.037286 0.097436
C4 0.320495 -0.138458 0.085921
C5 0.324743 -0.207319 0.022900
Cé6 0.432283 0.101320 -0.098857
C7 0.325929 -0.156457 -0.158867
C8 0.437840 -0.325629 -0.070626
C9 0.321484 0.134668 0.232532
Cl0 0.451289 0.054148 0.219290
Cl1 0.390977 0.414211 0.162460
H2 0.395205 0.183948 0.031966
H4 - 0.301677 -0.203462 0.118432
H5 0.309721 -0.359645 0.004764
H6a 0.465987 0.086551 -0.063727
H6b 0.403883 0.209836 -0.111599
Héc 0.442856 0.113729 -0.142585
H7a 0.298070 -0.055607 -0.170906
H7b 0.299102 -0.260937 -0.150712
H7c 0.341871 -0.137727 -0.199202
H8a 0.417394 -0.424854 -0.056704
H8b 0.471971 -0.277463 -0.045018
H8c 0.451917 -0.370835 -0.108933
H9a 0.311887 -0.004724 0.236230
H9 0.284839 0.203914 0.216045
HOc 0.337970 0.179510 0.277307
H10a 0.480379 0.073303 0.188912
HI10b 0.444103 -0.069603 0.223022
H10c 0.461248 0.102586 0.261963
Hilla 0.356010 0.480676 0.136815
H1lb 0.414780 0.459199 0.129478
Hllc 0.401906 0.481641 0.200678

207



Table of atomic thermal parameters for Cp”,UCl, in A2

Atom B(1,1) B(2,2) B(3,3) B(l1,2) B(1,3) B(2,3)
or Biso
U 3.6806 2.5558 3.0634 0O 0.4894 0
Cl 5.9028 4.6549 47924 -1.0662 0.7692 1.1319
Si(1) 5.5603 5.0902 4.8106 0.5903 1.9842 -1.0207
Si(2) 4.6382 5.1213 3.4920 1.1593 -0.0415 -0.4366
Cl1 4.7250 3.5916 4.1190 0.6285 0.8755 -0.5895
C2 3.8635 3.4654 4.0435 0.3470 0.7098 -0.0812
C3 4.2294 3.8670 3.6015 0.7987 0.6578 0.0521
C4 5.1326 3.4201 4.0269 0.9282 1.1135 0.6952
C5 5.1676 2.9346 4.4837 0.3154 1.1955 -0.0430
Cé6 8.3623 7.6944 7.2601 -1.3034 3.9413 -0.0751
C7 8.0107 9.0931 4.29 -0.1099 1.4795 -0.6849
C8 8.5993 7.1854 9.5457 29871 2.8975 -1.3265
C9 7.3904 10.5791 3.7147 0.7251 1.2403 -0.87
Cl10 6.5927 10.1483 5.6106 3.2586 -1.3490 -1.3993
Cl11 8.9502 . 6.58 6.9673 -1.1198 -1.0687 -0.4931
H2 2.8274 :
H4 3.4973
H5 6.9707

- Hé6a 10.5038
Hé6b 14.1334

Héc 8.5997
"H7a 8.6364
H7b 9.2501
H7c 12.4116

H8a 15.1592 \
H8b 14.2434

H8c 11.0379
H9a 11.8120
H9b 9.9658
HO¢ 8.6533

H10a 10.3623
- H10b 6.9437
H10c 10.0977
Hlla 10.0796
H11b 11.1673
Hllc 10.2021

The form of the anisotropic temperature factor is:

exp[-0.25{h2a2B(1,1) + k2b2B(2,2) + 12¢2B(3,3)
+ 2hkabB(1,2) + 2hlacB(1,3)+ 2klbcB(2,3)}]

where a,b, and c are reciprocal lattice constants.
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[Cp72UF2]»

Dark green crystals of the compound were grown by heating a hexane solution to
about 80 °C then cooling slowly to room temperature. A suitable, roughly cubic crystal
measuring 0.28 mm x 0.30 mm x 0.30 mm was mounted on the end of a 0.2 mm thin
walled glass capillary. The crystal was transferred to an Enraf-Nonius CAD-4
diffractometer and cooled to -111 °C.under a cold stream previously calibrated by a
thermocouple placed in the sample position. The crystal was centered in the beam.
Automatic peak search and indexing procedures indicated that the crystal was possessed
a primitive monoclinic cell and yielded the unit cell parameters. The cell parameters and
data collection parameters are given in the following table.

The data was collect¢d in two blocks (+h,tk,+1) and (+h,+k,-1). The 5868 raw

intensity data were converted to structure factor amplitudes and their esds by correction

for scan speed, background, and Lorentz-polarization effects.! Inspection of the =

intensity standards showed no decrease in intensity over the duration of data collection
for the first block of data and a 5% decrease in intensity for the second block of data.
The Second block was then corrected for a decay of 5%. The 157 systematic absences
(0,k,0), k odd, and (h,0,1), h+l odd and the 1499 redundant data (+h,-k,+1) and the 195
duplicated (h,k,0) data were then rejected yiélding 4007 unique data. No empirical
absorption correction could be applied because a large piece éf ice had grown on the
glass capillary, and when the goniorhenter head was raised to 90° in %, the capillary
snapped off. Inspection of the collected data showed systematic absences for (0,k,0), k
‘odd band (h,0,1), b+l odd indicating that the space group was P2,/n.

The molecule was initially believed to be a monomer with Z=4. The uranium
atom positions were obtained by solving the Patterson map. Refinement on the uranium
positions followed by a difference Fourier search yielded the other heavy atom positions.

The heavy atom structure was refined by standard least squares and Fourier techniques.
209



The heavy atoms were refined isotropically, and the hydrogen atom positions were
calculated. A' numerical absorption correction (DIFABS) was applied, and the heavy
atom positions were refined anisotropically with the hydrogen atoms in calculated
positions. The hydrogen positions were calculated based upon idealized bonding
geometry and assigned thermal parameters equal to 1.3 A? larger than the carbon atom to
which they were connected. The hydrogen positions were included in the structure
factor calculations But not refined by least squares. A final difference Fourier map
showed no additional atoms in the asymmetric unit. Examination of intermolecular close
contacts(<3.5A) showed that the molecule was actually a dimer with two bridging
fluoride ligands.

The final residuals for 263 variables refined against the 4007 unique data with F,,
> 30(F,) were R = 3.35%, R,, = 3.58%, and GOF = 1.97. The R value for all data
(including unobserved reflections) was 5.42%. The quantity minimized by the least
squares refinements was w(IF,| - IF_l)%2, where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of inténse reﬂections; was set to 0.03
initially, but later changed to 0.02.%2 The analytical form of the scattering factor tables for
neutral atoms were used and all non-hydrogen scattering factors were corrected for both

the real and imaginary components of anomalous djspe:rsion.3

Inspection of the residuals ordered in the ranges of sin(6/&), IF, and parity and
values of the individual indexes showed no trends. Fourteen reflections had
anomalously high values of wA?, and were weighted to zero toward the end of the
refinement. The largest positive and negative peaks in the final difference Fourier map
have electron densities of 0.93 and -0.30, respectively, and are associated with the

uranium atom.
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Crystal Data for [Cp",UF,],

Space group: . P2,/n

a, A 11.5193)

b, A : 21.892(7)

c, A 12.846(3)

a, deg. ’ 90

B, deg. 116.07(2)

Y, deg. 90

V, A3 2910 .

Z 2

fw 1389.90

d (calc.) g/cm? 1.586

i (calc.) l/em 54.708

radiation : MoKa(A= 0.71073 A)
monochrometer highly oriented graphite
scan range, type 3° <26 <45° 6-20
scan speed, deg/min : 3 -

scan width, deg AB= 0.90 + 0.35tan®
reflections collected : 5868; +h, tk, +1; +h,+k,-1
unique reflections 4007

reflections F 2> 30(F,?) 3109

R, % 3.35

R, % 3.38

R,y % 5.42

GOF ' 1.97

Largest A/c in final least squares cycle 0

Intensity standards: (1,4,2); (2,6,4); (3,1,-6) measured every hour of x-ray exposure
time. The first block of data showed no decay. The second block of data showed a 5%
linear decay over the collection period and was corrected for.

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was required seventeen times over
the course of the data collection due to the growth of ice on the capillary. The cell
constants and errors are listed as their final values.
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Table of atomic positions in [Cp”UF3]»

Atoms X Y Z Beq (A2)
U 0.00474(1) 0.02395(1) 0.15006(1)  1.392(6)
ST1 -0.1723(2) 0.1699(1) 0.2210(2) 2.05(6)
S12 -0.2855(2) -0.0869(1) 0.1972(2) 2.36(6)
SI3 0.1612(2) -0.1562(1) 0.2569(2) 2.06(6)
S14 0.3626(2) 0.0940(1) 0.3432(2) 1.97(6)
F1 0.0584(4) 0.1151(2) 0.1759(4) 2.1(1)
F2 -0.0320(5) -0.0511(2) 0.0143(4) 2.4(1)
Cl1 -0.1786(7) 0.0362(4) 0.2321(6) 1.7(2)
C2 -0.1919(7) 0.0896(4) 0.1674(7) 1.8(2)
C3 -0.2388(8) 0.0688(4) 0.0484(6) 2.2(2)
C4 -0.2587(8) 0.0056(4) 0.0447(6) 2.0(2)
G5 -0.2217(7) -0.0161(4) 0.1595(6) 1.9(2)
C6 . 0.2478(7) -0.0281(4) 0.2651(6) 1.8(2)
Cc7 0.1653(7) -0.0718(4) 0.2806(6) 1.5(2)
C8 0.1201(7) -0.0413(4) 0.3537(6) 1.7(2)
C9o 0.1708(7) 0.0184(4) 0.3750(7) 1.8(2)
C10 0.2527(7) 0.0272(4) 0.3233(6) 1.8(2)
Cl1 -0.3257(8) 0.1909(5) 0.2274(8) 3.3(2)
C12 -0.1455(9) 0.2227(4) 0.1215(8) 3.3(3) -
C13 -0.0390(9) 0.1739(5) 0.3707(8) 3.9(3)
Cl4 -0.1645(9) -0.1250(5) 0.3305(7) 3.1(2)
C15 -0.352(1) -0.1409(5) 0.0756(8) 4.3(3)
Ci6 -0.4207(9) -0.0594(6) 0.2275(9) 5.6(3).
C17 0.3071(9) -0.1768(4) 0.2369(8) 3.2(3)
Ci18 0.0146(9) -0.1836(4) 0.1303(8) 3.4(3)
C19 0.1759(9) -0.1948(4) 0.3912(8) 3.1(3)
C20 0.533(1) 0.0691(5) 0.432(1) 4.8(3)
C21 0.352(1) 0.1227(5) 0.2054(8) 4.1(3)
C22 0.324(1) 0.1544(5) 0.4248(9) 4.9(3)
H1 -0.14497(1) 0.03509(1) 0.31412(1) 2.3*
H3 -0.25363(1) 0.09398(1) -0.01643(1) 2.8%*
H4 -0.29151(1) -0.01890(1) -0.02334(1) 2.6*
H6 0.29415(1) -0.03524(1) 0.22073(1) 2.3*
H8 0.06488(1) -0.05848(1) 0.38328(1) 2.2*
H9 0.15158(1) 0.04841(1) 0.41862(1) 2.4*
H1l1A -0.31994(1) 0.23174(1) 0.25444(1) 4.3%
H11B -0.39561(1) 0.18772(1) 0.15223(1) 4.3%
H11C -0.33984(1) 0.16410(1) 0.27883(1) 4.3*
H12A -0.13590(1) . 0.26310(1) 0.15091(1) 4.3*
HI12B -0.06949(1) - 0.21102(1) 0.11507(1) 4.3*
Hi12C -0.21746(1) 0.22097(1) 0.04726(1) 4.3%
H13A -0.02922(1) 0.21480(1) 0.39775(1) 5.1%*
H13B -0.05898(1) 0.14835(1) 0.42042(1) 5.1%
H13C 0.03923(1) 0.16046(1) 0.37025(1) 5.1*
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Table of atomic positions in [Cp”2UF,], (continued)

Atoms X Y Z Beq (A2)
H14A -0.20169(1)  -0.16062(1)  0.34567(1)  4.0*
Hi4B -0.09099(1) -0.13613(1) 0.31936(1) 4.0*
H14C -0.13914(1) -0.09776(1) 0.39422(1) 4.0*
Hi5A -0.38305(1) -0.17612(1) 0.09827(1) 5.5%
H15B -0.42057(1) -0.12202(1) 0.01159(1) 5.5*
H15C -0.28581(1) -0.15243(1) 0.05402(1) 5.5%
HI6A -0.45871(1) -0.09311(1) 0.24757(1) 7.2*
H16B -0.38829(1) -0.03114(1) 0.28992(1) 7.2%
H16C -0.48384(1) -0.03995(1) 0.16042(1) 7.2%*
H17A 0.30763(1) -0.21953(1) 0.22465(1) 4.1*
H17B 0.30541(1) -0.15559(1) 0.17172(1) 4.1%*
H17C 0.38261(1) -0.16564(1) 0.30425(1) 4.1%*
HI18A 0.01926(1) -0.22663(1) 0.12372(1) 4.4%*
H18B -0.05996(1) -0.17347(1) 0.14051(1) 4.4*
H18C 0.00937(1) -0.16466(1) 0.06182(1) 4.4*
HI19A . 0.17405(1) -0.23781(1) 0.38083(1) 4.1*
H19B 0.25528(1) -0.18343(1) 0.45426(1) 4.1*
H19C 0.10605(1) -0.18286(1) 0.40707(1) 4.1%
H20A 0.58965(1) 0.10259(1) 0.44306(1) 6.3*
H20B 0.54252(1) 0.05512(1) 0.50573(1) 6.3*
H20C 0.55379(1) 0.03694(1) 0.39381(1) 6.3*
H21A 0.40955(1) 0.15632(1) 0.21981(1) 5.4%*
H21B 0.37612(1) 0.09113(1) 0.16766(1) 5.4+
H21C 0.26648(1) 0.13542(1) “0.15742(1) & 5.4%
H22A 0.37904(1) 0.18859(1) 0.43554(1) 6.4*
H22B . 0.23652(1) 0.16667(1) 0.38236(1) 6.4*%
H22C - 0.33692(1) 0.13896(1) 0.49817(1) 6.4%
CP1 -0.21795(1) 0.03679(1) 0.13042(1) 0.3*
CP2 0.19134(1) -0.01911(1) 0.31956(1) 0.3*

Starred atoms were included with isotropic thermal parameters: The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as:

(4/3)[a2B(i,l) +b2B(2,2) + ¢2B(3,3) + ab(cosy)B(1,2)
+ ac(cosPB)B(1,3) + be(cos a)B(2,3)]

where a,b,c are real cell parameters, and B(i,]) are anisotropic betas.
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Table of anisotropic thermal parameters for [Cp”2UF2],

Atom B(1,1) B(2.2) B(3.3) B(1,2) B(1.3) B(2.3)
U 1.417(9)  139(1) 137909 -0.06(2)  0.621(7) -0.06(1)
SI1  201(9)  1.9(1) 2.3509) 0.28(9)  1.04(6)  0.02(9)
SI2  1.90(9)  2.7(1) 2.43(9)  -0.62(9)  0.88(7)  0.19(9)
SI3  2.35(9)  1.6(1) 2.33(9)  -0.14(9)  1.12(7)  -0.01(9)
SI4  1.93(9) 1.7(1) 2.21(9)  -0.39(9)  0.83(7)  -0.24(8)
FI  2.8(2) 1.3(2) 2.5(2) 0.1(2) 1.5(1) 0.1(2)
F2  3.4(2) 2.1(2) 1.9(2) -0.6(2) 12(1)  --0.1(2)
Cl  1.5(3) 2.5(4) 1.1(3) 0.1(3) 0.4(2) 0.0(3)
C2  1.2(3) 1.8(4) 2.6(3) 0.2(3) 1.2(2) 0.3(3)
C3  1.8(3) 3.1(4) 1.4(3) 0.3(4) 0.5(2) - 0.5(3)
C4  1.4(3) 2.8(4) 1.3(3) 0.5(3) 0.1(2) -0.9(3)
C5  1.5(3) 1.8(4) 2.2(3) -0.2(3) 0.7(2) 0.9(3)
c6 1.7(3) 2.1(4) 1.4(3) 0.5(3) 0.6(2) -0.4(3)
C7  1.3(3) 1.74)  0.7(3) -0.3(3) 0.3(2) 0.3(3)
C8  1.5(3) 1.6(4) 2.0(3) -0.1(3) 0.9(2) 0.1(3)
co  1.7(3) 1.2(3) 2.4(3) 0.2(3) 0.7(2) -0.1(3)
C10 0.9(3) 2.2(4) 1.4(3) 03(4)  -02(2) 0.1(3)
Cll 3.4(4) 2.9(5) 4.8(4) -0.0(4) 2.8(3) -0.4(4)
C12 3.7(4) 1.9(4) 5.1(4) 0.1(4) 2:6(3) 0.4(4)
Cl13 3.5(4) 4.0(5) 3.5(4)  1.1(4) 0.9(3) -1.0(4)
Cl4 3.0(4) 3.2(5) 3.2(4) -1.0(4) 1.5(3) 0.3(4)
C15 5.0(5) 4.4(5) 2.6(4) -2.6(4) 0.9(3) 0.0(4)
Cl6 2.8(4) 8.0(8) 6.3(5) -0.9(5) 2.3(3) 1.4(6)
C17 3.5(4) 2.5(4) 3.7(4) 0.3(4) 1.73)  -0.3(4)
C18 3.5(4) 1.8(4) 4.6(5) -0.6(4) 1.6(3) -1.0(4)
C19 3.6(4) 2.3(4) 3.1(4) -0.5(4) 1.2(3) 0.3(4)
C20 2.2(4) 3.7(5) 6.4(6) 0.5(5) -0.2(4) 0.4(5)
C21 4.2(4) 5.2(6) 2.5(4) -2.5(4) 1.1(3) 0.2(4)
C22  5.3(4) 4.3(6) 6.9(5) -2.4(4) 4.4(3) -2.3(5)

The form of the anisotropic temperature factor is:

exp[-0.25{h2a2B(1,1) + k?b2B(2,2) + 12c2B(3,3)

+ 2hkabB(1,2) + 2hlacB(1,3)+ 2klbcB(2,3)}]

where a,b, and c are reciprocal lattice constants.
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Cp*UF,

Light orange crystals of the compound were grown by cooling a hexane solution
to -20 °C. The supernatant was removed using a cannula, and degassed Paratone N, a
high molecular weight, aliphatic hydrocarbon oil was poured into the Schlenk tube. The
Paratone N containing the crystals was then scooped out into a Petri dish and more
Paratone N was added. A suitable, square crystal measuring 0.28 mm X 0.28 mm X
0.08 mm was mounted on the end of 2 0.2 mm thin walled glass capillary. The crystal
was transferred to an Enraf-Nonius CAD-4 diffractometer and cooled to -88 °C under a
cold stream pr¢viously calibrated by a thermocouple placed in the sample position. The
crystal was céntered in the beam. Automatic peak search and indexing procedures
indicated that the crystal was possessed a primitive monoclinic cell and yielded the unit
cell parameters. The cell parameters and data collection parameters are given in the
following table.

Inspection of the raw data indicated that the space groﬁp contained and n-glide
plane, so the centric space group P2/n was chosen. The 1930 raw intensity data were
converted to structure factor amplitudes and their esds by correction for scan speed,
background, and Lorentz-polarization effects.! Inspection of the intensity standards
showed no decrease in intensity over the duration of data collection. Inspection of the
azimuthal scan data showed a variation of Inmin/Imax = 0.52 for the averaged curve. An
empirical absorption correction was applied to the intensity data based upon the average
curve. Removal of the 181 systematic absences (h,0,1), h+l odd and the 68 redundant
| data (+h, +k,-1) left 1684 unique data.

The uranium atom positions were obtained by solving the Patterson map. The
uranium atom was on a special position (0.25, 0.13, 0.25) with 2 fold rotational
symmetry. Refinement on the uranium positions followed by a difference Fourier search

yielded the other heavy atom positions. The heavy atom structure was refined by
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standard least squares and Fourier techniques. The heavy atoms were refined with
isotropic and then anisotropic thermal parameters. The hydrogen positions were
| calculated based upon idealized bonding geometry and assigned thermal parameters equal
to 1.15 AZ larger than the carbon atom fo which they were connected. The hydrogen
positions were included in the structure factor calculations but not refined by least
squares. Towards the end of the refinement, examination of the extinction test listing
indicated that secondary extinction was occurring. The secondary extinction coefficient
was initially set to 1.7 x 10-7 and was refined to a final value of 2.67 x 10-7. A final
difference Fourier map showed no additional atoms in the asymmetric unit. No close ( <
3.5 10\) intermolecular contacts were found.

The final residuals for 133 variables refined against the 1415 unique data with F,
> 36(F,) were R = 1.78%, R,, = 2.20%, and GOF = 1.19. The R value for all data
(including unobserved reflections) was 2.02%. The quantity minimized by the least
squares refinements was w(IF,| - IFCI)Z, where w is the wéight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set to
0.03.2 The analytical form of the scattering factor tables for neutral atoms were used and
all non-hydrogen scattering factors were corrected for both the real and imaginary

components of anomalous dispe:rsion.3 ‘

Inspection of the residuals ordered in the ranges of sin(6/A), IF, and parity and
values of the individual indexes showed no trends other than the preViously mentioned
secondary extinction. No reflections had anomalously high values of wA2. The largest
positive and negative peaks in the final difference Fourier map have electron densities of

1.02 and -0.54, respectively, and are associated with the uranium atom.
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Crystal Data for Cp#,UF;

Space group:

d (calc.) glem?

i (calc.) /em
radiation
monochrometer
scan range, type
scan speed, deg/min
scan width, deg
reflections collected
unique reflections
reflections Fy2> 36(F,2)
R, %

R,, %

Rall’ %o

GOF

Largest A/c in final least squares cycle

P2/n

14.155(4)
6:302(1) -
14.250(5)

90
92.46(3)
90

1270
2

630.65

1.65

60.83

MoKa(A= 0.71073 A)
highly oriented graphite
3°<20<45° 6-20
5.3

AB= 0.60 + 0.35tan0
1930; +h, +k, £l

1684

1415

1.8
2.2

2.0
1.18

0

Intensity standards: (-5, -1, -6); (8, 1, 1); (1, -1, -8); measured every hour of x-ray
exposure time. The data showed no decay.

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal  orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was required five times over the
course of the data collection. The cell constants and errors are listed as their final values.
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Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y 2 B(A2)

u 7.258 $.13781(4) @.250 1.987(5)
F 2.3245(2) -£.08856(5) 2.3462(2) 3.71(86)
Cc1 2.8851(3) £.1535(7) #.3454(3) 2.2{(1)
c2 g.1481(3) £.2898(8) 8.3964(3) 2.23(9)
Cc3 2.1650(3) Z.4617(7) £.3363(3}) 2.86(9)
c4 2.1114(3) #.4336(8) 2.2513(3) 2.32(9)
CcS g.8595(3) §.2441(8) £.2566(3) 2.82(9)
ce £.1798(3) £.2688(9) £.4991(3) 2.6(1)
c7 g.10821(4) #.369(1) #.5573(4) 5.2(2)
cs8 F.19084(5) Z.8040C1) £.52%4(3) 4.8(1)
cs £.2698(4) £.3896(9) B.5286(4) 5.8(1)
Ccig ~0.82087(3) 2.1728(7) £.18938(3) 2.5(1)
Cc11 -9.0978(4) 2.244(1) 7.9988(3) 3.9(1)
cl12 -7.9318{(4) -~@.872(1) F.1912(4) 4.4(1)
C13 -F.1111(3) F.272(1) 8.2244(4) 3.8(1)

The thermal parameter given for anisotropically refined atoms is

the isotropic equivalent thermal parameter defined as:

(4/3) * [a2*B{1,1) + b2*B(2,2) + c2*B(3,3) + abl{cos gamma)*B(1,2)

+ ac{cos beta)*B(1,3) + bc{cos alphal)*B(2,3?]

where a,b,c are real cell parameters, and B({,Jj) are antsotropic betas.

Table of Anisotropic Thermal Parameters -~ B's

Name B(1,1) 8(2,2) - B{(3,3) B(1,2) B(1,3) B(2,3) Beqv

U 1.864(8) 1.38(1) 2.454(8) & -2.232(7? 2 1.897(5
F 3.1(1) 3.2(1) 4.8{(1) g.7¢1) g.1(1) 1.72(1) 3.71(6)
C1 2.4(2) 1.6(3) 2.7(2) -2.8(2) -F.1(1) g.2(2) 2.2(1)
c2 2.2{(2) 1.9(2) 2.6(2) 2.3(2) -g.5(1) -9.2(2) 2.23(9)
Cc3 2.1¢2) g.7(2) 3.3(2) ~-%.9(2) -Z.4(1) -2.2(2) 2.86(9)
C4 2.3(2) 2.2(2) 2.4(2) £2.8(2) ~g.3(1) 2.6(2) 2.32(9)
CS 1.8(1) 1.7(2) 2.6(2) g.2(2) -g.4(1) -g.1(2) 2.82(9)
Cé6 3.1(2) 2.6(3) 2.8(2) 8.2(2) -g.5(2) -g.8(2) 2.6(1)
c7 5.4(3) 1 7.9(4) 2.5(2) 2.1(3) g.1{(2) ~-5.9(2) 5.2(2)
cs8 -7.6(3) 4.2(3) 2.5(2) £.6(3) -1.5(2) 2.5(2) 4.8(1)
Cc9 5.9(2) 5.9(4) 3.9(2) -1.92(3) ~-2.8(2) 2.2(2) 5.9(1)
Cclg 2.1(2) 2.6(3) 2.7(2) g.3(2) -g.6(1) -F.1(2) 2.5(1)
Cll1 3.7¢(2) . 8.1(3) 2.7(2) -g.4(2) -9.8(2) -g.5(2) 3.9(1)
c12 3.41(2) . 4.8(3) 5.5(3) -9.7(2) ~-1.9{(2) -2.4(3) 4.4(1)
c13 2.3{2) 5.1(3) 3.8(2) -9.9(2) -2.7{(2) ~-9.8(2) 3.8(1?

The form of the anisotropic temperature factor {s: )
expl-2.25{h2a2B(1,1) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlacB{(1,3}
+ 2k1bcB(2,3))) where a,b, and ¢ are reciprocal lattice constants.
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[Cp’2UFl,

Dark blue-green crystals of the compound were grown by cooling a hexane
solution to -20 °C. The crystals were placed in Petri dish of Paratone N in a glove box. .
A suitable, square crysfal measuring 0.27 mm X 0.27 mm X 0.14 mm was mounted on
the end of a 0.2 mm thin walled glass capillary. The crystal was transferred to an Enraf-
Nonius CAD-4 diffractometer and cooled to -111 °C under a cold stream previously
calibrated by a thermocouple placed in the sample position. The crystal was centered in
the beam. Automatic peak search and indexing procedures indicated that the crystal
possessed a primitive triclinic cell and yielded the unit cell parametérs. The cell
parameters and data collection parameters are given in the following table.

The 8121 raw intensity data were converted to structure factor amplitudes and
their esds by correction for scan speed, background, and Lorentz-polarization effects.!
Inspection of the intensity standards showed no decrease in intensity over the duration of
data collection. Inspection of the azimuthal scan data showed a variation of Imin/ImX =
0.85 for the averaged curve. An empirical absorption correction was applied to the
intensity data based upon the average curve. Removal redundant data (0, -k,-1) left 7655
unique data.

The uranium atom positions wc;,re obtained by solving the Partterson map. The
solution indicated that the molecule was in space group P 1 with Z = 2 and that the
asymmetric unit contained two crystallographically independent molecules with inversion
symmetry. Refinement on the uranium positions followed by a difference Fourier search
yielded the other heavy atom positions. The heavy atom structure was refined by
standard least squares and Fourier techniques. The heavy atoms were refined with
isotropic and then anisotropic thermal parameters. The hydrogen positions were
calculated based upon idealized bonding geometry and assigned thermal parameters equal

to 1.15 A2 larger than the carbon atom to which they were connected. The hydrogen
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positions were included in the structure factor calculations but not refined by least
squares. Towards the end of the refinement, examination of the extinction test listing
indicated that secondary extinction was occurring. The secondary extinction coefficient
was initially setto 3.4 x 108 and was refined. A final difference Fourier map showed
no additional atoms in the asymmetric unit. No close ( < 3.5 A) intermolecular contacts

were found. ,

The final residuals for 133 variables refined against the 6339 unique data with F,
> 306(F,) were R = 2.23%, R,, = 2.58%, and GOF = 1.12. The R value for all data
(including unobserved reflections) was 4.34%. The quantity minimized by the least
squares refinements was w(IF,| - IFl)?, where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set to 0.03
initially and later changed to 0.02.2 The analytical form of the scattering factor tables for
neutral atoms were used and all non-hydrogen égattering factors were corrected for both

3 Inspection of the

the real and imaginary components of anomalous dispersion.
residuals ordered in the ranges of sin(6/A), IF I, and parity and values of the individual
indexes showed no trends other than the previously mentioned secohdary extinction. No
reflections had anomalously high values of wA?. The largest positive and negative peaks

in the final difference Fourier map have electron densities of 0.76 and -0.53,

respectively, and are associated with the uranium atom.
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Crystal Data for [Cp”,UF],

Space group: P1
a, A 11.363(4)
b, A 14.963(3)
c, A 17.845(4)
o, deg. 89.81(2)
, deg. 76.86(2)
Y, deg. 84.32(2)
v, A3 2939.7
Z 2
fw 1351.90
d (calc.) g/cm? 1.53
i (calc.) 1/cm 54.09
radiation MoKo(A= 0.71073 A)
monochrometer : highly oritented graphite
scan range, type ‘ 3° <206 <45° 0-26
scan speed, deg/min - 3.4
scan width, deg A6= 0.60 + 0.35tan0
reflections collected 8121; +h, *k, #l
unique reflections 7655
reflections F,2> 36(F,2) 6339
R, % , 2.2
R,,, % 2.4
Ran % 4.3
GOF 1.12
Largest A/G in final least squares cycle 0.05

Intensity standards: (1, 4, 2); (2, 6, 4); (3, 1, -6); measured every hour of x-ray
exposure time. The data showed no decay.

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was required nine times over the
course of the data collection. The cell constants and errors are listed as their final values.
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Parameters and Their Estimated Standard Deviations
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Table of Anisotropic Thermal Parameters - B's
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[Cp*,UO],

Brown crystals of the compound were grown by cooling a toluene solution from
100 °C to room temperature. The crystals were placed in Petri dish of Paratone N in a
glove box. A suitable block shaped crystal measuring 0.20 mm X 0.16 mm X 0.16 mm
was mounted on the end of a 0.2 mm thin walled glass capillary. The crystal was
transferred to an Siemens SMART diffractometer and cooled to -95 °C under a cold
stream previously calibrated by av thermocouple placed in the sample position. The
crystal was Acentgred in the beam. Automatic peak search and indexing procedures
indicated that the crystal possessed a pn'rnj‘tive triclinic cell aﬁd yielded the unit cell
parameters. The cell parameters and data collection parameters are given in the following
table. Based upon a statistical analysis of intensity distribution and the successful
solution and refinement of the crystal structure, the space group was found to be P 1.

An arbitrary hemisphere of data was collected using the default parameters for the
diffractometer. The data were collected as 30 s images with an areé detector. Two
images were averaged to give the net image data. The image data were converted to
intensity data using the program SAINT. The 5485 raw intensity data were converted to
structure factor amplitudes and their esds by correction for scan speed, background, and
Lorentz-polarization effects.! Inspection of the intensity standards showed no decrease
in intensity over the duration of data collcction.' An empirical absorption correction using
an ellipsoidal model for the crystal was applied to the intensity data based upon the
intensities of all intense equivalent reflections (Tmax = 0.823, Tpjn = 0.621). Averaging
equivalent reflections gave '3906 unique data (Rjpt = 0.071).

The uranium atom positions were obtained by direct methods. Refinement on the
uranium positions followed by a difference Fourier search yielded the other heavy atom

.positions. The heavy atom structure was refined by standard least squares and Fourier

techniques. The heavy atoms were refined with anisotropic thermal parameters except
226



for C24-C29 which form a di_sorderéd t-butyl group. The disorder was modeled using
two sets of methyl carbon atoms rotated by ca. 60° with respect to each other. The
occupancy of the disordered carbon atoms was allowed to vary but remained near 0.5.
The hydrogen positions were calculated based .upon idealized bonding geometry and
assigned thermal parameters equal to 1.15 A? larger than the carbon atom to which they
were connected. The 'hydrogen positions were included in the structure factor
calculations but not refined by least squares. T owards the énd of the refinement,
examination of the extinction test listing indicated that ;econdary extinction was
occurring. The secondary extinction coefficient was refined to 1.05 x 10-6. A final
difference Fourier map showed no additional atoms in the asymmetric unit. No close ( <
3.5 A) intermolecular contacts were found.

The final residuals for 252 variables refined against the 2543 unique data with I
> 30(I) were R =52%, R, = 7.3%, and GOF = 3.12. The quantity minimized by the
least squares refinements was w(IFOI - IF)%, where w is the Weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set to
0.03.2 The analytical form of the scattering factor tables for neutral atoms were used and
all non-hydrogen scattering factors were corrected for both the real and imaginary

components of anomalous dispersion.3

Inspection of the residuals ordered in the ranges of sin(6/A), IF,|, and parity and

values of the individual indexes showed no trends other than the previously mentioned
secondary extinction. No reflections had anomalously high values of wA2. The largeét
positive and negative peaks in the final difference Fourier map have electron densities of

1.81 and -2.15, respectively.
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Crystal Data for [Cp*,UQO],

Space group: A P1

a, A - 10.6985(8)

b, A : 11.2046(8)

c, A 12.2575(9)

o, deg. 64.522(1)

B, deg. 73.698(1)

Y, deg. / | 89.962(1)

V,A3 1261.9(1)

Z 1

fw 1217.24

d (calc.) g/cm? 1.602

u (calc.) l/em : 64.46

radiation , MoKa(A= 0.71073 A)
monochrometer . highly oriented graphite
resolution, % coverage 0.86 A, 93%; 0.83 A, 85%
scan time, per image 30s '
scan type o, 0.3°

reflections integrated 5485

unique reflections 3906 (Rjnt = 0.071)
reflections I> 3c(D) 2543

R, % ' 5.2

R, % 7.3

GOF ] 3.12

Largest A/G in final least squares cycle 0.0
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Table of atomic positions in [Cp¥,UO}2

Atom X Y z Beq(A2)
U(l) 1.00070(3) 0.50227(3) 0.36076(3) 3.47(4)
o) 1.12070(67) 0.48375(66) 0.47703(65) 3.6(5)
C(h 1.1713(10) 0.7257(11) 0.1531(1D 3.9(8)
C(2) 1.1113(11) . 0.6596(11) 0.1007(12) 4(1)
C3 0.9785(12) 0.6764(11) 0.1266(12) . 4.4(9)
C@ 0.9514(10) 0.7547(11) 0.19453(96) 3.6(7)
o6)) 1.07129(94) 0.77957(92) 0.2148(10) 3.5(7)
C(6) 1.0541(10) 0.2775(11) 0.3165(11) 3.9(8)
C(7) 1.0009(11) 0.2344(11) 0.4506(11) 4.2(9)
C(8) 0.8708(12) 0.2507(11) 0.4781(11) 4.5(8)
o)) 0.8338(11) 0.3030(10) 0.3659(11) 4.0(8)
C(10) 0.9514(12) 03206(12)  0.2637(12)  5(1)
C(11) 0.6931(12) 0.3088(12) 0.3609(12) 5(1)
C(12) 0.6883(13) 0.3998(16) 0.2249(15) 6(1)
C(13) 0.6101(17) 0.3561(24) 0.4545(18) 9(2)
C(14) -0.6349(19) 0.1669(18) 0.3979(26) 11(2)
C(15) 1.1853(14) 0.2474(12) 0.2481(13) 5(1)
C(16) 1.2454(12) 0.3563(13) 0.1113(13) 5(1)
C(mn 1.2865(16) - 0.2333(16) 0.3161(18) 6(1)
C(18) 1.1599(15) 0.1162(14) 0.2426(18) (1)
C(19) 1.32097(95) 0.75000(99) 0.1280(11) 3.7(8)
C(20) 1.3540(11) 0.8709(12) 0.1471(12) 5(1)
C2D 1.3934(14) 0.7770(16) -0.0063(14) 6(1)
C(22) 1.3685(13) 0.6301(14) 0.2173(16) 6(1)
C(23) 0.8270(10) 0.8213(11) 0.2190(11D) 4.0(8)
C(24) 0.8737(32) 0.9794(31) 0.1213(35) 7.0(7)
C(25) 0.7820(34) 0.8122(34) 0.3507(34) 7.1(8)
C(26) 0.7085(37) 0.7591(37) 0.2065(39) 7.9(8)
Cc@2n 0.8666(31) 0.9573(31) 0.2109(34) 5.7(7)
C(28) - 0.7277(37) 0.7319(37) 0.3411(37) 6.8(8)
C(29) 0.7648(27) 0.8410(28) 0.1121(29) 4.9(6)
H(1) 1.156 0.611 0.056 5.0
H(2) 0.915 0.644 0.099 5.0
H(3) 1.083 0.827 0.262 4.1
H(4) 1.053 0.204 0.507 5.0
H(5) 0.811 0.231 0.561 5.2
H(6) 0.954 0.349 0.180 5.6
H(7) 0.717 0.491 0.202 7.0
H(8) 0.742 0.374 0.166 7.0
H(9) 0.599. 0.393 0.224 7.0
H(10) 0.641 0.442 0.431 11.1
H(1D) 0.521 0.350 0.450 11.1
H(12) 0.610 0.295 0.536 11.1
H(13) 0.547 0.162 0.398 13.7
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Table of atomic positions in [Cp¥,UO]; (continued)

Atom X Y Z Beq(A?)
H(14) 0.686 0.132 0.345 13.7
H(15) 0.635 0.108 0.485 13.7
H(16) 1.323 0.336 0.065 6.0
H(17) 1.183 0.371 0.064 6.0
H(18) 1.268 0.443 0.108 6.0
H(19) 1.257 0.163 0.399 7.9
H(20) 1.366 0.214 0.269 7.9
H(21) 1.306 0.315 0.318 7.9
H(22) 1.127 0.042 0.331 8.4
H(23) 1.092 0.120 0.206 8.4
H(24) 1.235 0.094 0.200 8.4
H(25) 1.445 0.887 0.133 5.6
H(26) 1.327 0.948 0.090 5.6
H(Q27) 1.308 0.855 0.233 5.6
H(28) 1.486 - 0.795 -0.024 6.7
H(29) 1.376 - 0.703 -0.021 6.7
H(30) 1.367 0.854 -0.065 6.7
H(31) 1.322 0.609 0.304 6.9
H(32) 1.349 0.553 0.205 6.9
H(33) 1.459 0.645 0.202 6.9
C((p1)) 1.057 0.719 0.158 0.4
C((p2)) 0.942 0.277 3/8 0.4

The thermal parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as:

(4/3)[a2B(1,1) + b2B(2,2) + c2B(3,3) + ab(éosy)B(l,Z)
+ ac(cosP)B(1,3) + be(cos a)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.
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Table of atomic thermal parameters for [Cp*,UO],

Atom

U(L1)

U(2,2)

U(3,3)

U(1,2) U(1,3) U(2,3)

U(l)
o(1)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
(7
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
Cc(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)

0.04986(28) 0.04223(28) 0.04184(29) 0.00702(15)-0.01661(17)-0.01909(19)

0.0506(38)
0.0450(54)
0.0497(58)
0.0645(67)
0.0450(52)
0.0400(49)
0.0494(55)
0.0536(60)
0.0722(75)
0.0544(59)
0.0622(68)
0.0537(63)
0.0513(67)
0.0711(95)
0.093(12)

0.0786(82)
0.0541(62)
0.0818(93)
0.0858(94)
0.0399(50)
0.0429(54)
0.0676(76)

- 0.0558(68)

0.0440(52)

0.0494(38)
0.0549(60)
0.0569(64)
0.0479(57)
0.0573(59)
0.0325(46)
0.0545(60)
0.0590(64)
0.0446(57)
0.0452(55)
0.0547(65)
0.0605(70)
0.101(11)

0.177(20)

0.071(11)

0.0510(66)
0.0721(76)
0.0762(90)
0.0625(84)
0.0416(53)
0.0592(66)
0.0876(95)
0.0616(77)
0.0568(62)

0.0352(36)
0.0479(62)
0.0692(76)
0.0593(71)
0.0355(52)
0.0552(63)
0.0558(66)
0.0541(68)

0.0089(28) -0.0151(29) -0.0164(29)
0.0055(43) -0.0190(45) -0.0198(49)
0.0140(47) -0.0233(52) -0.0357(57)
0.0057(47) -0.0374(56) -0.0181(52)
0.0029(42) -0.0135(41) -0.0200(45)
0.0034(36) -0.0115(42) -0.0170(43)
0.0098(44) -0.0250(48) -0.0301(52)
0.0139(47) -0.0255(50) -0.0278(54)

0.0391(57) -0.0094(49) -0.0089(50) -0.0114(46)

0.0554(67)
0.0632(76)

0.0619(75) -
-0.0014(66) -0.0270(66) -0.0352(82)

0.083(10)
0.074(11)
0.198(25)
0.0592(78)
0.0743(87)
0.106(13)
0.110(13)
0.0559(65) -
0.0687(78)
0.0671(87)
0.093(11)
0.0531(65)

-0.0305(94) -0.071(14)

0.0109(43) -0.0239(49) -0.0228(49)
0.0088(51) -0.0262(56) -0.0279(57)
0.0056(50) -0.0257(54) -0.0150(57)

-0.0123(81) -0.062(12)
0.007(12)
0.0071(55) -0.0114(61) -0.0220(57)
0.0322(54) -0.0179(57) -0.0396(66)
0.0301(73) -0.0516(89) -0.0451(89)

0.032(11)

0.0060(68) 0.0022(86) -0.0575(88)

0.0049(39) -0.0094(43) -0.0218(46)
0.0027(45) -0.0150(50) -0.0261(57)
0.0136(65) -0.0173(63) -0.0427(75)
0.0111(55) -0.0269(67) -0.0195(70)
0.0139(43) -0.0252(45) -0.0188(50)

The form of the anisotropic temperature factor is:

exp[-2m2{h2a2U(1,1) + k2b2U(2,2) + 12c2U(3,3)

where a,b, and c are reciprocal lattice constants.
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Cp”2UMej

Orange crystals of the compound were grown by cooling a saturated ether
solution to -30 °C. The crystals were then placed in a small Petri dish énd covered with
Paratone N, a high molecular weight hydrocarbon oil. The dish was removed from the
box, and the crystals were examined with a microscope in the atmosphere. A block
shaped single crystal measuring 0.45 X 0.40 x 0.40 mm was mounted on the end of a
0.4 mm diameter quartz capillary. The crystal was transferred to an Enraf-Nonius
CAD-4 diffractometer and cooled to -98 °C under a cold stream of nitrogén gas
previously calibrated by a thermocouple placed in the sample positioh. The crystal was
centered in the beam. Automatic peak search and indexing procedures indicated that the
crystal possessed a primitive orthorhombic cell and yielded the cell parameters. The cell
parameters and data collection parameters are given in the following table.

The 2366 raw intensity data were converted to structure factor amplitudes and
their esds by correction for scan speed, background, and Lorentz-polaﬁzation effects.!
Inspection of the intensity standards showed no loss of intensity during the data
collectioh. The 23 systematic absences (h,0,0, h odd; (0,k,0), k odd; and (0,0,1), 1 odd
were then rejected yielding 2343 unique data of which 2075 possessed Fo> 36(F,).
Azimuthal scan data showed a difference of I ;n/Imax = 0.69 for the average curve. An
empirical absorption correction was applied based upon £he average curve. The
systemé}tic absences indicated that the space group was P2;2,2;.

The cell volume indicated that 4 molecules were present in the unit cell. The
uranium atom position was obtained by solving the Patterson map. Successive Fourier
searches yielded the rest of the heavy atom positions. The heavy atom structure was
refined by standard least squares and Fourier techniques. The heavy atoms were refined
anisotropically. Hydrogen atoms were placed at calculated positions with thermal

parameters 1.3 A2 times the thermal parameters of the carbon atoms to which they were
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bound. At the end of the refinement, the enantiomer was changed, and the structure
refined. The refinement was very slightly worse, so the enantiomer was changed back to
the original one, and the structure was rerefined. A final difference Fourier map showed
no additional atoms in the asymmetric unit. Examination of intermolecular close

contacts(<3.5A) showed that the molecule was a monomer.

The final residuals for 263 variables refined against the 2075 unique data with F,
> 30(F,) were R = 4.22%, R,, = 5.38%, and GOF = 1.39. The R value for all data
(including unobserved reflections) Wés 5.01%. -The quantity minimized by the least
squares refinements was w([F,l - IF.I)2, where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set to 0.03
initially, but later changed to 0.06.2 The analytical form of the scattering factor tables for
neutral atoms were used and all non-hydrogen scattering factoré were corrected for both

the real and imaginary components of anomalous dispersion.3

Inspection of the residuals ordered in the ranges of sin(0/A), IF,|, and parity and

values of the individual indexes showed that secondary extinction was occurring. A
secondary extinction coefficient was included iﬁ the refinement; it's final value was
1.2 x 108, One reflection had anomalously high values of wAZ, and was weighted to
zero toward the end of the refinement. The largest positive and negative peaks in the
final difference Fourier map have electron densities of 2;44 and -0.29, respectively, and

are associated with the uranium atom.
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Crystal Data for Cp",UMe,

Space group:
a, A

o

oo
a. P

> R
o
o
aq

(43
ga

o &
w():Q

b

N

fw

d (calc.) g/cm3

U (calc.) l/cm
radiation
monochrometer
scan range, type
scan speed, deg/min
scan width, deg
reflections collected
unique reflections
reflections F,%> 36(F,2)
R, %

Ry, %

Rall’ %o

GOF

Largest A/G in final least squares cycle

P212,2;
10.806(2)
16.185(8)
18.034(6)

90
90

90
3154(2)
4

687.02

1.448

50.438

MoKa(A= 0.71073 A)
highly oriented graphite
3°<20<45°6-20

4

AB= 0.90 + 0.35tan6
2366; +h,+k,+]

2343

2075

4.22
5.38

5.01
1.39

0

Intensity standards: (-6,1,-2); (5,-5,3); (-2,-1,-10) measured every hour of X-ray

exposure time. No loss of in intensity occurred.

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was required once over the course
of the data collection. The cell constants and errors are listed as their final values.
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Table of atomic positions in.Cp"2UMe2

Atoms X Y y4 Beq (A?)
U 0.14723(1) 0.26012(1) 0.25763(1) 1.821(9)
SI1 -0.2221(4) 0.2191(3) 0.2963(3) 2.7(1)
SI12 0.2412(4) 0.0691(3) 0.3953(2) 2.15(9)
SI3 0.3465(5) 0.4220(3) 0.3825(2) 2.70(9)
SI4 0.3564(5) 0.3182(3) 0.0742(2) 2.54(9)
Cl 0.111(2) 0.162(1) 0.1586(9) 3.8(4)
C2 0.026(2) 0.381(1) 0.224(1) 3.8(4)
C3 0.019(1) 0.136(1) 0.3278(8) 2.0(3)
c4 -0.060(1) 0.210(1) 0.3312(8) 2.3(3)
C5 -0.000(1) 0.266(1) 0.3794(8) 2.6(3)
C6 0.114(1) 0.233(1) 0.4041(8) 2.2(3)
C7 0.125(1) 0.149(1) 0.3731(8) 2.5(3)
C8 0.325(1) 0.3754(8) 0.2281(8) 1.8(3)
C9 0.346(1) 0.3498(8) 0.3012(7) 1.5(3)
Cl10 0.388(1) 0.267(1) 0.2937(8) 2.6(3)
Cl1 -0.387(1) 0.2472(9) 0.2248(7) 2.4(3)
Cl2 0.350(1) 0.3096(8) 0.1786(7) 1.4(3)
C13 -0.313(2) 0.134(1) 0.337(1) 4.8(5)
Cl4 -0.230(2) 0.212(2) 0.193(1) 6.2(6)
Cl15 -0.286(2) 0.319(1) 0.328(1) 5.1(5)
Cl6 0.161(2) -0.017(1) 0.441(1) 3.7(4)
Ci17 0.312(2) 0.030(1) 0.308(1) 3.84)
Cl18 0.363(2) 0.112(1) 0.4591(9) 3.4(4)
CI19 0.451(2) 0.510(1) 0.3588(9)  3.4(4)
C20 0.401(2) 0.368(1) 0.4665(9) 4.1(4)
C21 0.189(2) 0.464(1) 0.399(1) 5.1(5)
C22 0.484(2) 0.388(1) 0.0514(9) 4.8(5)
C23 0.387(2) 0.214(1) 0.034(1) 6.0(6)
C24 0.213(2) 0.364(2) 0.036(1) 6.0(6)
HIC 0.13727(1) 0.18497(1) 0.11279(1) 5.0%
H1A 0.15610(1) 0.11258(1) 0.16810(1) 5.0%*
HIB 0.02506(1) .0.14939(1) 0.15597(1) 5.0%*
H2C -0.05880(1) 0.36573(1)  0.22111(1) 5.0%
H2A 0.03611(1)  0.42207(1) 0.26129(1) 5.0%*
H2B 0.05340(1) 0.40130(1) 0.17794(1) 5.0*
H3 0.00291(1) 0.08725(1) 0.29991(1) 2.5%*
H5 -0.03272(1) 0.31874(1) 0.39323(1) 3.4*
H6 0.17312(1) 0.26027(1) 0.43478(1) 2.8%
HS8 0.29833(1) 0.42899(1) 0.21382(1) 2.4*
H10 0.41221(1) 0.23248(1) 0.33338(1) 3.4*
H11 0.41081(1) 0.19395(1) 0.20747(1) 3.1*%
H13C -0.31125(1) 0.13789(1) 0.38915(1) 6.2%*
H13A -0.39601(1) 0.13732(1) 0.31970(1) 6.2*%*
H13B -0.27821(1) 0.08252(1) 0.32174(1) 6.2*
H14C -0.19805(1) 0.16048(1) 0.17686(1) 8.0*
HI4A -0.31357(1) 0.21745(1) 0.17700(1) 8.0*
H14B -0.18217(1) 0.25562(1) 0.17142(1) 8.0%*
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Table of atomic positions in Cp”’,UMe; (continued)

Atoms X Y z Beq (A2)
H15C -0.23747(1)  0.36288(1)  0.30848(1)  6.6*
HI5A -0.36900(1)  0.32443(1)  0.31006(1). 6.6*
H15B 0.28600(1)  0.32098(1)  0.38020(1)  6.6*
H16C 0.09970(1)  -0.03885(1)  0.40905(1)  4.8*
H16A 0.21908(1)  -0.05905(1)  0.45328(1) 4.8+
H16B 0.12278(1)  0.00238(1)  0.48549(1) 4.8+
H17C 0.35044(1)  0.07381(1)  0.28217(1) 5.0%
HI7A 0.37137(1)  -0.01158(1)  0.31929(1)  5.0*
H17B 0.24883(1)  0.00625(1)  0.27740(1)  5.0*
H18C 0.32502(1)  0.13020(1)  0.50380(1)  4.5*
HI8A 0.42189(1)  0.07029(1)  0.46996(1) 4.5
H18B 0.40294(1)  0.15740(1)  0.43578(1) 4.5*
H19B 0.42149(1)  0.53691(1)  031571(1) 4.5
HI9A 0.45370(1)  0.54769(1)  0.39899(1)  4.5*
H19C 0.53235(1)  0.48918(1)  0.34972(1) 4.5
H20C 0.48294(1)  0.34826(1)  0.45861(1) 5.4*
H20A 0.40081(1)  0.40523(1)  0.50727(1) 5.4*
H20B 0.34797(1)  0.32270(1)  0.47694(1) 5.4*
H21C 0.13327(1)  0.41979(1)  0.40916(1)  6.6*
H21A 0.19069(1)  0.50040(1)  0.44063(1) 6.6*
H21B 0.16163(1)  0.49335(1)  0.35661(1) 6.6
H22C 0.55915(1)  0.36557(1)  0.07008(1)  6.2*
H22A 0.48970(1)  0.39340(1)  -0.00096(1) 6.2*
H22B 0.46933(1)  0.44033(1)  0.07307(1) 6.2*
H23C 0.32263(1)  0.17751(1)  0.04733(1) 7.8*
H23A 0.39026(1)  0.21872(1)  -0.01895(1)  7.8*
H23B 0.46388(1)  0.19410(1)  0.05153(1) 7.8*
H24C 0.20177(1)  0.41735(1)  0.05650(1)  7.7*
H24A 0.21929(1)  0.36705(1)  -0.01600(1)  7.7*
H24B 0.14469(1)  0.32969(1)  0.04943(1)  7.7*
Cpl 0.03960(1)  0.19885(1)  0.36312(1)  4.0*
Cp2 0.35936(1)  0.30989(1)  0.24527(1)  4.0*

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as:

(4/3)[a2B(1,1) + b2B(2,2) + ¢2B(3,3) + ab(cosy)B(1,2)
+ ac(cosP)B(1,3) + be(cos a)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.
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Table of anisotropic thermal parameters for Cp”,UMep

Atm B(LD) B(2.2) B(3,3) B(1,2) B(1,3) B(2.3)

U 147Q2)  2.40(2) 1.59(2)  -0.18(2)  -0.05(2)  0.23(2)
SII  1.4(2) 3.1(2) 3.7(2) -0.1(2) -0.2(2) 0.4(2)

SI2 1.9(2) 2.5(2) 2.1(2) 02(2)  -0.1(2) 0.0(2)
SI3  2.8(2) 3.3(2) 2.1(2) 0.5(2) -0.2(2) -0.7(2)
SI4  2.8(2) 3.2(2) 1.6(2) -0.7(2) 0.2(2) 0.2(2)
Cl  3.7(9) 5(1) 2.5(7) ~1.3(8) 0.2(7) -2.0(7)
C2  2.4(8) 4.6(9) 4.4(9) 1.3(7) -0.7(7) 0.5(8)
C3  1.5(6) 2.8(7) 1.6(6) 0.3(6) 0.1(5) 0.4(6)
C4  1.5(6) 2.7(7) 2.7(7) -0.1(6) 0.7(6) 0.8(6)
C5  1.7(6) 3.3(8) 2.7(6) 0.1(7) 1.1(5) -0.6(7)
C6  1.4(6) 2.7(7) 2.4(6) 0.3(6) -0.4(5) -1.2(6)
C7  1.907) 3.8(7) 1.8(6) -0.3(6) 0.4(6) 1.9(5)
Cc8  2.0(7) 1.3(5) 2.1(6) 0.3(5) -0.1(6) -0.1(5)

C9 1.3(5) 1.3(5) 2.0(5) -0.1(6) 0.8(6) -1.2(5)
C10 0.4(5) 3.9(8) 3.4(6) 0.4(5) 0.8(5) 2.6(6)

CCll 2.4(6) 2.5(7) 22(5) -0.7(5)  -1.2(5) 1.9(5)
C12 0.6(5)°  1.2(5) 2.5(6)  -0.7(6). 0.8(6) -0.8(5)
C13  2.5(9) 5(1) 7(1) 0.8(8)  -1.4(8) 0(1)
Cl4 3309  112) 4209  -1(1) -1.3(8) 1(1)
Cl15 1.3(7) 6(1) 8(1) 0.5(8) -1.4(9) 1(1)
Cl6. 2.0(7) 3.9(8) 52090 -1.5(7) -11(D 1.1(7)
C17 5(1) 3.7(8) 2.9(8) 0.3(8) 0.6(8) 0.9(7)
C18 3.6(8) 3.4(8) 3.3(7) 1.0(8) -1.4(8) 0.1(7)
C19 4.3(8) 3.9(9) 22(7)  -09(8)  -0.8(7) -0.2(7)
C20  6(1) 5.2(9) 1.4(6)  -3.3(8)  -1.2(7) -0.3(7)
C21 3.3(9) 4.4(9) 8(1) -0.3(8) 1.7(9) -2.9(9)
Cc22  5(1) 7(1) 20(7) -2.6(9) 1.1(8) 0.5(8)
23 10(2) 4(1) 3.08)  -1(1) 1(1) -0.1(8)
C24  2409) 122 3.5(9)  -1(1) -0.8(8) 3(1)

The form of the anisotropic temperature factor is:
exp[-0.25{h2a2B(1,1) + k2b2B(2,2) + 12c2B(3,3)
+ 2hkabB(1,2) + ZhlacB(1,3)+ 2klbcB(2,3)}]

where a,b, and c are reciprocal lattice constants.
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Cp3Zr:

Brown, hexagonal prismatic crystals of the compound were grown by slow
cooling of an ether solution to -80°C. In a dry box under N, the crystals were dumped
into a small Petri dish and covered with degassed Paratone N, a viscous, high molecular
weight o1l. A hexagonal prism measuring 0.20 mm across by 0.40 mm long was
mounted on a2 0.2 mm thin walled capillary. The crystal was transferred to an Enraf-
Nonius CAD-4 automated diffractometer and cooled to -108 °C under a cold stream
previously calibrated by a thermocouple placed in the sample position. The crystal was
centered in the beam. Automatic peak search and indexing procedures indicated that the
crystal possessed a trigonal cell and yielded the unit cell parameters. The cell parameters
and data collection parameters are given in the following table.

The data collected was the (£h,+k,+l) quadrant. The 851 raw intensity data were
converted to structure factor amplitudes and their esds by correction for scan speed,
background, and Lorentz-polarization effects.! Inspection of the in"tensity standards
showed very severe decay at the middle of the data collection (presumably due to crystal
movement). The last half of the data was discarded; it was redundant. No decay
correction was applied to the remaining 532 data Systematic absences for (0,0,l), 1 odd
was observed, and these 5 data were discarded. Azimuthal scan data showed a
difference of Inin/Imax=0.78 for the averaged curve. An empirical absorption correction
was applied based upon the averaged curve. Finally, redundant data were averaged (Rjp:
=0.037) yielding 266 unique data and 245 data with Fy>30.

The cell volume 570 cm? indicated that Z=2 by comparison to the volume of the
CpsTi structure. In addition, EPR experiments suggested axial symmetry. These data
along with systematic absences suggested a space group of P63 or P63/m with the
molecule possessing either 3 or 3 symmetry, respectively. The solution of the Patterson

map placed the zirconium at (0.67, 0.33, 0.25). Initiall)'r solution was attempted in P63:
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The carbon positions were oBtained by a difference Fourier search after refining on the
zirconium position. With the carbon atoms refined isotropically and the zirconium
refined anisotropically, the R value was 5.1%. However, when anisotropic refinement
was attempted on the carbon atoms, the thermal parameters were highly correlated, and
the carbon atoms became non-positive definite. Reﬁnemenf was then attempted in P63/m
since the molecule seemed to possess 3 symmetry anyway. With the carbon atoms
refined isotropically, and the zirconium atom refined anisotropically, the R value was
5.2%. In addition, the carbon atoms could be refined anisotropically. When the heavy
atom refinement had converged, a difference Fourier showed the position of the 3
hydrogen atoms. The hydrogen atoms were included in the refinement and refined
isotropically. ‘Toward the end of the refinement, an examination of the extinction test
listing suggested that secondary extinction was occurring, so a secondary extinction
coefficient was included and refined to 1.67 x 10-6.

The final residu;als for 39 variables refined against the 245 data with F, > 30(F,)
were R=2.97%, Ry=3.25%, and GOF=1.179. The R value for all data (including
unobserved reflections ) was 3.2%. The quantity rrumrmzed by the least squares
refinements was W(IFl-IF.1)2, where w is the weight given to a particular reflection. The
p-factor, used to reduce the weight of intense reflections, was set to 0.03 initially, but
later change to 0.04.2 The analytical form of the scattering factor tables for neutral atoms
were used to all non-hydrogen scattering factors were corrected for both the real and the
imaginary components of anomalous dispersion.3

Inspection of the residuals ordered in the ranges of sin(6/A), IF,|, and parity and
value of the individual indexes showed no trend other than the one previously mentioned
in connection with secondary extinction. Three reflections had anomalously high values
of wA2, and were weighted to zero toward the end of the refinement. The largestl

positive and negative peaks in the final difference Fourier map have electron densities of

0.58 and -0.65, respectively, and are associated with the zirconium{ atom.
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Table of crystal data for CpsZr

Space group:
a(A)

b (A)

c(A)

o (deg)

B (deg)

Y (deg)

V (A3)

Z

d(calc.) g/em3
W(calc) 1/cm
radiation
monochrometer

scan range, type
scan speed (deg/min) -
scan width, deg.

reflections collected
unique reflections

reflections Fy2>36(F,2)
R, %

Ry, %

Ray, %

GOF

Largest A/C in final least squares cycle

Intensity' standards: (4, 0, 1); (0, 3, 4); (-1, 1, -5) measured every hour of X-ray

P63/m
8.003(1)
8.003(1)
10.276(2)

90

90

120

570.0

2

1.668

9.148

MoKo

highly oriented graphite
3°<20<45°, 0-20

2.8

A6=0.90 + 0.35tan(0)
851(xh,+k,+l), 532 used
266 (Rjne = 0.037)

245

2.97

3.25

3.20

1.179

0

exposure time. No loss of in intensity occurred.

Orientation Standards: 3 reflections were checked after every 200 measurements. Crystal
orientation was redetermined if any of the reflections were offset from their predicted
positions by more than 0.1°. Reorientation was required once over the course of the data

collection. The cell constants and errors are listed as their final values.
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Table of atomic positions in Cp3Zr

Atoms X Y Z Beg (A?)
Zr -1/3 173 1/4 1.33(1)
Cl 0.0168(3) 0.5827(3) 0.3170(3) 1.44(5)
C2 -0.1032¢4) 0.6551(3) 0.3607(3) 1.66(6)
3 0.1683(5)  0.7062(5) 1/ 1.47(8)
H3 -0.245(4) 0.749(5) 1/4 1.0(8)*
Hl 0.088(4) 0.538(3) 0.366(3) -2.1(6)*
H2 -0.125(4) 0.670(3) 0.452(2)  2.4(6)*
Cp -0.068 0.636 1/4 0.4

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as: :

(4/3)[a2B(1,1) + b2B(2,2) + c2B(3,3) + ab(cosy)B(1,2)
+ ac(cosP)B(1,3) + be(cos 0)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.

Table of imisotropic thermal parameters for Cp3Zr

Atom B(1,1) B(2,2) B(3.3) B(1,2) B(1,3) 4 B(2,3)

Zr  0.82(2) B(1,1) 2.36(3) B(1,1) 0 0
Cl  0.84(7) 1.13(7) 2.1(D) 0.33(5) - -0.37(8) -0.15(9)
C2  1.55(8) 1.45(8) 1.5(1) 0.39(6) 0.0(1) -0.50(9)
C3 1.0(1) 0.8(1) 2.6(2) 0.44(7) 0 0

The form of the anisotropic temperature factor is:

exp[-0.25{h2aZB(1,1) + k2b2B(2,2) + 12c2B(3,3)
+ 2hkabB(1,2) + 2hlacB(1,3)+ 2klbcB(2,3)}]

where a,b, and ¢ are reciprocal lattice constants.
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Cp*,TIN(Me)H

Rose colored crystals of the title compound were grown by cooling a saturated
hexane solution to -30 °C. In a dry box, the crystals were placed in a émall Petri dish
and covered with Paratone N, a high molecular weight hydrocarbon oil. The crystals
were examined with a micréscope. A blade shaped single crystal was selected, and a
roughly pyramidal chunk measuring 0.37 x 0.40 x 0.40 mm was cut off of the tip. Thel
crystal was mounted on the end of a 0.3 mm diameter glass capillary. The crystal was

- transferred to an Enraf-Nonius CAD-4 diffractometer and cooled to -130 °C under a cold
stream of nitrogen gas previously calibrated by a thermocouple placed in the sample
position. The crystal was centered in the beam. Automatic peak search and indexing
procedures indicated that the crystal possessed a primitive orthorhombic cell and yielded
the cell parameters. The cell parameters and data collection parameters are given in the
following table.

The 1514 raw intensity data were converted to structure factor amplitudes and
their esds by correction for scan speed, background, and Lorentz-polarization effects.’
Inspection of the intensity standards showed a smooth, slightly curved decay of 14%
over the ‘data collection. The data was corrected for a linear decay of 14%. The 20
systematic absences (h,0,0), h odd; (0,k,0), k odd; and (0,0,1), 1 odd. were then rejectéd
yielding 1494 uniéue data of which 1323 had F,> 30(F,). Azimuthal scan data showed
a difference of Imin/Imax = 0.85 for the averaged curve. An empirical absorption
correction was applied based upon the averaged curve. The systematic absences
indicated that the space group was P2,2;2;.

The cell volume indicated that 4 molecules were present in the unit cell. The
titanium atom position was obtained by solving the Patterson map. Refinement on the
titanium position lead to the titanium becoming non-positive definite. However, a

difference Fourier search yielded most of the other heavy atom positions. The heavy-
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atom structure was refined by standard least squares and Fourier techniques. The heavy
atoms were refined anisotropically, and a difference Fourier search located almost all of
the hydrogen atoms. The amide hydrogeﬁ was included in the refinement with an
isotropic thermal parameter and behaved normally. The other hydrogen positions were
then calculated based upon idealized bonding geometry and assigned thermal parameters
equal to 1.3 A2 larger than the carbon atom to which they were connected. The non-
amide hydrogen positions were included in the structure factor calculations but not
refined by least squares.‘ At the end of the refinement, the enantiomer was changed, and
t_he structure refined. The refinement was very slightly worse, so the enantiomer was
changed back to the original one. A final difference Fourier map showed no additional
atoms iﬁ the asymmetric unit. Examination of intermolecular close contacts (<3.54)
showed that the molecule was a monomer.

The final residuals for 212 variables refined against the 1315 unique data with F,
> 30(F,) were R = 4.83%, R,, = 6.22%, and GOF = 2.04. The R value for all data

(including unobserved reflections) was 5.58%. The quantity minimized by the least
squares refinements was w(IF,| - IFl)%, where w is the weight given to a particular
reﬂection. The p-factor, used to reduce the weight of intense reflections, was set to 0.03
initially, but later changed to 0.05.2 The analytical form of the scattering factor tables for
neutral atoms were used and all non-hydrogen scattering factors were corrected for both

the real and imaginéry components of anomalous dispe:rsion.3

Inspection of the residuals ordered in the ranges of sin(6/A), IF |, and parity and
values of the individual indexes showed no trends. Eight reflections had anomalously
high values of wA?, and were weighted to zero toward the end of the refinement. The
largest positive and negative peaks in the final difference Fourier map havé electron

densities of 0.43 and -0.58, respectively, and are associated with the titanium atom.
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Table of crystal data for Cp*,TiN(Me)H

Space group: P2,2,2;

a, A 8.718(2)

b, A 14.133(4)

c, A 15.999(3)

a, deg. 90

B, deg. 90

Y, deg. 90

V, A3 1971.26

Z 4

fw 348.41

d (calc.) g/cm? 1.174

U (calc.) I/cm 4.287

radiation MoKa(A= 0.71073 A)
monochrometer highly oriented graphite -

scan range, type
scan speed, deg/min
scan width, deg
reflections collected

3° <20 <45° 6-20
3.4

AB= 0.85 + 0.35tan6
1514; +h,+k,+1

unique reflections 1494
reflections F 2> 36(F,?) 1315
R, % 4.83
Ry, % 6.22
R.yp, % 5.58
GOF 2.036
Largest A/c in final least squares cycle 0

Intensity standards: (-1,7,-5); (2,-8,1); (-5,-1,-3) measured every hour of X-ray
exposure time. A 14% decay in intensity over the collection period was corrected for
linearly.

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was not required over the course of
the data collection. The cell constants and errors are listed as their final values.
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Table of atomic positions in Cp*;TiN(Me)H

Atoms X Y Z Beq (A2)
Ti 0.8659(1) 0.95497(6)  0.96779(1)  1.50(2)
N 0.8735(7) 0.8168(3) 0.9675(3)  3.3(1)
Cl1 0.9347(7) 0.9375(4) 1.1148(3) 2.0(1)
C2 . 0.7703(6) 0.9471(4) 1.1096(3) - 1.9(1)
C3 0.7353(6) 1.0364(4) 1.0778(3) 1.9(1)
C4 0.8766(7) 1.0855(4) 1.0648(3) 1.9(1)
Cs 0.9975(6) 1.0236(4) 1.0831(3) 2.2(1)
C6 0.9722(6) 1.0514(4) 0.8573(3) 1.9(1)
C7 0.8162(7) 1.0764(4) 0.8637(4) 2.5(1)
C8 0.7282(7) 0.9963(5) 0.8441(4) 3.1(D)
C9 0.8282(8) 0.9230(4) 0.8204(3) 2.8(1)
C10 0.9814(6) 0.9574(4) 0.8313(3) 1.8(1)
C11 1.0276(9) 0.8605(5) 1.1506(4) 3.8(2)
Ci2 0.6510(8) 0.8789(4) 1.1430(4) 3.2(1)
Cl13 0.5755(7) 1.0756(5) 1.0716(4) 2.9(1)
Cl4 . 0.8939(8) 1.1909(4) 1.0536(4) 3.4(1)
Cl1s 1.1634(7) 1.0484(6) 1.0858(4) 4.0(2)
Cl16 1.1093(9) 1.1170(5) 0.8626(4) 4.4(2)
C17 0.753(1) 1.1751(6) 0.8721(5) 5.7(2)
C18 0.5579(8) 0.9886(7) 0.8375(4) 6.9(2)
C19 0.789(1) 0.8291(6) 0.7827(4) 6.7(2)
C20 1.130(1) -0.9053(5) 0.8117(4) 4.5(2)
C21 0.856(1) 0.7325(4) 1.0179(3) 4.3(2)
H1 0.901(6) 0.799(3) 0.925(3) 3(1)*
HI1A 1.13339(1) 0.87509(1) 1.14439(1) 4.9%
H11B 1.00535(1) 0.80307(1) 1.12233(1) 4.9*
H11C 1.00407(1) 0.85383(1) 1.20830(1) 4.9%
HI12A 0.69996(1) 0.82262(1) 1.16134(1) 4.1%
H12B 0.57976(1) 0.86413(1) 1.09995(1) 4.1%*
Hi12C 0.59834(1) 0.90731(1) 1.18852(1) 4.1*
HI13A 0.50348(1) 1.02701(1) 1.08347(1) 3.8*
H13B 0.55860(1) 1.09902(1) 1.01674(1) 3.8%
H13C 0.56353(1) 1.12561(1) 1.11077(1)  3.8*
H14A 0.79667(1) 1.21797(1) 1.04161(1) 4.4*
H14B 0.96233(1) 1.20318(1) 1.00870(1) 4.4%
H14C 0.93364(1) 1.21782(1) 1.10351(1) 4.4*%
H15A 1.17844(1) 1.10885(1) 1.06127(1) 5.2%
H15B 1.22052(1) 1.00239(1) 1.05574(1)  5.2%*
H15C 1.19710(1) 1.04968(1) 1.14230(1) 5.2%
HI16A 1.20095(1) 1.08131(1) 0.85624(1) 5.7%
H16B 1.10991(1) 1.14772(1) 0.91540(1) 5.7%*
H16C 1.10311(1) 1.16299(1) 0.81945(1) 5.7*
H17A 0.83331(1) 1.21763(1) 0.88564(1) 7.4%*
H17B 0.67766(1)  1.17627(1)  0.91521(1) 7.4%
H17C 0.70681(1) 1.19370(1) 0.82080(1) 7.4%*
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Table of atomic positions in Cp*pTiN(Me)H (continued)

Atoms X Y z Beq (A2)
H18A 0.51202(1) 1.04562(1) 0.85664(1) 9.0*
H18B 0.52307(1) 0.93722(1) 0.87068(1) 9.0%*
H18C 0.53006(1) 0.97815(1) 10.78079(1)  9.0*
HI19A 0.68029(1) 0.82166(1) 0.78188(1) 8.7*
HI19B 0.83319(1) 0.78001(1) 0.81516(1) 8.7*
H19C 0.82712(1)  0.82617(1)  0.72725(1) 8.7*
H20A 1.10751(1) 0.84222(1) 0.79526(1) 5.8*
H20B 1.19359(1) 0.90442(1) 0.85994(1) 5.8*
H20C 1.18218(1) 0.93677(1) 0.76749(1)  5.8%*
H21A 0.87350(1) 0.67813(1) 0.98431(1) 5.6*
H21B 0.75454(1) 0.73019(1) - 1.03985(1) 5.6*
H21C 0.92745(1) 0.73373(1) 1.06257(1) 5.6*
Cpl 0.86288(1) 1.00602(1) 1.09000(1) 4.0*
Cp2 0.86523(1)  1.00092(1)  0.84338(1) 4.0*

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as:

(4/3) [a2B(1,1) + b2B(2,2) + ‘czB(3,3) + ab(cosy)B(1,2)
+ ac(cosP)B(1,3) + be(cos a)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.
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Table of anisotropic thermal parameters for Cp*;TiN(Me)H

B(1,3)

Atom B(1,1) B(2.2) B(3.3) B(1,2) B(2.3)
Ti  1.80(3) 1.63(3)  1.073)  0.09(4)  0.03(4)  0.19(3)
N  6.6(3) 1.9(2) 1.5(2) 0.6(2) 0.3(3) 20.2(2)
Cl  3.102) 1.8(2) 1.1(2) 0.1(2) 0.0(2) -0.6(2)
C2  2.00) 2.6(2) 1.0(2) -0.5(2) 0.4(2) 0.4(2)
C3  1.6(2) ' 2502) 1.6(2) 0.6(2) 0.4(2) 0.3(2)
C4 192 2.3(2) “1.5(2) 0.7(2) 0.3(2) 0.5(2)
C5  1.6(2) 3.4(3) 1.6(2) 04(2) -02(2) -0.1(2)
c6  2.1(2) 2.6(2) 1.0(2) -1.0(2) 0.5(2) 0.4(2)
C7  2.6(3) 2.8(2) 2.1(2) 1.3(2) 0.7(2) 1.1(2)
Cc8  1.4(2) 5.7(3) 2.0(2) -0.1(3) 0.1(2) 1.2(3)
CO  5.4(4) 2.5(2) 0.6(2) -1.3(3) -0.6(2) 0.3(2)
CI0 2.2(2) 2.0(2) 1.2(2) 0.1(2) 0.3(2) 0.1(2)
Cll 3.93) 553) - 1.92)  1.8(3) -1.0(3) -0.43)
Cl2 3.903) 3.2(3) 2.4(2) -0.8(3) 0.7(3) 0.4(2)
Ci13 2.3(3) 4.2(3) 2.3(2) 0.6(2) 0.8(2) 0.0(2)
Cl4 433)  2.73) 3.1(3) -0.3(3) 1.1(3) -0.3(2)
Cl15 2.503) 6.5(4) 3.0(3) 114 -0.3(2) -0.03)
Cl6 5.3(4) 4.8(3) 3.03) . -2.8(3) 0.8(3) -0.3(3)
Cl7 8.6(5) 5.3(3) 3.1(3) - 3.8(4) 1.8(4) 1.5(3)
CI8 2.1(3)  14.2(6) 4.4(3) 1.2(4) -1.2(3) 5.5(4)
C19 11.9(6) 6.64) °  1.5(3) -6.5(4) -1.7(3) 0.6(3)
C20 5.6(4) 5.1(3) 2.7(3) 2.5(4) 2.0(3) 1.1(3)
C21 8.3(5) 2.6(3) 2.0(3) 0.2(4) 0.8(4) 0.1(2)

The form of the anisotropic temperature factor is:

exp[-0.25{h2a2B(1,1) + k2b2B(2,2) + 12c2B(3,3)

+ 2hkabB(1,2) + 2hlacB(1,3)+ 2klbcB(2,3)}]

where a,b, and ¢ are reciprocal lattice constants.
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Cp*,TiF

Dark green crystals of the compound were grown by cooling a saturated hexane
solution to -30 °C. The crystals were taken into an inert atmosphere box. They were
placed in a small Petri dish and covered with Paratone N, a high molecular weight
hydrocarbon oil. The dish was removed from the box, and the crystals were examined
with a microscope. A large, blocky single crystal was selected ﬁnd a block shaped piece
measuring 0.30 x 0.40 x 0.45 mm was cut from one corner. The crystal was mounted
on the end of a 0.4 mm diameter quartz capillary. The crystal was transferred to an
Enraf-Nonius CAD-4 diffractometer and cooled to -115 °C under a cold stream of
nitrogen gas previdusiy calibrated by a thermocouple placed in the sample position. The
crystal was centered in the beam. Automatic peak search and indexing procedures
indicated that the crystal possessed a primitive monoclinic cell and yielded the cell
parameters. The cell parameters and data collection parameters are given in the following
table.

The 5178 raw intensity data Were converted to structure factor amplitudes and
their esds by correction for scan speed, background, and Lorentz-polarization effects.!
Inspection of the intensity standards showed a sudden intensity loss of 12% between
hours 6 and 7. The data collected after hour 7 was corrected for a 12% loss in intensity.
The 226 systematic absences (h,0,1), 1 odd; (0,k,0), k odd; the 191 redundant data
(0,k,D), 1<0; and the 225 da;a collected between hours 6 and 7 were then rejected yielding
4536 unique data of which 3188 possessed F, > 36(F,). Azimuthal scan data showed a
difference of Imip/Imax = 0.81 for the averaged curve; however, the absorption curves
were asymmetric. No empin'-cal absorption correction was applied. The systematic
absences indicated that the space group was P2;/c .

The cell volume indicated that 8 molecules were present in the unit cell. The

titanium atom positions for the two independent molecules were obtained by solving the
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Patterson map. The remaining heavy atom positions were obtained by successive
Fourier searches and cycles of refinement. The heavy atom structure was refined by
standard least squares techniques. The heavy atoms were refined isotropically, and the
hydrogen positions were then calculated based upon idealized bonding geometry and
assigned thermal parameters equal to 1.3 A? larger than the carbon atom to which they
were connected. A Gaussian absorptioh correction, DIFABS, was applied. The heavy
atoms were then refined anisotropically. The fluorine atom positions in both molecules
are disordered. A final difference Fourier map showed no additional atoms in the
asymumetric unit. Examination of intermolecular close contacts (<3.5 A) showed that the
molecules were monomers.

The final residuals for 397 variables refined against the 3188 unique data with F,,

> 30(F,) were R = 6.90%, R,, = 9.11%, and GOF = 2.054. The R value for all data

(including unobserved reflections) was 9.91%. The quantity minimized by the least
squares refinements was w(IF,| - IF )2, where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reﬂections, was set to 0.03
initially, but later changed to 0.07.2 The analytical form of the scattering factor tables for
neutral atoms were used and all non-hydrogen scattering factors were corrected for both

the real and imaginary components of anomalous dispersion.3

Inspection of the residuals ordered in the ranges of sin(6/A), IF,l, and parity and
values of the individual indexes showed no trends. Five reflections had anomalously
high values of wA2, and were weighted to zero toWard the end of the refinement. The
largest positive and negative peaks in the final difference Fourier map have electron

densities of 0.66 and -0.17, respectively, and are associated with the one titanium atoms.
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Table of crystal data for Cp*,TiF

Space group: . P2/c
a, A 16.033(2)
b, A 15.113(2)
c, A 16.027(2)
o, deg. 90
B, deg. ' 109.70(1)
v, deg. 90
v, A3 3656(2)
z 8
fw 337.36
d (calc.) g/cm? 1.226
" i (calc.) I/cm 4.663
radiation MoKaA= 0.71073 A)
monochrometer ‘ highly oriented graphite
scan range, type . 3° <20 <45° 0-20
scan speed, deg/min 34
scan width, deg A6= 0.80 + 0.35tanf
reflections collected 5178(+h,+k,*l)
unique reflections 4536
reflections F,*> 36(F,2) 3188
R, % 6.90
R,,, % 9.11
Ran, % 9.91
GOF 2.054
Largest A/c in final least squares cycle 0

Intensity standards: (8, 3, 2); (-1, -9, 2); (4, -8, -4) measured every hour of X-ray
exposure time. A 12% loss of intensity occurred between hours 6 and 7 was corrected
for by removing the data collected between hours 6 and 7 and correcting the following
data for a 12% loss of intensity..

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was required twice over the course
of the data collection. The cell constants and errors are listed as their final values.
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Table of atomic positions in Cp*,TiF

251

Atoms X Y y4 Beq (A2)
Til 0.10425(8)  0.25047(7)  0.24046(7) 1.83(2)
Ti2 0.40535(8)  0.81165(7)  0.20336(7) 1.69(2)
F1 0.1289(4) 0.2516(3) 0.1360(3) 7.3(1)
F2 0.4224(5) . 0.9319(3) 0.2034(3) 8.1(2)
C101 0.1460(4) 0.1002(4) 0.2437(4) 1.9(1)
C102 0.0569(4) 0.1039(4) 0.1903(4) 1.7(1)
C103 0.0073(4) 0.1328(4) 0.2444(4) 1.6(1)
C104 0.0647(4) 0.1420(4) 0.3310(4) 1.9(1)
C105 0.1527(4) 0.1235(4) 0.3322(4) 1.9(1)
C106 0.0348(4) 0.3902(4) 0.2179(4) 2.2(1)
C107 0.0399(4) 0.3630(4) 0.3054(4) 2.2(1)
C108 0.1293(4) 0.3560(4) 0.3595(4) 1.9(1)
C109 0.1813(4) 0.3810(4) 0.3054(4) 1.8(1)
C110 0.1244(4) 0.4039(4) 0.2220(4) 2.0(1)
Cl111 0.2218(5) 0.0730(5) - 0.2144(5) 3.3(2)
Cl112 - 0.0182(5) 0.0847(4) 0.0933(4) 2.6(2)
C113 -0.0931(4) 0.1354(5) 0.2119(4) 2.6(2)
Cl114 0.0387(5) 0.1507(5) 0.4117(4) 2.6(1)
C115 0.2342(5) 0.1163(5) 0.4120(5) 3.4(2)
C116 -0.0469(5) 0.4070(5) 0.1428(5) 3.2(2)
C117 -0.0404(5) 0.3563(5) 0.3328(5) 3.1(2)
C118 0.1647(5) 0.3424(4) 0.4562(4) 2.8(2)
C119 0.2813(4) 0.3865(5) 0.3407(4) 2.7(2)
C120 0.1520(5) 0.4380(5) 0.1469(4) 3.0(2)
C201 0.4357(4) 0.7415(4) 0.0836(4) 1.6(1)
C202 0.3620(4) 0.6959(4) 0.0934(4) 1.6(1)
C203 0.2910(4) 0.7580(4) 0.0774(4) 1.6(1)
C204 0.3190(4) 0.8396(4) 0.0529(4) 1.9(1)
C205 0.4088(4) 0.8294(4) 0.0572(4) 1.8(1)
C206 0.4439(4) 0.8461(4) 0.3552(4) 1.7(1)
€207 0.3705(4) 0.7910(4) 0.3344(4) 1.6(1)
C208 0.3937(4) 0.7063(4) 0.3114(4) 1.7(1)
C209 0.4854(4) 0.7102(4) 0.3188(4) 2.1(1)
C210 0.5145(4) 0.7977(4) 0.3439(4) 1.9(1)
C211 0.5234(4) 0.7022(4) 0.0897(4) 2.2(1)
C212 0.3559(4) 0.5984(4) 0.1039(4) 2.6(1)
C213 0.1983(4) = 0.7358(5) 0.0729(4) 2.8(2)
C214 0.2653(5) 0.9217(5) 0.0284(4) 2.8(2)
C215 0.4642(5) 0.8992(4) 0.0369(4) 2.6(1)
C216 0.4493(5) 0.9403(5) . 0.3869(4) 2.8(2)
C217 0.2815(5) 0.8139(5) . 0.3426(4) 3.0(2)
C218 0.3376(5) 0.6252(5) 0.3006(4) 3.02)
C219 0.5429(5) 0.6353(5) 0.3124(5) 3.8(2)
C220 0.6066(5) 0.8326(6) 0.3592(5) 3.8(2)



Table of atomic positions in Cp*,TiF (continued)
p

Atoms X Y Z Beq (A2)
H1 0.27551(1) 0.07611(1) 0.26322(1) 4.3%
H2 0.21272(1) 0.01409(1) 0.19253(1) 4.3%
H3 0.22505(1) 0.11162(1) 0.16882(1) 4.3%
H4 0.06388(1) 0.06656(1) 0.07171(1) 3.4%*
HS5 -0.02455(1) 0.03884(1) 0.08371(1) 3.4%
H6 -0.00943(1) 0.13653(1) 0.06275(1) 3.4%*
H7 -0.11520(1) 0.12728(1) 0.14949(1) 3.4%
HS8 -0.11472(1) 0.08943(1) 0.23963(1) 3.4%
H9 -0.11238(1) 0.19096(1) 0.22632(1) 3.4%
H1i0 -0.02288(1) 0.16296(1) 0.39454(1) 3.4%
HI11 0.05128(1) 0.09693(1) 0.44436(1) 3.4*
H12 0.07120(1) 0.19757(1) 0.447577(1) 3.4%
H13 0.22147(1) 0.13591(1) 0.46273(1) 4.4*
Hi4 0.25320(1) 0.05644(1) 0.41996(1) 4.4%
H15 0.27966(1) 0.15206(1) 0.40404(1) 4.4%
H16 -0.03206(1) 0.42420(1) 0.09246(1) 4.1%*
H17 -0.08171(1) 0.35470(1) 0.12947(1) 4.1*
H18 -0.07960(1) 0.45305(1) 0.15783(1) 4.1*
H19 -0.09218(1) 0.36362(1) 0.28232(1) 4.0*
H20 -0.04168(1) 0.29984(1) 0.35843(1) 4.0*
H21 -0.03838(1) 0.40112(1) 0.37497(1)° 4.0*
‘H22 0.11783(1) 0.32633(1) 0.47688(1) 3.6%
H23 0.20777(1) 0.29662(1) 0.46968(1) 3.6*
H24 0.19134(1) 0.39566(1) 0.48431(1) 3.6%
H25 0.30242(1) 0.36626(1) 0.40031(1) 3.5%
H26 0.30503(1) 0.35057(1) 0.30557(1) 3.5%
H27 0.29912(1) 0.44613(1) 0.33847(1) 3.5%
H28 0.21481(1) 0.44137(1) 0.16551(1) 3.9%
H?29 0.13116(1) 0.39896(1) 0.09777(1) 3.9%
H30 0.12752(1) 0.49518(1) 0.13008(1) 3.9%
H31 0.56082(1) 0.74718(1) 0.08060(1) 2.9*
H32 0.55019(1) 0.67668(1) 0.14665(1) 2.9%
H33 0.51474(1) 0.65777(1) 0.04560(1) 2.9%
H34 0.41238(1) 0.57232(1) 0.11388(1) 3.3%
H35 0.33701(1) 0.58639(1) 0.15291(1) 3.3%
H36 0.31444(1) 0.57421(1) 0.05157(1) 3.3*
H37 0.19670(1) 0.67687(1) 0.09312(1) 3.7*
H38 0.18015(1) 0.77547(1) 0.10947(1) 3.7%
H39 0.15946(1) 0.74085(1) 0.01348(1) 3.7*
H40 0.20764(1) ~ 0.91113(1) 0.03055(1) 3.6*
H41 0.29291(1) 0.96752(1) 0.06890(1) 3.6*
H42 0.26100(1) 0.93906(1) -0.02987(1) 3.6%*
H43 0.43068(1) 0.95220(1) 0.02079(1) 3.3%
H44 0.51488(1) 0.90977(1) 0.08766(1) 3.3%
H45 0.48244(1) 0.88042(1) -0.01086(1) 3.3%
H46 0.50704(1) 0.96278(1) 0.39621(1) 3.7%
H47 0.40702(1) 0.97518(1) 3.7*

0.34351(1)
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Table of atomic positions in Cp*,TiF (continued)

Atoms X Y Z Beq (A2)
H48 043710(1)  0.94235(1)  0.44088(1)  3.7*
H49 0.28123(1)  0.87443(1)  0.35862(1)  3.9*
H50 0.23598(1)  0.80393(1)  0.28738(1)  3.9*
H51 0.27149(1)  0.77784(1)  0.38679(1)  3.9%
H52 0.27940(1)  0.64165(1)  0.29748(1)  3.9*
H53 0.33517(1)  0.59541(1)  0.24766(1)  3.9%
H54 0.36248(1)  0.58703(1)  0.34985(1)  3.9%
H55 0.50786(1)  0.58348(1)  0.29423(1)  4.9*
H56 0.57071(1)  0.64904(1)  0.27022(1)  4.9%
H57 0.58678(1)  0.62541(1)  0.36861(1)  4.9%
H58 0.64194(1)  0.78728(1)  0.34709(1) 4.9
H59 0.60357(1)  0.88149(1)  0.32103(1)  4.9%
H60 0.63219(1)  0.85104(1)  0.41910(1)  4.9*
Cpl 0.08554(1)  0.12050(1)  0.26833(1)  0.4*
Cp2 0.10195(1)  0.37881(1)  0.28205(1)  0.4*
Cp3 0 0.36329(1)  0.77286(1)  0.07290(1)  0.4*
Cp4 0.44160(1)  0.77025(1)  0.33272(1)  0.4*

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as:

(4/3)[a2B(1,1) + b2B(2,2) + ¢2B(3,3) + ab(cosy)B(1,2)
+ ac(cosP)B(1,3) + be(cos a)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.
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Table of anisotropic thermal parameters for Cp*,TiF

Atom  B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)

Til 1.99(4) 1.56(4) 2.22(4) -0.34(4) 1.07(3) -0.29(3)
Ti2 - 1.86(5) 1.49(4) 1.55(4) -0.25(4) 0.36(3) -0.08(3)

F1  16.7(3) 2.5(2) 6.4(2) -1.02) 8.7(1) -0.7(1)
F2  18.0(5) 2.6(2) 2.3(2) 2.8(3) 1.6(2) -0.3(1)
C101  1.5(3) 1.6(2) 2.4(2) 0.6(2) 0.5(2) 0.3(2)
C102  1.6(2) 1.3(2) 2.0(2) -0.2(2) 0.5(2) -0.2(2)
C103  1.1(2) 1.0(2) 2.7(2) -0.0(2) 0.5(2) 0.1(2)
C104 18(3)  1.6(2) 2.2(2) 0.1(2) 0.7(2) 0.1(2)
C105 1.3(3) 1.9(2) 2.1(2) 0.1(2) 0.0(2) 0.4(2)
C106  1.3(3) 2.1(2) 2.6(3) 0.1(2) 0.1(2) 0.6(2)
C107  1.4(2) 2.2(2) 3.6(3) -0.6(2) 1.4(2) -0.6(2)
C108  1.4(2) 2.0(2) 2.5(2) 0.3(2) 0.7(2) 0.8(2)
C109 1.0(2) 2.0(2) 2.3(2) -0.7(2) 0.3(2) -0.4(2)
Cl10 2.1(3) .  1.3(2) 2.8(2) -0.6(2) 1.1(2) -0.5(2)
Cill  2.7(3) 3.4(3) 4.4(3) 0.6(3) 1.92) 0.4(3)
Cl12  2.7(3) 2.2(3) 2.7(3) -0.4(3) 0.7(2) -0.3(2)
Ci113  1.4(3) 3.0(3) 3.2(3) -0.3(3) 0.5(2) -0.1(2)
Cl14 2.6(3) 3.2(3) 2.1(2) -0.7(3) 1.0(2) 0.0(2)
Cl115 24(3) 3.9(3) 3.1(3) 0.03) 0.2(3) -0.3(3)
Ci16  2.7(3) 2.4(3) 3.9(3) 0.1(3) 0.5(3) 0.1(2)
C117  2.0(3) 2.9(3) 4.6(3) 0.2(3) 1.6(2) -0.8(2)
C118  3.0(3) 2.4(3) 3.2(3) -1.1(3) 1.3(2) -1.1(2)
Ci19 1.7(3) 3.1(3) 3.3(3) -0.7(3) 1.0(2) -0.4(2)
Ci120 3.2(3) 2.7(3) 3.2(3) -0.4(3) 1.4(2) 022
. C201  1.3(2) 1.8(2) 1.72) . 0.02) 0.6(2) 0.3(2)
C202  1.4(2) 1.9(2) 1.7(2) -0.4(2) 0.5(2) -0.4(2)
C203  0.7(2) 2.6(2) 1.3(2) 0.3(2) 0.0(2) -0.8(2)
C204 1.7(3) 2.5(3) 1.3(2) 0.2(2) 0.1(2) 0.1(2)
C205 1.2(2) 2.7(3) 1.5(2) 0.3(2) 0.6(2) 0.7(2)
C206 1.7(3) 2.1(2) 0.9(2) -0.6(2) 0.12) 0.1(2)
C207  1.1(2) 2.2(2) 1.6(2) -0.2(2) 0.6(2) 0.1(2)
C208 1.7(3) 2.0(2) 1.2(2) 20.2(2) 0.2(2) 0.5(2)
C209  2.0(3) 2.6(3) 1.7(2) 0.7(2) 0.6(2) 0.7(2)
C210 1.2(2) 2.3(2) 1.9(2) 0.4(2) 0.1(2) 0.0(2)
C211  1.9(3) 2.2(2) 3.02) . 0.1(2) 1.3(2) -0.1(2)
Cc212  2.3(3) 2.5(3) 3.2(3) -0.6(2) 1.4(2) -1.3(2)
C213  1.2(3) 4.2(3) 3.0(3) 10.2(3) 052) = -0.3(3)
C214  2.4(3) 2.8(3) 2.9(3) 0.0(3) 0.7(2) 0.1(2)
C215  2.3(3) 3.1(3) 2.5(2) -0.8(2) 1.1(2) 0.1(2)
C216 3.0(3) 3.13) . 2.3(2) -1.03) 0.8(2) -0.7(2)
C217  2.2(3) 4.03)  3.1(3) 0.3(3) 1.2(2) 0.4(3)
C218  3.6(3) 3.3(3) 2.6(2) -1.3(3) 1.6(2) -0.1(2)
C219  3.8(3) 3.6(3) 4.2(3) 2.2(3) 1.7(2) 1.2(3)
C220 12(3) 5.9(4) 3.9(3) -0.8(3) 0.4(2) 0.1(3)

The form of the anisotropic temperature factor is:
exp[-0.25{h2a2B(1,1) + k2b2B(2,2) + 12¢2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3)+
2klbcB(2,3)}] where a,b, and c are reciprocal lattice constants.
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Cp*,TiH

Red crystals of the compound were grown by cooling a hexane solution of the
compound to -20 °C. The crystals were placed in Petri dish of Paratone N in a glove
bag. A suitable irregularly shaped crystal measuring 0.26 mm X 0.20 mm X 0.20 mm
was mounted on the end of a 0.2 mm thin walled quartz capillary. The crystal was
transferred to an Siemens SMART diffractometer and cooled to -137 °C under a cold
stream previously calibrated by a thermocouple placed in the sample position. The
crystal was centered in the beam. Automatic peak search and indexing brocedures
indicated that the crystal possessed a C centered monoclinic cell and yielded the unit cell
parameters. The cell parameters and data collection parameters are given in the following
table.  Based upon a staﬁsﬁcal analysis of intensity distribufi(;n and the successful
solution and refinement of the crystal structure, the space group was found to be C2/c.

An arbitrary hemisphere of data was collected using the default parameters for the
diffractometer. The data were collected as 30 s images with an area detector. Two
images were averaged to give the nei image data. The image data were converted to
intensity data using the program SAINT. The 16761 raw intensity data were converted
to structure factor amplitudes and their esds by correction for scan speed, background,
and Lorentz-polarization effects.! Inspection of the intensity standards showed no
decrease in intensity over the duration of data collection. Due to the small value of W, no
absorption correction was used.. Averaging equivalent reflections gave 6740 unique data
(Rjnt = 0.043).

The titanium atom positiohs were obtained by direct methods. Refinement on the
titanium positions followed by a differencé Fourier search yielded the other heavy atom
positions. The heavy atom structure was refined by standard least squares and Fourier
techniques. The heavy atoms were refined with anisotropic thermal parameters. The

Cp* hydrogen positions were refined on with all thermal parameters equal to 4.98 A2,
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The hydrides were refined with isotropic thermal parameters. Towards the end of the
refinement, examination of the extinction test listing indicated that secondary extinction
was occurring. The secondary extinction coefficient was refined to 5.37 x 10-8. A final
difference Fourier map showed no additional atoms in the asymmetric unit. No close ( <
3.5 A) intermolecular contacts were found.

The final residuals for 568 variables refined against the 4528 unique data with I
> 30(I) were R =4.8%, R,, = 5.7%, and GOF = 2.01. The quantity minimized by the
least squares refinements was w(IF,| - IF_l)2, where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set fo
0.03.%2 The analytical form of the scattering factor tables for neutral atoms were used and
all non-hydrogen scattering factors were corrected for both the real and imaginary

components of anomalous dispersion.>

Inspection of the residuals ordered in the ranges of sin(6/A), IF,|, and parity and
values of the individual indexes showed no trends other than the previously mentioned
secondary extinction. No reflections had anomalously high /values of wA2. The largest
positive and negative peaks in the final difference Fourier map have electron densities of

0.30 and-0.33, respectively.

/
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Table of crystal data for Cp*,TiH

Space group:

a, A

fw

d (calc.) g/cm?3

W (cale.) l/em
radiation
monochrometer
resolution, % coverage
scan time, per image
scan type

reflections integrated
unique reflections
reflections I> 3o(I) <
R, %

R, %

GOF |
Largest A/c in final least squares cycle
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C2/c

44.9509(7)

8.4846(2)

22.7333(4)

90

119.905(1)

90

7515.8(3)

16 .

319.36

1.129

4.49

MoKo(A= 0.71073 A)
highly oriented graphite
0.85 A, 97%; 0.83 A, 90%
30s

©, 0.3°

16761

6740 (Rip; = 0.043)
4528

4.8

5.7

2.01

0.0



Table of atomic positions in Cp*;TiH

Atoms X Y Z Beq (A2)
TI1 0.82089(2) 0.04127(7) 0.19858(3) 2.54(3)
TI2 0.43729(2) 0.11325(7) 0.04429(3) 2.55(2)
Cl 0.87134(9) 0.0065(4) 0.1929(2) 2.5(1)
C2 0.8461(1) 0.0684(4) 0.1296(2) 2.8(1)
C3 0.81964(9) -0.0440(4) 0.0976(2) 2.6(1)
C4 0.82818(8) -0.1760(4) 0.1415(2) 2.3(1)
cs 0.86007(8) -0.1440(4) 0.2007(2) 2.4(1)
Cé6 0.9049(1) 0.0840(6) 0.2406(2) 4.0(2)
C7 0.8474(1) 0.2254(5) 0.1001(3) 4.5(2)
C8 0.7894(1) -0.0320(6) 0.0267(2) 4.1(2)
C9 0.8098(1) -0.3321(5) 0.1247(2) 3.3(2)
Cl10 0.8793(1) -0.2556(5) 0.2590(2) 3.9(2)
Cl1 0.80152(8) 0.0373(4) 0.2778(2) 2.2(1)
Cl12 0.78360(8) -0.08474) 0.2304(2) 2.3(1)
Cl13 0.76288(8) -0.0132(4) 0.1659(2) 2.5(D
Cl4 0.76811(8) 0.1514(4) 0.1739(2) 2.8(1)
Cl15 0.79213(8) 0.1829(4) 0.2431(2) 2.3(D)
Cl16 0.8027(1) 0.3435(4) 0.2748(2) 3.6(2)
C17 0.8250(1) 0.0156(5) 0.3531(2) 3.4(2)
Cl18 0.7850(1) -0.2562(4) 0.2481(2) 3.3(2)
C19 0.7362(1) -0.0941(6) 0.1033(2) 4.002)
C20 0.7502(1) 0.2750(6) 0.1200(2) 4.8(2)
C21 0.39881(8) 0.1573(4) -0.0723(2) 2.5(1)
C22 0.38016(8) 0.0796(4) -0.0451(2) 2.5(1)
C23 0.37931(8) 0.1815(4) 0.0033(2) 2.4(D
C24 0.39701(8) 0.3222(4) 0.0058(2) 24(1D
C25 0.40929(8) 0.3064(4) -0.0406(2) 2.4(1)
C26 0.4044(1) 0.0935(5) -0.1278(2) 3.4(2)
Cc27 0.3640(1) -0.0812(5) -0.0647(2) 3.6(2)
C28 0.3595(1) 0.1529(5) 0.0398(2) 3.402)
C29 0.3961(1) 0.4716(5) 0.0403(2) 3.4(2)
C30 0.4270(1) 0.4335(5) -0.0585(2) 3.8(2)
C31 0.48957(8) 0.0010(4) 0.1242(2) 2.5(1)
C32 0.46805(9) 0.0023(4) 0.1535(2) 2.6(1)
C33 0.46183(8) 0.1607(4) 0.1629(2) 2.8(1)
C34 0.47919(9) 0.2577(4). 0.1392(2) 3.0(1)
C35 0.49617(8) 0.1589(4) 0.1141(2) 2.8(D)
C36 0.5052(1) -0.1443(5) 0.1116(2) 3.9(2)
C37 0.4548(1) -0.1397(6) 0.1729(2) 4.4(2)
C38 0.4423(1) L 0.2107(6) 0.1982(2) 4.3(2)
C39 0.4829(1) 0.4334(5) 0.1463(3) 4.9(2)
C40 0.5193(1) 0.2145(6) 0.0884(2) 4.5(2)
Hla 0.847(1) 0.193(5) 0.242(2) 9(1)
H2a -0.441(D) -0.079(5) 0.012(2) 8(1)
H3 - 0.921(1) 0.073(5) 0.227(2) 5.0
H4 0.903(1) 0.202(5) 0.240(2) 5.0
HS 0.916(1) 0.037(5) 0.288(2) 5.0
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Table of atomic positions in Cp*;TiH (continued)

Atoms X Y Z Beg (A?)
H6 0.859(1) 0.306(5) 0.133(2) 5.0
H7 0.863(1) 0.232(5) 0.084(2) 5.0
HS 0.826(1) 0.258(5) 0.066(2) 5.0
H9 0.778(1) 0.065(5) 0.018(2) 5.0
HI10 0.797(1) -0.037(5) -0.004(2) 5.0
H1l1 0.770(1) -0.114(5) 0.014(2) 5.0
Hi12 0.787(1) -0.323(5) 0.093(2) 5.0
H13 0.818(1) -0.402(5) 0.104(2) 5.0
H14 0.811(1) -0.391(4) 0.162(2) 5.0
HI15 0.895(1) -0.320(5) 0.252(2) 5.0
Hli6 0.893(1) -0.201(5) 0.306(2) 5.0
H17 0.865(1) -0.323(5) 0.265(2) 5.0
H18 0.783(1) 0.394(4) 0.278(2) 5.0
H19 0.808(1) 0.418(5) 0.246(2) 5.0
H20 0.824(1) 0.347(5) 0.321(2) 5.0
H21 . 0.842(1) 0.111(5) 0.374(2) 5.0
H22 0.812(1) 0.020(5) 0.377(2) 5.0
H23 0.839(1) -0.079(5) 0.360(2) 5.0
H24 0.810(1) -0.301(4) 0.270(2) 5.0
H25 0.775(1) -0.272(4) 0.278(2) 5.0
H26 0.773(1) -0.312(5) 0.212(2) 5.0
H27 0.743(1) -0.202(5) 0.105(2) 5.0
H28 0.715(1) ~0.092(5) 0.100(2) 5.0
H29 0.732(1) -0.057(5) 0.059(2) 5.0
H30 0.741(1) 0.233(5) 0.073(2) 5.0
H31 0.731(1) 0.318(5) 0.121(2) 5.0
H32 0.763(1) 0.351(5) 0.118(2). 5.0
H33 0.386(1) 0.113(5) -0.171(2) 5.0
H34 0.425(1) 0.150(4) -0.125(2) 5.0
H35 0.411(1) -0.024(5) -0.123(2) 5.0
H36 0.376(1) -0.142(5) -0.083(2) 5.0
H37 0.341(1) -0.076(5) -0.099(2) 5.0
H38 0.364(1) -0.1314) -0.027(2) 5.0
H39 0.360(1) 0.039(5) 0.051(2) 5.0
H40 0.336(1) 0.181(5) 0.014(2) 5.0
H41 0.370(1) 0.207(5) 0.082(2) 5.0
H42 0.399(1) 0.452(5) 0.083(2) 5.0
H43 0.373(1) 0.529(5) 0.012(2) 5.0
H44 0411(1) 0.544(5) 0.043(2) 5.0
H45 0.442(1) 0.498(5) -0.021(2) 5.0
H46 0.410(1) 0.494(5) -0.097(2) 5.0
H47 0.445(1) 0.394(5) -0.065(2) 5.0
H48 0.511(D) -0.125(@4) 0.073(2) 5.0
H49 0.528(1) -0.163(4) 0.153(2) 5.0
H50 0.491(1) -0.232(5) 0.104(2) 5.0
H51 0.452(1) -0.221(5) 0.145(2) 5.0
HS52 0.468(1) -0.178(5) 0.218(2) 5.0
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Table of atomic positions in Cp*oTiH (continued)

Atoms X Y Z Beq (A2)
H53 0.435(1) -0.115(5) 0.167(2) 5.0
H54 0.422(1) 0.149(5) 0.183(2) 5.0
H55 0.458(1) 0.216(5) 0.246(2) 50
HS56 0.436(1) 0.321(5) 0.188(2) 5.0
H57 0.466(1) 0.487(5) 0.158(2) 5.0
H58 0.505(1) 0.467(5) 0.180(2) 5.0
H59 0.481(1) 0.484(5) 0.108(2) 5.0
H60 0.513(1) 0.312(5) 0.064(2) 5.0
H61 0.542(1) 0.235(5) 0.124(2) 5.0
H62 ' 0.519(1) 0.137(5) 0.056(2) 5.0
CpD) 0.85 .-0.06 0.15 0.4
C(p2) 0.78 0.05 0.22 04
C(p3) 0.39 0.21-0.03 0.4

C(p4) 0.48 - 0.12 0.14 0.4

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as: '

(4/3)[a2B(1,1) + b2B(2,2) + c2B(3.3) + ab(cosy)B(1,2)
+ ac(cosB)B(1,3) + be(cos a)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.
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Table of anisotropic thermal parameters for'Cp*zTiH

Atom U(1,1) U(2,2) U(@3.,3) U(1,2) U(1,3) U(2,3)
TI1 0.0301(4) 0.0343(4) 0.0371(4) -0.0041(3) 0.0205(3) -0.0094(3)
TI2 0.0286(3) 0.0314(4) 0.0285(3) -0.0056(3) 0.0079(3) -0.0055(3)
Cl 0.033(2) 0.034(2) 0.038(2) -0.001(2) 0.025(2) -0.006(2)
C2 0.047(2) 0.029(2) 0.040(2) 0.004(2) 0.030(2)  0.001(2)
C3 0.037(2) 0.036(2) 0.028(2) 0.007(2) 0.018(2) -0.001(2)
C4 0.035(2) 0.027(2) 0.031(2) 0.001(2) 0.022(2) -0.002(1)
C5 0.036(2) 0.032(2) 0.031(2) 0.006(2) 0.022(2)  0.003(1)
C6 0.038(2) 0.063(3) 0.061(3) -0.0092) 0.033(2) -0.015(2)
C7 0.087(4) 0.031(2) 0.077(3) 0.004(2) 0.058(3) 0.011(2)
C8 0.056(3) 0.061(3) 0.032(2) 0.015(2) 0.018(2) 0.004(2)
C9 0.051(2) 0.038(2) 0.044(2) -0.007(2) 0.030(2) -0.008(2)
C10 0.047(3) 0.059(3) 0.044(2) 0.015(2) 0.025(2)  0.013(2)
Cll1 0.026(2) 0.029(2) 0.026(2) -0.001(1) 0.012(2) 0.000(1)
C12 0.025(2) 0.029(2) 0.033(2) -0.001(1) 0.016(2) -0.002(1)
C13 0.027(2) 0.040(2) 0.031(2) -0.001(2) 0.017(2) -0.003(2)
Cl4 0.032(2) 0.039(2) 0.038(2) 0.009(2) 0.019(2)  0.010(2)
C15 0.030(2) 0.028(2) 0.036(2) 0.001(1) 0.021(2) -0.002(2)
Cl6 0.057(3) 0.028(2) 0.070(3) -0.002(2) 0.044(2) -0.007(2)
C17 0.045(2) 0.050(3) 0.031(2) -0.009(2) 0.016(2) -0.000(2)
C18 0.048(2) 0.028(2) 0.058(3) -0.004(2) 0.032(2) 0.001(2)
C19 0.034(2) 0.077(3) 0.038(2) -0.009(2) 0.017(2) -0.015(2)
C20 0.054(3) 0.065(3) 0.059(3) 0.019(2) 0.026(3) 0.032(3)
C21 0.028(2) 0.039(2) 0.025(2) 0.006(2) 0.011(2)  0.000(2)
C22 0.027(2) 0.035(2) 0.026(2) 0.002(2) 0.008(2) -0.000(2)
C23 0.026(2) 0.039(2) 0.024(2) 0.003(2) 0.010(1) -0.000(2)
C24 0.028(2) 0.029(2) 0.030(2) 0.004(2) 0.012(2) -0.003(1)
C25 0.025(2) 0.032(2) 0.029(2) 0.002(1) 0.011(2) 0.002(2)
C26 0.040(2) 0.056(3) 0.035(2) 0.002(2) 0.020(2) -0.010(2)
C27 0.045(2) 0.039(2) 0.044(2) -0.009(2) 0.017(2) -0.006(2)
C28 0.037(2) 0.061(3) 0.035(2) -0.001(2) 0.021(2) -0.002(2)
C29 0.048(2) 0.034(2) 0.040(2) 0.010(2) 0.016(2) -0.003(2)
C30 0.043(2) 0.055(3) 0.047(3) -0.008(2) 0.022(2)  0.006(2)
C31 0.026(2) 0.030(2) 0.032(2) 0.005(1) 0.009(2) -0.001(1)
C32 0.027(2) 0.033(2) 0.031(2) -0.002(1) 0.0092) 0.001(2)
C33 0.029(2) 0.044(2) 0.024(2) 0.003(2) 0.006(2) -0.006(2)
C34 0.042(2) = 0.026(2) 0.029(2) 0.003(2) 0.004(2) 0.001(2)
C35 0.029(2) 0.040(2) 0.029(2) -0.002(2) 0.009(2)  0.003(2)
C36 0.042(2) - 0.047(3) 0.058(3) 0.011(2) 0.023(2)  0.001(2)
C37 0.051(3) 0.059(3) 0.054(3) -0.007(2) 0.024(2) 0.013(2)
C38 0.044(2) 0.079(3) 0.034(2) 0.015(2) 0.014(2) -0.016(2)
C39 0.063(3) 0.032(3) 0.056(3) -0.004(2) 0.004(3) -0.008(2)
C40 0.043(2) 0.071(3) 0.053(3) -0.013(2) 0.021(2) 0.012(2)

The form of the anisotropic temperature factor is:
exp[-2n2{h2a2U(1,1) + k2b2U(2,2) + 12¢2U(3,3)
+ 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2, 3)}]
where a,b, and c are reciprocal lattice constants.
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Cp*TiLi(TMEDA)

Dark purple-black crystals of the compound were grown by cooling a saturated
ether solution to -30 °C. In a dry box, the crystals were placed in a small Petri dish and
covered with Paratone N, a high molecular weight hydrocarbon oil. The crystals were
examined with a microscope. A blade shaped single crystal was selected, and a wedge
shaped piece measuring 0.45 x 0.40 X 0.40 mm was cut out of the middle. The crystal
was mounted on the end of a 0.4 mm diameter quartz capillary. The crystal was
transferred to an Enraf-Nonius CAD-4 diffractometer and cooled to -89 °C under a cold
stream of nitrogen gas previously calibrated by a thermocouple placed in the sample
position. The crystal was centered in the beam. Automatic peak search and indexing
procedures indicated that the crystal posseésed a primitive orthorhombic cell and yielded
the cell parameters. The cell parameters and data collection parameters are given in the
following table.

The 2038 raw intensity data were conveﬁed to structure factor amplitudes and
their esds by correction for scan speed, background, and Lorentz-polarization effects.!
Inspection of the intensity standards showed a large dip of 25% between hours one and
four. A non-linear decay correction was applied. The 219 systematic absences (h,0,1), h
odd; (0,k.,1), k+l odd were then rejected yielding 1819 unique data of which 1306
possessed Fo> 30(F,). Azimuthal scan data showed a difference of I;in/Imax = 0.68 for
the averaged curve; however, the different reflections had different absorption curves.
No empirical absorption correction was applied. The systefnatic absences indicated that
the space group was Pna2; or Pnma. Since the molecule would have to sit on special
position possessing mirror symmetry in Pnma which seemed unlikely, Pna2, was
chosen.

The cell volume indicated that 4 molecules were present in the unit cell. The

titanjum atom position was obtained by solving the Patterson map. Successive Fourier
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searches yielded the rest of the heavy atom positions. The heavy atom structure was
refined by standard least squares and Fourier techniques. The heavy atoms were refined
isotropically, and the hydrogen positions were calculated based upon idealized bonding
geometry and assigned thermal parameters equal to 1.5 A2 larger than the carbon atom to
which they were connected. A numerical absorption correction, DIFABS, was applied.
The heavy atoms except for the lithium atom were t refined anisotropically. One of the
methyl carbon atoms of the Cp* ring has a very large thermal parameter, and both the
TMEDA and one of the Cp* groups appear either to be disordered. The disorder was not
modeled. At the end of the refinement, the enantiomer was changed, and the structure
refined. The refinement was very slightly worse, so the enantiomer was changed back to
the original one. A final difference Fourier ‘map showed no additional atoms in the
asymmetric unit. Examination of intermolecular close contacts (<3.5A) shqwed that the
molecule was a monomer.

The final residuals for 265 variables refined against the 1306 unique data with

Fo,> 30(F,) were R = 7.73%, R,, = 9.59%, and GOF = 2.166. The R value for all data

(including unobserved reflections) was 11.28%. The quantity minimized by the least
squares refinements was w(IF,| - IF_)2," where w is the weight given to a particular
reflection. The p-factor, used to reduce the weight of intense reflections, was set to 0.03
initially, but later changed to 0.07.2 The analytical form of the scattering factor tables for
neutral atoms were used and all non-hydrogen scattering factors were corrected for both

the real and imaginary components of anomalous dispersion.3

Inspection of the residuals ordered in the ranges of sin(8/A), IF,|, and parity and
values of the individual indexes showed no trends. Eleven reflections had anomalously
high values of wA2, and were weighted to zero toward the end of the refinement. The
largest positive and negative peaks in the final difference Fourier map have electron
densities of 0.5‘1 and -0.49, respectively, and are associated with the one of the Cp*

rings.
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Table of crystal data for Cp*,TiLi(TMEDA)

Space group: Pna2,

a, A 17.911(2)

b, A 8.563(2)

c, A 17.460(3)

o, deg. 90

B, deg. 90

Y, deg. 90

Vv, A3 2678(1)

Z 4

fw 441.51

d (calc.) g/cm? 1.095

U (calc.) I/cm 3.277

radiation MoKo(A= 0.71073 A)
monochrometer highly oriented graphite

scan range, type
scan speed, deg/min

scan width, deg

3°<20<45° 0-20
3.4
AB= 0.80 + 0.35tan6

reflections collected 2038(+h,+k,+1)
unique reflections 1819
reflections F 2> 36(F,?) 1306
R, % 7.73
R, % 9.59
"Ry % 11.28
GOF 2.166
Largest A/G in final least squares cycle 0

Intensity standards: (4,1,7); (2,8,6); (1,5,9) measured every hour of X-ray exposure
time. A 25% dip in intensity occurred between hours one and four was corrected for
non-linearly.

Orientation Standards: 3 reflections were checked after every 200 measurements.
Crystal orientation was redetermined if any of the reflections were offset from their
predicted positions by more than 0.1°. Reorientation was required twice over the course
of the data collection. The cell constants and errors are listed as their final values.
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Table of atomic positions in Cp*>TiLi(TMEDA)

Atoms X Y Z Beq (A2)
Ti 0.19069(9) 0.0606(2) 0.000 2.72(3)
N1 0.0290(6) 0.363(1) 0.1633(7) 5.2(3)
N2 0.0315(7) 0.050(1) 0.2177(7) 6.2(3)
Cl1 0.3016(6) 0.202(1) 0.001(1) 5.7(3)
C2 0.3253(6) 0.059(2) -0.0219(7) 4.9(3)
C3 0.3073(7) -0.047(1) 0.0390(9) 5.4(3)
C4 0.2796(6) 0.043(2) 0.1009(8) 4.6(3)
C5 0.2756(6) 0.195(2) 0.0756(9) 5.5(3)
Cé6 0.3049(9) 0.365(2) -0.043(1) 9.4(5)
C7 0.370(1) 0.008(4) -0.087(1) 14.6(9)
C8 0.330(1) -0.216(2) 0.050(2) 12.4(8)
C9 0.264(1) -0.014(3) 0.183(1) 9.8(6)
C10 0.249(3) 0.345(5) 0.114(3) 45(2)
Cl1 0.0735(6) 0.035(2) -0.0548(6) 4.2(3)
Cl12 0.1114(7) 0.135(1) -0.1002(8) 4.9(3)
Ci13 . 0.1709(7) 0.048(2) -0.1359(7) 4.3(3)
Ci4 0.1656(9) -0.099(2) -0.1095(8) 5.3(3)
Ci15 0.1084(8) -0.109(1) -0.0612(8) 4.7(3)
Cl6 0.0016(8) 0.062(3) -0.011(1) 9.4(5)
Cl17 0.091(1) 0.306(2) -0.115(1) = 9.9(5)
C18 0.224(1) 0.112(3) -0.2004(9) 9.0(5)
Ci19 0.219(1) -0.234(2) -0.141(1) 9.8(5)
C20 0.080(1) -0.265(2) -0.0223(9) 8.5(5)
C21 -0.0168(8) 0.443(2) 0.109(1) 6.2(4)
C22 0.0821(9) 0.478(2) 0.191(1) 9.0(5)
C23 -0.019(1) 0.307(2) 0.224(1) 12.5(6)
C24 -0.005(1) 0.184(3) 0.258(1) 12.8(6)
C25 -0.023(1) -0.061(2) 0.191(1) 8.9(5)
C26 - 0.081(1) -0.031(3) 0.270(1) 9.5(5)
Li 0.0882(9) 0.162(2) 0.122(1) 3.0(4)*
H1 0.35324(1) 0.40899(1) -0.03730(1) 14.1%
H2 0.29457(1) 0.34842(1) -0.09553(1) 14.1*
H3 0.26879(1) 0.43388(1) -0.02178(1) 14.1%*
H4 0.42141(1) 0.02459(1) -0.07611(1) 21.9*
HS5 0.36144(1) -0.09962(1) -0.09607(1) 21.9%
H6 0.35640(1) 10.06654(1) -0.13109(1) 21.9%
H7 0.38047(1) -0.22110(1) 0.06590(1) 18.6*
HS 0.29892(1) -0.26270(1) 0.08782(1) 18.6*
H9 0.32419(1) -0.27081(1) 0.00292(1) 18.6%
H10 0.30865(1) -0.00986(1) 0.21246(1) 14.7%
H1l 0.22729(1) 0.05102(1) 0.20633(1) 14.7*
Hi2 0.24615(1) -0.11856(1) 0.18178(1) 14.7%
H13 0.28857(1) 0.38828(1) 0.14334(1) 67.6*
H14 0.23352(1) 0.41732(1) 0.07624(1) 67.6%
Hi5 0.20810(1) 0.32173(1) 0.14707(1) 67.6*
H16 -0.03986(1) 0.04588(1) -0.04378(1) 14.1*
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Table of atomic positions in Cp*, TiLi(TMEDA) (continued)

Atoms X Y Z Beq (A2)
H17 -0.00101(D -0.00832(1) 0.03105(1) 14.1*
H18 0.00061(1) 0.16654(1) 0.00788(1) 14.1%*
H19 0.05873(1) 0.31192(1) -0.15825(1) 14.9%*
H20 0.06729(1) 0.34829(1) -0.07165(1) 14.9*
H21 0.13556(1) 0.36322(1) -0.12585(1) 14.9%*
H22 0.20198(1) 0.09125(1) -0.24902(1) 13.5%
H23 0.22987(1) 0.22133(1) -0.19419(1) 13.5%
H24 0.27074(1) 0.06170(1) -0.19696(1) 13.5%
H25 0.19726(1) -0.28072(1) -0.18544(1) 14.7*
H26 0.26638(1) -0.19100(1) -0.15492(1) 14.7*
H27 0.22610(1) -0.31156(1) -0.10303(1) 14.7%
H28 0.04690(1) -0.31781(1) -0.05621(1) 12.8%
H29 0.12138(1) -0.33064(1) -0.01129(1) 12.8*
H30 0.05438(1) -0.24100(1) 0.02389(1) 12.8*
H31 0.01349(1) 0.48112(1) 0.06807(1) 9.3%
H32 -0.05316(1) 0.37340(1) 0.08876(1) 9.3*
H33 -0.04112(1) 0.52847(1) 0.13300(1) 9.3%*
H34 0.11274(1) 0.51213(1) 0.15012(1) 13.5%
H35 0.05580(1) 0.56469(1) 0.21191(1) 13.5%*
H36 0.11237(1) 0.43250(1) 0.22992(1) 13.5%
H37 -0.06743(1) 0.29557(1) 0.20237(1) - 18.8%
H38 -0.02018(1) 0.38681(1) 0.26190(1) 18.8%*
H39 0.02658(1) 0.21045(1) 0.29945(1) 19.2*
H40 -0.05124(1) 0.14578(1) 0.27675(1) 19.2%
H41 0.00149(1) -0.14480(1) 0.16609(1) 13.4%
H42 -0.05036(1) -0.10015(1) 0.23382(1) 13.4%
H43 -0.05630(1) -0.01123(1) 0.15665(1) 13.4*
H44 0.10368(1) -0.11614(1) 0.24427(1) 14.3*
H45 0.11789(1) =~ 0.03868(1) 0.28805(1) 14.3*
H46 0.05250(1) -0.06944(1) 0.31219(1) 14.3*
Cpl 0.29787(1) 0.09058(1) 0.03898(1) 0.4%
Cp2 0.12595(1) 0.00219(1) -0.09232(1) 0.4%

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as:

(4/3)[a2B(1,1) + b2B(2,2) +.c2B(3,3) + ab(cosy)B(1,2)
+ ac(cosP)B(1,3) + bc(cos a)B(2,3)]

where a,b,c are real cell pararnéters, and B(i,j) are anisotropic betas.
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Table of anisotropic thermal parameters for Cp*;TiLi(TMEDA)

Atom B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)

Ti 2.83(6) 2.41(6) 2.93(6) 0.04(7) 0.48(9) -0.2(1)

N1l  4.5(5) 5.1(5) 6.0(6) 1.6(5) 0.6(5) -0.6(5)
N2 7.3(6) 4.9(6) 6.5(6) 0.4(5) 4.1(5) -0.4(6)
Cl  3.14) 6.2(6) 7.8(6) -1.4(5) -2.5(6) 2(1)
C2 244 7.7(7) 4.6(7) 1.2(6) -0.8(4) -2.9(6)
C3  3.905) 2.6(5) 9.8(9) 1.6(5) -2.9(6) 0.0(6)
C4  2.5(4) 7.0(8) 4.4(6) -0.4(6) -1.4(5) 1.4(7)
C5  2.6(4) 5.7(7) 8.1(8) 1.4(5) 2.6(5) . -2.6(7)
C6  8.009) 8.2(8) 12(1) -4.3(7) -3.4(8) 6.5(7)
C7 57090  3203) 6.2(9) 2(1) 02(8).  -6(1)
C8  8.7(9) 4.6(9)  24(2) 1.4(8) -5(1) -1(1)
co 7209 1501 7(1) -1(1) -2.4(9) 1(1)
C10 37(4) 58(3) 41(4) 28(3) (3)  **Q)
Cll 2.8(4) 7.7(7) 2.1(5) 1.5(5) 0.3(4) 20.7(6)
Cl2 7.2(7) 1.6(4) 5.9(6) 1.3(5) -3.6(6) 1.2(5)
CI13  3.6(5) 6.1(7) 3.2(5) -0.1(5) 0.3(4) 1.6(6)
Cl4 8.2(8) 5.3(7) 2.5(5) 1.8(6) -0.5(6) -1.9(5)
Cl15 7.0(7) 3.4(5) 3.7(6) -1.8(5) -1.9(5) -0.1(5)
Cl6 4.2(6)  16(1) 8(1) -0.1(9) -1.3(8) 2(1)
C17 14(1) 6.3(9) 9(1) 2.1(9) -7.0(8) -0.3(8)
CI18 85(9)  14(1) 4.0(7) 2(1) 2.6(7) 1.6(9)
C19 12(1) 8.6(9) 9(1) 2(1) -1(1) -6.3(7)
C20 13(1) 7.0(7) 5(1) -4.6(8) -1.0(8) 1.7(7)
C21 4.7(6) 5.9(7) 8.1(9) - 0.8(6) 1.0(7) -1.5(8)
C22 59(8)  11(1) 10(1) 3.0(8) -1.8(9) 4(1)
C23 19(1) 8(1) 11(1) 5(1) 10.8(8) 4.7(9)
C24 19(1) 9(1) 10.5(9) (1) 11.1(8) 1(1)
Cc25 8.1(9)  11(1) 8(1) -2.8(9) 0.5(9) 2(1)
C26 7.8(9)  15(1) 5.9(9) -1(1) 1.7(8) 4(1)

The form of the anisotropic temperature factor is:

exp[-O.ZS{hZézB( 1,1) + k2b2B(2,2) + 12¢2B(3,3)
+ 2hkabB(1,2) + 2hlacB(1,3)+ 2klbcB(2,3)}]

where a,b, and c are reciprocal lattice constants.
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' [Cp*,TiOLi(THF)],* THF

Green crystals of the compound were grown by cooling a tetrahydrofuran
solution of the compound to -20 °C. The crystals were placed in Petri dish of Paratone N
in a glove bag. A suitable irregularly shaped crystal measuring 0.30 mm X 0.35 mm X
0.40 mm was mounted on the end of a 0.3 mm thin walled quartz capillary. The crystal
was transferred to an Siemens SMART diffractometer and cooled to -100 °C under a
cold stream previously calibrated by a thermocouple placed in the sample position. The
crystal was centered in the beam. Automatic peak search and indexing procedures
indicated that the crystal was possessed a primitive orthorhombic cell and yielded the unit
cell parameters. The cell parameters and data collection parameters are given in the
following table. Based upon a statistical analysis of intensity distribution and the
successful solution and refinement of the crystal structure, the space group was found to
be Pca2;.

An arbitrary hemisphere of data was collected using the default phrameters for the
diffractometer. The data were collected as 30 s images with an area detector. Two
images were averaged to give the net image data. The image data were converted to
intensity data using the program SAINT. The 22754 raw intensity data were converted
to structure factor amplitudes and their esds by correction for scan speed, background,
and Lorentz-polarization effects.! An empirical absorption conecﬁon using an ellipsoidal
model for the crystal was applied to the intensity data based upon the intensities of all
intense equivalent reflections (Tpax = 0.969, Trin = 0.863). Inspection of the intensity
standards showed no decrease in intensity over the duration of data collection.
Averaging equivalent reﬂections gave 4862 unique data (Rjp¢ = 0.059).

The structure was solved by direct methods by direct methods. The molecule
was found to be a dimer with a tetrahydrofuran molecule of crystallization. The heavy

atom structure was refined by standard least squares and Fourier techniques. Most of the-
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heavy atoms were refined with anisotropic thermal parameters. One of the Cp* ligands
was found to be severely disordered. The disorder was modeled using two sets of Cp*
methyl carbon atorﬂs whose net occupancy (for related atoms) was one. The hydrogen
atoms were placed in calculated positions and included in structure factor calculations but
were not refined. A final difference Fourier map showed no additional atoms in the
asymmetric unit. No close (< 3.5 ;\) intermolecular contacts were found.

The final residuals for 545 variables refined against the 3730 unique data with

1>30() were R =5.9%, R, =7.1%, and GOF = 2.48. The quantity minimized by the

least squares refinements was w(IF| - IF_l)?, where w is the weight given to a particular

reflection. The p-factor, used to reduce the weight of intense reflections, was set to
0.03, but was later increased to 0.04.2 The analytical form of the scattering factor tables
for neutral atoms were used and all non-hydrogen scattering factors were corrected for

both the real and imaginary components of anomalous dispersion.3

Inspection of the residuals ordered in the ranges of sin(6/A), [F,l, and parity and

values of the individual indexes showed no trends other than the previously mentioned
secondary extinction. No reflections had anomalously high values of wA2. The largest
positive and negative peaks in the final difference Fourier map have electron densities of

0.31 and -0.38, respectively.

269



Table of crystal data for [Cp*, TiOLi(THF)],*THF

Space group:

a, A

b, A

c, A

a, deg.

B, deg.

Y. deg.

Vv, A3

Z

fw

d (calc.) g/cm3

U (calc.) l/em
radiation
monochrometer
scan resolution, % coverage
scan time, per image
scan type

reflections integrated
unique reflections
reflections I> 36(I)
R, %

R,, %

GOF

Largest A/G in final least squares cycle

Pca2;

18.6055(3)
17.1084(3)
16.1954(2)

90

90

90

5155.2(1)

4

898.92

1.158

3.52

MoKo(A= 0.71073 A)
highly oriented graphite
0.83 A, 93% coverage
30s

, 0.3°

22754

4862 (Rjnt = 0.059)
3730

5.9

7.1

2.48

0.0
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Table of atomic positions in [Cp*2TiOLi(THF)], THF

Beq (A2)

Atoms X Y Z

TI1 -0.38480(5) 0.38965(6) 0.62 (fixed) 3.41(4)
TI2 -0.60003(5) 0.12325(6) 0.7658(1) 3.38(4)
0)! -0.4463(2) 0.3205(2) 0.6603(3) 4.2(2)
07 -0.5407(2) 0.1956(2) 0.7243(3) 3.9(2)
O3 -0.5843(3) 0.2724(3) 0.5342(4) 5.9(3)
04 --0.4031(3) 0.2520(4) 0.8512(4) 6.5(3)
05 0.4529(9) 0.2498(6) 0.2788(6) 19(1)
Cl1 - -0.4723(@3) 0.4866(4) 0.6699(5) 4.3(3)
C2 -0.4414(3) 0.5168(4) 0.5949(4) 4.2(3)
C3 -0.3692(3) 0.5351(3) 0.6106(5) 3.7(3)
C4 -0.3522(3) 0.5112(4) 0.6916(4) 4.0(3)
C5 -0.4148(4) 0.4827(4) 0.7278(4) 4.3(3)
C6 -0.5483(4) 0.4676(5) 0.6845(5) 5.7(4)
C7 -0.4840(4) 0.5404(4) 0.5194(5) 5.5(4)
C8 -0.3246(4) 0.5868(4) 0.5547(5) 5.0(4)
C9 -0.2827(4) 0.5231(4) 0.7365(5) 5.2(4)
Cl10 -0.4238(5) 0.4560(5) 0.8164(5) 6.4(5)
Cl1 -0.2654(3) 0.3314(4) 0.5980(5) 4.6(3)
Ci2 -0.3171(4) 0.2734(5) 0.5783(6) 6.1(4)
Cl13 -0.3552(4) 0.3000(5) 0.5077(6) 6.0(4)
Ci4 -0.3249(4) 0.3748(4) 0.4828(4) 4.6(3)
Cl15 -0.2679(3) 0.3908(4) 0.5390(5) 4.4(3)
Clé6 -0.2073(4) 0.3235(6) - 0.6642(7) 8.0(5)
C17 -0.3299(5) 0.1956(5) 0.622(1) ©9.4(6)
C18 -0.4108(6) 0.2549(7) 0.4618(8) 10.2(7)
C19 -0.3429(5) 0.4169(6) 0.4042(5) 7.7(5)
C20 -0.2096(4) 0.4514(5) 0.5271(6) 6.4(4)
C21 -0.6986(4) 0.2153(4) 0.7674(5) 5.1(3)
Cc22 -0.6542(4) 0.2343(4) 0.8351(5) 4.3(3)
C23 -0.6568(4) 0.1742(4) 0.8909(4) 4.8(3)
C24 -0.7076(5) 0.1172(5) 0.8602(7) 6.9(5)
C25 -0.7302(4) 0.1431(5) 0.7825(7) 6.5(5)
C26 -0.7150(6) 0.2652(6) 0.6927(6) 9.3(6)
C27 -0.6136(4) 0.3111(5) 0.8439(7) 7.0(5)
C28 -0.6260(7) 0.1721(8) 0.9751(6) 9.7(7N
C29 -0.7386(9) 0.0513(6) 0.912(1) 15(1)
C30 -0.7875(5) 0.1043(7) 0.730(1) 12.2(9)
C31 -0.5585(8) -0.0063(5) 0.8116(5) 8.0(6)
C32 -0.6178(4) -0.0223(4) 0.7578(7) 5.8(4)
C33 -0.5980(5) 0.0065(4) 0.6805(5) 5.7(4)
C34 -0.5310(6) 0.0329(4) 0.6838(7) 6.6(5)
C35 -0.5046(4) 0.0284(4) 0.7571(9) 6.6(5)
C36 -0.5356(7) -0.0249(8) 0.8992(9) 6.6(3)
C37 -0.6758(7) -0.0760(8) 0.7923(9) 6.2(3)
C38 -0.6545(6) -0.0107(7) 0.610(1) 6.5(3)
C39 -0.4965(6) 0.0635(7) 0.5997(7) 5.4(3)
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Table of atomic positions in [Cp* TiOLi(THF)]; THF (continued)

Atoms X Y Z Beq (A?)
C40 -0.4278(6) 0.0538(7) 0.7781(8) 6.0(3)
C41 -0.6255(4) 0.2155(5) 0.4887(6) 6.14)
C42 -0.6791(6) 0.2635(7) 0.4418(7) 8.8(6)
C43 -0.6440(5) 0.3410(6) 0.4295(7) 7.4(5)
C44 -0.5979(6) 0.3490(6) 0.4974(7) 9.3(7)
C45 -0.3316(7) 0.277(1) 0.8556(8) 12(1)
C46 -0.2958(7) 0.216(1) 0.899(1) 13(D)
C47 -0.347(1) 0.190(1) 0.960(1) 15(1)
C48 -0.4187(5) 0.2241(6) 0.9294(6) 7.3(5)
C49 0.495(1) 0.279(1) 0.147(1) 14(1)
C50 0.468(1) 0.3067(7) 0.221(D) 16(1)
Cs1 0.5068(8) 0.1898(8) 0.168(1) 13(1)
C52 0.4937(8) 0.1877(8) 0.255(1) 12(1)
C53 -0.449(2) 0.056(2) 0.662(2) C7.0(7)
C54 -0.451(2) 0.030(2) 0.853(2) 6.4(6)
C55 -0.606(1) -0.054(2) 0.895(2) 5.9(6)
C57 -0.603(2) 0.007(2) 0.582(2) 6.1(6)
C58 -0.694(1) - -0.065(2) 0.734(2) 6.3(6)
LI1 -0.5266(6) 0.2593(7) 0.6316(9) 5.2(6)
LI2 -0.4627(6) 0.2560(7) 0.7523(8) 5.1(5)
H1 -0.57 0.49 0.73 7.3
H2 -0.58 0.47 0.63 7.3
H3 -0.55 0.42 0.70 7.3
H4 -0.49 0.59 0.52 6.7
HS5 -0.46 0.52 0.47 6.7
H6 -0.54 0.52 0.52 6.7
H7 -0.27 0.59 0.57 6.0
HS -0.32 0.57 0.50 6.0
H9 -0.35 0.63 0.55 6.0
H10 -0.26 0.48 0.76 6.4
H1ll1 -0.24 0.54 0.70 6.4
H12 -0.29 0.55 0.78 6.4
H13. -0.46 0.48 0.84 7.8
Hi4 -0.44 041 0.81 7.8
H15 -0.37 0.46 0.84 7.8
H16 -0.23 0.31 0.72 10.3
H17 -0.17 0.29 0.65 10.3
Hi8 -0.18 0.37 0.67 10.3
H19 -0.38 0.19 0.64 10.6
H20 -0.32 0.16 0.58 10.6
H21 -0.30 0.19 0.67 10.6
H22 -0.45 0.24 0.50 12.2
H23 -0.43 0.28 0.42 12.2
H24 -0.39 0.21 0.44 12.2
H25 -0.36 0.46 0.42 9.6
H26 -0.30 0.42 0.37 9.6
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Beq (A2)

Table of atomic positions in [Cp*2TiOLi(THF)}, THF

Atoms
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Table of atomic positions in [Cp*,TiOLi(THF)], THF

Atoms X _ Y Z Beq (A?)
H88 -0.73 -0.05 0.78 8.0
H89 -0.68 -0.12 0.74 8.0
H90 -0.66 -0.09 0.85 7.8
H91 -0.70 -0.03 0.63 7.8
H92 -0.64 0.04 0.56 7.5
H93 -0.61 -0.04 0.56 7.5
H94 -0.45 0.03 0.58 6.4
H95 -0.54 0.07 0.56 6.4
H96 -0.47 0.11 0.61 6.4
H97 -0.40 0.02 0.80 6.7
H98 -0.40 0.07 0.73 6.7
H99 -0.43 0.09 0.82 6.7
H100 -0.41 0.05 0.72 8.2
H101 -0.42 0.03 0.62 8.2
H102 -0.44 0.11 0.65 8.2
H103 -0.40 . 0.00 0.85 8.0
H104 -0.44 0.08 0.87 8.0
H105 -0.61 -0.02 0.94 6.7
H106 -0.65 -0.07 0.88 6.7
H107 -0.57 -0.09 0.91 6.7
H108 -0.55 0.02 0.56 7.5
H109 -0.71 -0.06 0.68 8.0
C(pl) -0.41 0.51 0.66 0.4
C(P2) -0.31 0.33 0.54 0.4
C(P3) -0.69 _ 0.18 0.83 0.4
C(P4) -0.56 0.01 0.74 0.4

Starred atoms were included with isotropic thermal parameters. The thermal parameter
given for anisotropically refined atoms is the isotropic equivalent thermal parameter
defined as:

(4/3)[a2B(1,1) + b2B(2,2) + c2B(3,3) + ab(cosy)B(1,2) -
+ ac(cosP)B(1,3) + be(cos 0)B(2,3)]

where a,b,c are real cell parameters, and B(i,j) are anisotropic betas.
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Table of anisotropic thermal parameters for [Cp*; TiOLi(THF)]; THF

Atom U(1,1) U(2,2) U@a3.,3) U(1,2) U(1,3) U@2,3)
TII 0.0417(5) 0.0447(5) 0.0432(6) -0.0082(4) 0.0009(5) 0.0019(5)
TI2 0.0440(5) 0.0367(5) 0.0475(6) -0.0034(4) 0.0048(5) 0.0026(5)
Ol 0.049(2) 0.051(3) 0.058(3) -0.013(2) 0.001(2) 0.012(2)
02 0.046(2) 0.043(2) 0.060(3) -0.006(2) 0.012(2)  0.004(2)
03 0.076(3) 0.070(3) 0.077(4) -0.020(3) -0.028(3)  0.016(3)
04 0.057(3) 0.121(5) 0.067(4) -0.021(3) -0.012(3)  0.036(3)
05 0.45(2) 0.154(9)  0.131(9)  0.16(1) 0.08(1) 0.043(7)
Cl 0.050(4) 0.052(4) 0.061(4) -0.002(3) 0.003(3) 0.003(3)
C2 0.057(4) 0.049(4) 0.054(4) 0.002(3) -0.001(3) 0.012(3)
C3 0.049(3) 0.045(3) 0.048(4) 0.002(2) -0.004(3)  0.007(3)
C4 0.056(4) 0.050(4) 0.044(4) -0.005(3) 0.004(3) -0.006(3)
C5 0.067(4) - 0.051(4) 0.044(4) -0.002(3) 0.007(3) -0.000(3)
C6 0.058(4) 0.077(5) 0.082(6) -0.002(4) 0.016(4)  0.004(4)
C7 0.067(4) 0.071(5) 0.070(5) -0.003(4) -0.018(4) 0.012(4)
C8 0.072(5) 0.0494) 0.071(5) -0.007(3) 0.013(4)  0.008(4)
C9 0.067(4) 0.073(5) 0.057(5) -0.003(4) -0.007(4) -0.011(4)
C10 0.107(6) 0.089(6) 0.047(4) -0.012(5) 0.014(4)  0.005(4)
Cl1 0.040(3) 0.061(4) 0.076(5) 0.001(3) 0.007(3) -0.005(4)
C12 0.072(5) 0.057(4) 0.103(7) 0.006(4) 0.028(5) -0.012(4)
C13 0.064(4) 0.086(6) 0.077(6) -0.016(4) 0.016(4) -0.041(5)
Cl14 0.059(4) 0.068(5) 0.049(4) -0.008(3) 0.012(3) -0.012(3)
Cl15 0.051(4) = 0.050(4) 0.066(5) -0.015(3) - 0.014(3) -0.014(3)
Cl6 0.061(5) 0.136(9) 0.106(7)  0.034(5) . -0.007(5) -0.001(7)
C17 0.121(7)  0.040(4)  0.20(1) -0.001(5) 0.044(9)  0.013(6)
C18 0.109(7)  0.13(1) 0.15(1) -0.062(7)  0.032(7) -0.087(8)
C19 0.111(7) 0.132(8) 0.049(5) -0.012(6) 0.014(5) -0.004(5)
C20 0.055(4) 0.088(6) 0.100(7) -0.024(4) 0.025(4) -0.026(5)
C21 0.060(4) 0.065(4) 0.070(5) 0.019(3) 0.008(4) -0.006(4)
C22 0.051(4) 0.050(4) 0.063(5) -0.004(3) 0.016(3) -0.007(3)
C23 0.072(4) 0.066(5) 0.044(4) 0.010(4) 0.017(3)  0.002(4)
C24 0.088(6) 0.065(5) 0.111(8) 0.005(5) 0.054(6)  0.014(5)
C25 0.043(4) 0.069(5) 0.135(9) -0.002(3) 0.013(5) -0.034(6)
C26 0.15(1) 0.129(8) 0.074(6) 0.097(8) -0.002(6) 0.007(6)
C27 0.075(5) 0.063(5) 0.129(8) -0.021(4)  0.038(5) -0.044(5)
C28 0.15(1) 0.16(1) 0.058(6) 0.070(8)  0.022(6) -0.004(6)
C29 0.21(1) 0.081(7)  0.29(2) 0.009(8)  0.21(1) 0.03(1)
C30 0.063(6) 0.15(1) 0.25(2) -0.005(6) -0.046(8) -0.08(1)
C31 0.21(Q1) 0.057(5) 0.039(4) 0.069(7) -0.019(6) 0.004(4)
C32 0.068(4) 0.035(3) 0.119(8) -0.008(3) 0.017(6)  0.007(5)
C33 0.117(7) 0.037(4) 0.063(5) 0.001(4) -0.034(5) -0.006(4)
C34 0.102(7) 0.046(4)  0.102(8) 0.002(5) 0.043(6) -0.014(5)
C35 0.056(4) 0.047(4) 0.15(1) 0.016(3) -0.022(6) -0.021(6)
C41 0.074(5) 0.065(5) 0.094(6) -0.008(4) -0.018(5) -0.002(5)
C42 0.102(7) 0.112(8)  0.12(1) 0.007(6) -0.059(7) -0.027(7)
C43 0.104(7) 0.089(7) 0.088(7) 0.024(6) 0.000(6)  0.011(5)
C44 0.15(1) 0.089(7) 0.119(9) -0.034(7) -0.054(8)  0.054(7)
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Table of anisotropic thermal parameters for Cp*;TiLi(TMEDA) (continued)

Atom U(1,1) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3)

C45 0.101(8) 0.28(2)  0.084(8) -0.05(1)  -0.003(7)  0.03(1)
C46 0.13(1)  0.13(1)  0.22(2) 0.048(9) -0.07(1)  -0.06(1)
C47 022(2)  0.16(1)  0.192) -0.06(1)  -0.14(1)  0.12(1)
C48 0.100(6) 0.118(8)  0.059(5) -0.029(6) 0.009(5) -0.013(5)
C49 021(2)  0.16(1)  0.17(2) 0.05(1) -001(1)  0.05(1)
C50 0.41(3)  0.080(7) 0.13(1)  0.09(1)  0.09(2)  0.028(8)
C51 0.20(1)  0.14(1)"  0.14(1)  0.10(1)  -0.03(1)  -0.04(1) .
C52 0.19(1)  0.14(1)  0.13(1)  0.08(1)  0.02(1)  -0.00(1)
LIl 0.0496) 0.071(7) 0.077(9) 0.003(5) -0.011(6)  0.003(7)
LI2 0.065(6) 0.066(7) 0.060(8) -0.018(6) -0.005(6)  0.022(6)

The form of the anisotropic temperature factor is:
exp[-2n2{h2a2U(1,1) + k2b2U(2,2) + 12c2U(3,3)
+ 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)}]
where a,b, and ¢ are reciprocal lattice constants.
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(N The data reduction formulas are:

2.2 2, _ O 12
F,” =5 (C-2B) 0oFy ) =5 (C +4B)

e 2212 o 2 211/2
Fo = (Fo ) COO(F) = [FO + ()'0(1::0 ) Fo

where C is the total count of the scan, B is the sum of the two background counts, ® is

the scan speed used in deg/min, and

: 2
1 sin26 (1 + cos 26m)

Lp 1+ cosz2€)nrl - sin220

is the correction for Lorentz and polarization effects for a reflection with scattering angle

20 and radiation monochromatized with a 50% perfect single crystal monochrometer

with scattering angle 26_.
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where n is the number of observations and n,, is the number of variable parameters, and

0

the weights were given by

o(F 2 = [0, %F ) + (pFH2 1”2

1
W=
o*(F,)

where GZ(FO) is calculated as above from o(F 02) and where p is the factor use to lower

the weight of intense reflections.

3 Cromer, D. T.; Waber, J. T. In Interantional Tables for X-Ray Crystallography;
Kynoch Press: Birmingham, England, 1974; Vol. IV.
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Appendix Two: EXAFS Fitting. Results
[Cp”2UF]2

Kmin= 4.05 Kmax=13.88 Deltak=0.000 190 Pts 5 Comp'ts 11 Variables
15 Iter'ns  35. F eval's Elfin=.10E-05 Dmp=.10E+02 F=0.117E+02 Za=92.0 -
1 Scale Factor = 0.900
2 Data DeltaEO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00 ,
5 0.00

Component # 1 ..... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 44.208% [ 1]
6 Atom #= 2.000000

* 7 Distance = 2.352938 ( 0.004604) Angstroms

* 8 Sigma**2 = 0.005586 ( 0.000263) a**2

* 9 Delta EO = -4.391780 ( 1.079602) eV
10 Delta E1 = 0.000000 eV

Component # 2 ...... Zba= 3.00 Zbp= 3.00 Nat=5 Npt=5 Integral= 15.355% [ 4]
11 Atom #= 10.000000 _

* 12 Distance = 2.861686 ( 0.008271) Angstroms

* 13 Sigma**2 = 0.014311 ( 0.000594) a**2

/ 14 Delta EO = -4.391780 eV
15 Delta E1 = 0.000000 eV

Component # 3 ...... Zba=13.00 Zbp=13.00 Nat=5 Npt=5 Integral= 23.333% [ 2]
16 Atom #= 20.000000 .

* 17 Distance = 3.417702 ( 0.006547) Angstroms ‘

* 18 Sigma**2 = 0.000100 ( 0.000492) a**2

/ 19 Delta EO = -4.391780 eV
20 Delta E1 = 0.000000 eV

Component # 4 ...... Zba=24.00 Zbp=24.00 Nat=5 Npt=5 Integral= 15.644% [ 3]
21 Atom #= 1.000000

* 22 Distance = 3.933826 ( 0.009337) Angstroms

* 23 Sigma**2 = 0.007692 ( 0.000746) a**2

/ 24 Delta EO = -4.391780 eV
25 DeltaE1 = 0.000000 eV

Component # 5 ...... Zba=35.00 Zbp=35.00 Nat=5 Npt=5 Integral= 1.460% [ 5]
26 Atom #= 4.000000

* 27 Distance = 4.174458 ( 0.029129) Angstroms

* 28 Sigma**2 = 0.024439 ( 0.005168) a**2

/ 29 Delta EO = -4.391780 eV
30 Delta E1 = 0.000000 eV

279



~

- Correlation Matrix -
Compt I 1 1 2 2 3 3 4 4 5 5
R Sig”2 Eo R Sig"2 R Sig"2 R Sig"2 R Sig"2
Par# 7 8 9 12 13 17 18 22 23 27 28
7 1.000-0.581 0.937 0.852-0.320 0.710-0.443 0.687 0.334 0.472-0. 581

8 1.000-0.594-0.547-0.286-0.431 0.271-0.454-0.264-0.318 0.384
9 1.000 0.938-0.348 0.759-0.476 0.736 0.353 0.502-0.626

12 1.000-0.349 0.760-0.554 0.692 0.374 0.494-0.615

13 1.000 0.475 0.377-0.336 0.126 0.209 0.210

17 1.000-0.381 0.516 0.442 0.421-0.506

18 1.000-0.509-0.335-0.157 0.315

22 . 1.000 0.087-0.282 0.034

23 1.000-0.276-0.574

27 " 1.000-0.437

28 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.616166E-01 F/(No.pts)
Reduced error (chi-squared) : 0.654031E-01 F/(No.pts-No.Vars)
Weighted F-factor : 0.303117 (30.31%)
Expected Weighted F-factor : 1.18525
Expected resolution in distance, R : 0.159874  Angstroms

[Cp2UCl]2

Kmin= 1.02 Kmax=13.00 Deltak=0.000 255 Pts 4 Comp'ts 8 Variables
22 Iter'ns 47. F eval's Elfin=.10E-05 Dmp=.10E+00 F=0.136E+02 Za=92.0
1 Scale Factor = 0.900
2 DataDelta EO= 0.00eV
3 Wave 1 Slgma—D = 0.00 Angstroms
4 0.00
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt—5 Integral= 71. 187% [ 1]
6 Atom #= 10.000000

* 7 Distance = 2.719114 ( 0.002147) Angstroms

* 8 Sigma**2 = (0.005881 ( 0.000134) a**2

* 9 Delta EO =-18.583122 ( 0.381324)eV
10 DeltaEl = 0.000000 eV

Component # 2 ... Zba=13.00 Zbp=13.00 Nat=5 Npt=5 Integral= 17.825% [ 2]
11 Atom #= 20.000000 -

* 12 Distance = 3.415987 ( 0.005967) Angstroms
13 Sigma**2 = 0.000000 A**2

/ 14 Delta EO = -18.583122 eV
15 DeltaE1 = 0.000000 eV

Component # 3 ... Zba=33.00 Zbp=33.00 Nat=5 Npt=5 Integral= 4.837% [ 4]

16 Atom #= 4.000000
* 17 Distance = 4.205726 ( 0.012458) Angstroms
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* 18 Sigma**2 = 0.014723 ( 0.001654) a**2
/ 19 Delta EO = -18.583122 eV
20 Delta E1 = 0.000000 eV

Component # 4 ... Zba=58.00 Zbp=58.00 Nat=5 Npt=5 Integral= 6.152% [ 3]
21 Atom#= 1.000000
* 22 Distance = 4.328993 ( 0.015377) Angstroms
* 23 Sigma**2 = 0.009659 ( 0.001576) a**2
/ 24 Delta EO =-18.583122 eV
25 Delta E1 = 0.000000 eV

- Correlation Matrix -
Compt 1 1 1 2 3 3 4 4
R Sig"2 Eo R R Sig"2 R Sig"2
Par# 7 8 9 12 17 18 22 23
7 1.000-0.432 0.909 0.330 0.497-0.228 0.280 0.161

8 1.000-0.485-0.490-0.270 0.137-0.159-0.135
9 1.000 0.604 0.547-0.221 0.342 0.047

12 1.000 0.334 0.139 0.308-0.308

17 1.000-0.261-0.448 0.289

18 ; 1.000-0.288-0.549

22 1.000-0.192

23 1.000

Additional Statistical Information : _
Normalised error (chi-squared) : 0.532353E-01 F/(No.pts)
Reduced error (chi-squared) : 0.549595E-01 F/(No.pts-No.Vars)
Weighted F-factor : 0.238973  (23.90% ) _
Expected Weighted F-factor : 1.01936
Expected resolution in distance, R : 0.131101  Angstroms

[Cp%,0H],

Kmin= 1.01 Kmax=12.90 Deltak=0.000 264 Pts 7 Comp'ts 15 Variables
133 Iter'ns 270. F eval's Elfin=.10E-05 Dmp=.10E+00 F=0.311E+02 Za=92.0
1 Scale Factor = 0.900
2 DataDelta EO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00 :
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 17.704% [ 2]
6 Atom #= 2.000000

* 7 Distance = 2.375473 ( 0.005774) Angstroms

* 8 Sigma**2 = 0.005119 ( 0.000445) a**2

* 9 Delta EO = -7.170007 ( 1.140692) eV
10 DeltaE1l = 0.000000 eV

Component # 2 ...... Zba= 2.00 Zbp= 2.00 Nat=5 Npt=5 Integral= 14.789% [ 4]
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11 Atom #= 10.000000
* 12 Distance = 2.864089 ( 0.007882) Angstroms
* 13 Sigma**2 = 0.010220 ( 0.000499) a**2
/ 14 Delta EO = -7.170007 eV

15 Delta E1 = 0.000000 eV

Component # 3 ... Zba= 7.00 Zbp= 7.00 Nat=5 Npt=>5 Integral= 5.154% [ 6]
16 Atom # = 20.000000

* 17 Distance = 3.375099 ( 0.013685) Angstroms

* 18 Sigma**2 = 0.002970 ( 0.001700) a**2

/ 19 Delta EO = -7.170007 eV
20 DeltaE1 = 0.000000 eV

Component # 4 ... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 28.698% [ 1]
21 Atom #= 1.000000 '

* 22 Distance = 3.886069 ( 0.032246) Angstroms

* 23 Sigma**2 = 0.001312 ( 0.001448) a**2

/ 24 Delta EO = -7.170007 eV
25 DeltaEl = 0.000000 eV

Component # 5 ...... -Zba=19.00 Zbp=19.00 Nat=5 Npt=5 Integral= 16.533% [ 3]
26 Atom #= 4.000000 _

* 27 Distance = 3.843581 ( 0.020332) Angstroms

* 28 Sigma**2 = 0.001035 ( 0.001428) a**2

/ 29 Delta EO = -7.170007 eV
30 Delta E1 = 0.000000 eV

Component # 6 ...... Zba=22.00 Zbp=22.00 Nat=5 Npt=5 Integral= 13.012% [ 5]
31 Atom#= 4.000000 '

* 32 Distance = 4.060682 ( 0.039618) Angstroms

* 33 Sigma**2 = 0.001381 ( 0.004849) a**2

/ 34 Delta EO = -7.170007 eV
35DeltaEl = 0.000000 eV

Component # 7 ...... Zba=29.00 Zbp=29.00 Nat=5 Npt=5 Integral= 4.110% [ 7]
36 Atom #= 4.000000

* 37 Distance = 4.437043 ( 0.040019) Angstroms

* 38 Sigma**2 = 0.005398 ( 0.002656) a**2

/ 39 Delta EO = -7.170007 eV
40 Delta E1 = 0.000000 eV
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- Correlation Matrix -
Comp't 1 1 1 2 2 3 3 4 4 5 5 6 6 171 7
R Sig"2 Eo R Sig"2 R Sig"2 R Sig"2 R Sig"2 R Sig"2 R Sig"2
Par# 7 8 9 12 13 17 18 22 23 27 28 32 33 37 38
7 1.000-0.584 0.890 0.795-0.333 0.131 0.256 0.263-0.274 0.444-0.429 0.102-0.299 0.318-

0.497
8 1.000-0.619-0.586 0.034-0.254-0.294-0.286 0.320-0.373 0.353-0.240 0.149-0.301 0.452
9 1.000 0.928-0.404 0.304-0.128 0.406-0.241 0.536-0.371 0.248-0.166 0.436-0.539
12 1.000-0.364 0.588-0.419 0.432-0.196 0.545-0.227 0.309 0.112 0.448-0.478
13 1.000 0.505 0.501 0.184 0.252-0.193 0.365 0.144 0.286 0.146 0.286
17 1.000-0.393 0.148 0.467-0.296 0.444-0.285 0.320 0.161 0.369
18 1.000-0.553-0.370-0.494-0.608-0.468-0.538-0.524-0.388
22 _ 1.000 0.199 0.843 0.825 0.866 0.932 0.929-0.338
23 1.000-0.745 0.686-0.755 0.683 0.471 0.749
27 1.000 0.507 0.949 0.538 0.751-0.618
28 1.000 0.620 0.886 0.783 0.637
32 1.000 0.626 0.717-0.545
33 1.000 0.888 0.414
37 1.000-0.228
38 1.000

: /
Additional Statistical Information : '
Normalised error (chi-squared) : 0.117865  F/(No.pts)
Reduced error (chi-squared) : 0.124965  F/(No.pts-No.Vars)
Weighted F-factor : 0.445669 (44.57% ) '
Expected Weighted F-factor : 1.26072
Expected resolution in distance, R : 0.132194  Angstroms

[CptUFL

Kmin= 1.03 Kmax=13.88 Deltak=0.000 244 Pts 4 Comp'ts 9 Variables
146 Iter'ns 295. F eval's Elfin=.10E-05 Dmp=.10E+00 F=0.261E+02 Za=92.0 -
1 Scale Factor = 0.900
2 Data Delta EO= 0.00eV
' 3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00 }
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 25.798% [ 2]
6 Atom#= 2.000000 ’

* 7 Distance = 2.264410 ( 0.006162) Angstroms

* 8 Sigma**2 = 0.005717 ( 0.000620) a**2

* 9 Delta EO =-11.018958 ( 0.733909) eV
10 Delta E1 = .0.000000 eV

Component # 2 ..... Zba= 2.00 Zbp= 2.00 Nat=5 Npt=5 Integral= 20.986% [ 3]
11 Atom#= 4.000000

* 12 Distance = 2.427923 ( 0.007522) Angstroms

* 13 Sigma**2 = 0.006740 ( 0.000738) a**2
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/ 14 Delta EO =-11.018958 eV
15 DeltaE]1 = 0.000000 eV

Component # 3 ... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 34.272% [ 1]
16 Atom#= 1.000000 ‘

* 17 Distance = 3.890924 ( 0.005039) Angstroms

* 18 Sigma**2 = 0.002743 ( 0.000344) a**2

/ 19 Delta EO = -11.018958 eV
20 DeltaE1 = 0.000000 eV

Component # 4 ... Zba=13.00 Zbp=13.00 Nat=5 Npt=5 Integral= 18.944% [ 4]
21 Atom#= 4.000000 :

* 22 Distance = 3.859828 ( 0.007945) Angstroms

* 23 Sigma**2 = 0.001948 ( 0.000654) a**2

/ 24 Delta EO =-11.018958 eV
25 DeltaE1 = 0.000000 eV

- Correlation Matrix -
Compt 1 1 1 2 2 3 3 4 4
R Sig”2 Eo R Sig"2 R Sig"2 R Sig"2
Par#t 7 8 9 12 13 17 18 22 23
7 1.000 0.284 0.844 0.612 0.741 0.754-0.246 0.705-0.106

8 1.000-0.545-0.863 0.815-0.431 0.409-0.362 0.258
9 1.000 0.846 0.119 0.863-0.368 0.802-0.113
12 1.000-0.606 0.711-0.432 0.646-0.232
13 1.000 0.258 0.249 0.263 0.069
17 1.000-0.361 0.904-0.165
18 1.000-0.306 0.881
22 1.000-0.152
23 ' 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.106911  F/(No.pts)
Reduced error (chi-squared) : 0.111005  F/(No.pts-No.Vars)
Weighted F-factor : 0.381388 (38.14% )
Expected Weighted F-factor : 1.14471
Expected resolution in distance, R : 0.122308  Angstroms

[Cp*,UCI],

Kmin= 1.02 Kmax=11.96 Deltak=0.000 246 Pts 5 Comp'ts 11 Variables
21 Iter'ns 47. F eval's Elfin=.10E-05 Dmp=.10E+01 F=0.170E+02 Za=92.0
1 Scale Factor = 0.900
2 Data Delta EO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 67.726% [ 1]
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6 Atom # = 10.000000 ‘
* 7 Distance = 2.759265 ( 0.002784) Angstroms
* 8 Sigma**2 = 0.006163 ( 0.000193) a**2
* 9 Delta EO =-11.752733 ( 0.415115)eV

10 Delta E1 = 0.000000 eV

Component # 2 ...... Zba= 7.00 Zbp= 7.00 Nat=5 Npt=5 Integral= 14.295% [ 2]
11 Atom # = 20.000000

* 12 Distance = 3.419267 ( 0.007967) Angstroms

* 13 Sigma**2 = 0.000687 ( 0.000952) a**2

/ 14 Delta EO =-11.752733 eV
15 Delta EI = 0.000000 eV

Component # 3 ...... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 5.632% [ 4]
16 Atom#= 4.000000

* 17 Distance = 3.860266 ( 0.025354) Angstroms

* 18 Sigma**2 = 0.009622 ( 0.003781) a**2

/ 19 Delta EO =-11.752733 eV
20 Delta El = 0.000000 eV

Component # 4 ... Zba=21.00 pr—21 .00 Nat=5 Npt=5 Integral- 1.265% [ 5]
21 Atom #= 4.000000 :

* 22 Distance = 4.018923 ( 0.058860) Angstroms

* 23 Sigma**2 = 0.018990 ( 0.014670) a**2

/ 24 Delta EO =-11.752733 eV
25 Delta E1 = 0.000000 eV

Component # 5 ...... Zba=33.00 Zbp=33.00 Nat=5 Npt=5 Integral= 11.084% [ 3]
26 Atom#= 1.000000

* 27 Distance = 4.572283 ( 0.010500) Angstroms

* 28 Sigma**2 = 0.005533 ( 0.001021) a**2

/ 29 Delta EQ = -11.752733 eV
30 Delta E1 = 0.000000 eV

- Correlation Matrix -
Compt 1 1-1 2 2 3 3 4 4 5 5
R Sig"2 Eo R Sig"2 R Sig"2 R Sig"2 R Slg’\2
Par# 7 8 9 12 13 17 18 22 23 27 28
7 1.000-0.437 0.909 0.205-0.459-0.249 0.259-0.352-0.167 0.448 0.166

8 1.000-0.435 0.494-0.550-0.169-0.241 0.205-0.209-0.227 0.172
9 1.000 0.510-0.247-0.263 0.155-0.326-0.247 0.475 0.177

12 1.000-0.199-0.422-0.454 0.180-0.468 0.112 0.375

13 1.000 0.191-0.534 0.458-0.387-0.346 0.108

17 1.000 0.575 0.552 0.817-0.248-0.370

18 1.000-0.701 0.871 0.333-0.477

22 1.000-0.420-0.294 0.281

23 1.000 0.160-0.435

27 1.000-0.234

28 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.689272E-01 F/(No.pts)
Reduced error (chi-squared) : 0.721536E-01 F/(No.pts-No.Vars)
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Weighted F-factor : 0.270993  (27.10% )
Expected Weighted F-factor : 1.00886
Expected resolution in distance, R : 0.143638  Angstroms

[Cp+2UBI]y

Kmin= 3.02 Kmax=13.97 Deltak=0.000 211 Pts 6 Comp'ts 12 Variables
23 Iter'ns  50. F eval's Elfin=.10E-05 Dmp=.10E+00 F=0.178E+02 Za=92.0
1. Scale Factor = 0.900
2 Data Delta EO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00
5 0.00

Component # 1 ...... Zba= 2.00 Zbp= 2.00 Nat=5 Npt=5 Integral= 19.701% [ 2]
6 Atom #= 10.000000

* 7 Distance = 2.827648 ( 0.004022) Angstroms

* 8 Sigma**2 = 0.011130( 0.000773) a**2
9 Delta EO =-10.000000 eV
10 Delta E1 = 0.000000 eV

Component # 2 ... Zba= 6.00 Zbp= 6.00 Nat=5 Npt=5 Integral= 33.078% [ 1]
11 Atom #= 2.000000

* 12 Distance = 2.992989 ( 0.004561) Angstroms

* 13 Sigma**2 = 0.009868 ( 0.000346) a**2

/ 14 Delta EO = -10.000000 eV
15 Delta E1 = 0.000000 eV

Component # 3 ...... Zba= 7.00 Zbp= 7.00 Nat=5 Npt=5 Integral= 17.324% [ 4]
16 Atom # = 20.000000

* 17 Distance = 3.410595 ( 0.007773) Angstroms

* 18 Sigma**2 = 0.000531 ( 0.000633) a**2

/ 19 Delta EO = -10.000000 eV

20 Delta E1 = 0.000000 eV

Component # 4 ...... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 17.872% [ 3]
21 Atom #= 4.000000

* 22 Distance = 3.834175 ( 0.008396) Angstroms

* 23 Sigma**2 = 0.003444 ( 0.000669) a**2

/ 24 Delta EO = -10.000000 eV
25 Delta E1 = 0.000000 eV

Component # 5 ...... Zba=19.00 Zbp=19.00 Nat=5 Npt=5 Integral= 5.380% [ 6]
26 Atom #= 4.000000 -

* 27 Distance = 4.035983 ( 0.020835) Angstroms

* 28 Sigma**2 = 0.007887 ( 0.002187) a**2

/ 29 Delta EO = -10.000000 eV
30 DeltaE1 = 0.000000 eV
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Component # 6 ...... Zba=35.00 Zbp=35.00 Nat=5 Npt=5 Integral= 6.645% [ 5]
31 Atom#= 1.000000 '

* 32 Distance = 4.655141 ( 0.015096) Angstroms

* 33 Sigma**2 = 0.008045 ( 0.001443) a**2

/ 34 Delta EO = -10.000000 eV
35 Delta E1 = 0.000000 eV

- Correlation Matrix -
Compt I 1 2 2 3 3 4 4 5 5 6 6
R Sig”2 R Sig"2 R Sig"2 R Sig"2 R Sig"2 R Sig"2
Par# 7 8 12 13 17 18 22 23 27 28 32 33
7 1.000 0.500 0.566-0.771 0.420-0.637 0.427 0.338 0.384-0.258 0.140-0.246

8 1.000 0.900-0.511 0.794-0.463-0.084 0.528 0.334 0.319 0.244-0.053
12 1.000-0.548 0.718-0.515-0.110 0.497 0.318 0.306 0.226-0.079
13 1.000-0.318 0.503-0.383-0.366-0.372 0.221-0.153 0.237
17 1.000-0.388-0.215 0.577 0.306 0.419 0.274-0.005

18 1.000-0.562-0.290-0.506 0.359-0.070 0.348

22 1.000 0.277 0.762-0.749-0.271-0.254

23 1.000 0.654 0.466 0.182-0.338

27 1.000-0.499-0.168-0.340

28 ‘ 1.000 0.306-0.166

32 1.000-0.199

33 1.000

Additional Statistical Information : A
Normalised error (chi-squared) : 0.845516E-01 F/(No.pts)
Reduced error (chi-squared) : 0.896502E-01 F/(No.pts-No.Vars)
Weighted F-factor : 0.428583  (42.86% ) :
Expected Weighted F-factor : 1.43139
Expected resolution in distance, R : 0.143509  Angstroms

(Cp"2UF2]2

Kmin= 3.02 Kmax=13.99 Deltak=0.000 210 Pts 4 Comp'ts 9 Variables
7 Iter'ns 21. F eval's Elfin=.10E-05 Dmp=.10E+04 F=0.262E+02 Za=92.0
1 Scale Factor = 0.900
2 Data Delta EO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 51.312% [ 1]
6 Atom #= 3.000000

* 7 Distance = 2.316043 ( 0.004917) Angstroms

* 8 Sigma**2 = 0.006040 ( 0.000267) a**2

* 9 Delta EO = -7.471438 ( 1.215785) eV

- 10 DeltaE1 = 0.000000eV

Component # 2 ...... Zba= 4.00 Zbp= 4.00 Nat=5 Npt=5 Integral= 0.603% [ 4]
11 Atom #= 10.000000 )
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* 12 Distance = 2.602986 ( 0.027171) Angstroms
* 13 Sigma**2 = 0.051521 ( 0.009146) a**2
/ 14 Delta EO = -7.471438 eV

15 DeltaE1 = 0.000000 eV

Component # 3 ...... Zba=37.00 Zbp=37.00 Nat=5 Npt=S5 Integral= 33.215% [ 2]
16 Atom #= 1.000000

* 17 Distance = 3.741144 ( 0.008484) Angstroms

* 18 Sigma**2 = 0.004826 ( 0.000550) a**2

/ 19 Delta EQO = -7.471438 eV
20 Delta E1 = 0.000000 eV

Component # 4 ...... Zba=42.00 Zbp=42.00 Nat=5 Npt=5 Integral= 14.870% [ 3]
21 Atom #= 2.000000 :

* 22 Distance = 4.122193 ( 0.014013) Angstroms

* 23 Sigma**2 = 0.005491 ( 0.001291) a**2

/ 24 Delta EQ = -7.471438 eV
25 DeltaEl1 = 0.000000 eV

- Correlation Matrix -
Compt 1 I 1-2 2 3 3 4 4
R Sig"2 Eo R Sig"2 R Sig"2 R Sig"2
Par# 7 8 9 12 13 17 18 22 23
7 1.000-0.547 0.941 0.263-0.715 0.718-0.365 0.566-0.411

8 1.000-0.567-0.339 0.594-0.468 0.337-0.377 0.327
9 1.000-0.204-0.830 0.757-0.395 0.592-0.442
12 1.000 0.125-0.069-0.071 0.082-0.093

13 1.000-0.623 0.352-0.474 0.377

17 1.000-0.392 0.883-0.573

18 1.000 0.208 0.844

22 1.000-0.406

23 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.124743  F/(No.pts)
Reduced error (chi-squared) : 0.130328  F/(No.pts-No.Vars)
Weighted F-factor : 0.397556 (39.76% )
Expected Weighted F-factor : 1.10123
Expected resolution in distance, R : 0.143228  Angstroms

Cp”2UBr»

Kmin= 1.00 Kmax=13.87 Deltak=0.000 244 Pts 5 Comp'ts 11 Variables
27 Iter'ns  58. F eval's Elfin=.10E-05 Dmp=.10E+00 F=0.282E+02 Za=92.0
1 Scale Factor = 0.900
2 Data Delta EO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00
5 0.00
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Component # | ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=>5 Integral= 9.415% [ 2]
6 Atom #= 10.000000

* 7 Distance = 2.707915 ( 0.006743) Angstroms

* 8 Sigma**2 = 0.012094 ( 0.000809) a**2

* 9 Delta EO = -10.902983 ( 0.602856) eV
10 Delta E1 = 0.000000 eV

Component # 2 ... Zba= 6.00 Zbp= 6.00 Nat=5 Npt=5 Integral= 71.325% [ 1]
11 Atom #= 2.000000 '

* 12 Distance = 2.741603 ( 0.002162) Angstroms

* 13 Sigma**2 = 0.004637 ( 0.000114) a**2

/ 14 Delta EO = -10.902983 eV
15 Delta E1 = 0.000000 eV

Component # 3 ...... Zba= 7.00 Zbp= 7.00 Nat=5 Npt=5 Integral= 9.024% [ 3]
16 Atom #= 20.000000

* 17 Distance = 3.408585 ( 0.007988) Angstroms

* 18 Sigma**2 = 0.000155 ( 0.000696) a**2

/ 19 Delta EO = -10.902983 eV
20 Delta E1 = 0.000000 eV

Component # 4 ...... Zba=21.00 Zbp=21.00 Nat=5 Npt=5 Integral= 6.879% [ 4]
21 Atom#= 4.000000

* 22 Distance = 4.174691 ( 0.008384) Angstroms

* 23 Sigma**2 = 0.008219 ( 0.000808) a**2

/ 24 Delta EO = -10.902983 eV .
25 Delta E1 = 0.000000 eV

Component # 5 ..... Zba=45.00 Zbp=45.00 Nat=5 Npt=5 Integral= 3.356% [ 5]
26 Atom #= 6.000000 _

* 27 Distance = 4.722832 ( 0.016602) Angstroms

* 28 Sigma**2 = 0.006526 ( 0.001703) a**2

/ 29 Delta EO = -10.902983 eV
30 Delta E1 = 0.000000 eV

- Correlation Matrix -
Compt 1 1 1 2 2 3 3 4 4 5 5
R Sig"2 Eo R Sig"2 R Sig"2 R Sig"2 R Sig"2
Par# 7 8 9 12 13 17 18 22 23 27 28
7 1.000 0.441 0.877 0.901 0.537 0.247-0.566 0.647-0.286 0.466 0.069

8 1.000 0.630 0.252 0.796 0.660-0.463 0.475-0.125 0.318 0.091
9 1.000'0.916 0.517 0.510-0.483 0.731-0.286 0.526 0.073
12 1.000 0.325 0.304-0.567 0.676-0.284 0.494 0.098
13 ~1.000 0.674-0.504 0.394 0.086 0.236 0.138
17 ~ 1.000-0.338 0.396 0.231 0.262 0.185
18 ~ 1.000-0.431 0.236-0.315-0.073
22 1.000-0.288 0.348-0.252
23 . 1.000 0.252 0.039
27 1.000-0.163
28 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.115726  F/(No.pts)
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Reduced error (chi-squared) : 0.121190  F/(No.pts-No.Vars)
Weighted F-factor : 0.258610 (25.86% )
Expected Weighted F-factor : 0.742871
Expected resolution in distance, R : 0.122055  Angstroms

[CP#,U0];

Kmin= 4.04 Kmax=13.95 Deltak=0.000 204 Pts 5 Comp'ts 11 Variables
6 Iter'ns 17. F eval's Elfin=.10E-05 Dmp=.10E+01 F=0.100E+02 Za=92.0
1 Scale Factor = 0.900
2 Data Delta EO= 0.00 eV
3 Wave 1 Sigma-D = 0.00 Angstroms
-4 0.00
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 10.703% [ 3]
- 6 Atom #= 1.000000
* 7 Distance = 2.159456 ( 0.009876) Angstroms
* 8 Sigma**2 = 0.007995 ( 0.001084) a**2
* 9 Delta EO = -9.575643 ( 0.807822) eV
10 Delta E1 = 0.000000 eV

Component # 2 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= ' 8.618% [ 4]
11 Atom #= 1.000000

* 12 Distance = 2.328800 ( 0.011737) Angstroms

* 13 Sigma**2 = 0.008027 ( 0.001389) a**2

/ 14 Delta E0 = -9.575643 eV
15 Delta E1 = 0.000000 eV

Component # 3 ...... Zba= 3.00 Zbp= 3.00 Nat=5 Npt=5 Integral= 11.213% [ 2]
16 Atom #= 10.000000

* 17 Distance = 2.823552 ( 0.006487) Angstroms

* 18 Sigma**2 = 0.014493 ( 0.000517) a**2

/ 19 Delta E0 = -9.575643 eV
20 Delta E1 = 0.000000 eV

Component # 4 ...... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral— 62.926% [ 1]
21 Atom#= 1.000000

* 22 Distance = 3.398515 ( 0.002928) Angstroms

* 23 Sigma**2 = 0.002931 ( 0.000122) a**2

/ 24 Delta EQ = -9.575643 eV :
25 Delta E1 = 0.000000 eV

Component # 5 ...... Zba=14.00 Zbp=14.00 Nat=5 Npt=5 Integral= 6.540% [ 5]
26 Atom#= 4.000000
* 27 Distance = 4.247950 ( 0.013110) Angstroms
* 28 Sigma**2 = 0.006379 ( 0.001188) a**2
/ 29 Delta EQ = -9.575643 eV
30 Delta E1 = 0.000000 eV
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- Correlation Matrix -
Compt 1 1 1 2 2 3 3 4 4 5 5
R Sig"2 Eo R Sig2 R Sig"2 R Sig"2 R Sig"2
Par# 7 8 9 12 13 17 18 22 23 27 28 ‘
7 1.000-0.337 0.757 0.882 0.031 0.568 0.175 0.710-0.452 0.540-0.182

8 1.000-0.332-0.566 0.867-0.306-0.344-0.230-0.129-0.299 0.081
9 1.000 0.690-0.490 0.903-0.275 0.931-0.526 0.726-0.307

12 1.000-0.456 0.447 0.277 0.635-0.382 0.491-0.166

13 1.000-0.496-0.409-0.416-0.111-0.402 0.161

17 1.000-0.333 0.844-0.491 0.673-0.274

18 1.000-0.184 0.180-0.209 0.167

22 1.000-0.517 0.636-0.149

23 ‘ 1.000-0.467-0.300 °

27 1.000-0.288

28 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.491272E-01 F/(No.pts)
Reduced error (chi-squared) : 0.519272E-01 F/(No.pts-No.Vars)
Weighted F-factor : 0.309571 (30.96% )
Expected Weighted F-factor : 1.35851
Expected resolution in distance, R : 0.158400  Angstroms

Cp},UF,

Kmin= 1.01 Kmax=10.99 Deltak=0.000 188 Pts 4 Comp'ts 8 Variables
1 Iter'ns 8. F eval's Elfin=.10E-05 Dmp=.10E+02 F=0.110E+02 Za=92.0
1 Scale Factor = 0.900
2 DataDeltaEO= 0.00eV
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00
5 0.00

Component # 1 ...... Zba= 2.00 Zbp= 2.00 Nat=5 Npt=5 Integral= 52.088% [ 1]
6 Atom # = 10.000000

* 7 Distance = 2.335441 ( 0.003025) Angstroms

* 8 Sigma**2= 0.011294 ( 0.000222) a**2

* 9 Delta EO = -14.021249 ( 0.458035) eV
10 Delta E1 = 0.000000 eV ‘

Component # 2 ...... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 24.483% [ 2]
11 Atom #= 4.000000

* 12 Distance = 3.874517 ( 0.007931) Angstroms
13 Sigma**2 = 0.001000 A**2

/ 14 Delta EO = -14.021249 eV
15 Delta E1 = 0.000000 eV

Component # 3 ...... Zba=22.00 Zbp=22.00 Nat=5 Npt=5 Integral= 16.704% [ 3]

291



16 Atom #= 8.000000
* 17 Distance = 4.103917 ( 0.007973) Angstroms
* 18 Sigma**2 = 0.006303 ( 0.001162) a**2
/ 19 Delta EO =-14.021249 eV ' -
20 Delta E1 = 0.000000 eV

Component # 4 ... Zba=46.00 Zbp=46.00 Nat=5 Npt=5 Integral= 6. 725% [ 4]
21 Atom #= 4.000000

* 22 Distance = 5.289042 ( 0.016917) Angstroms

* 23 Sigma**2 = 0.002725 ( 0.001743) a**2

/ 24 Delta E0 =-14.021249 eV
25 Delta E1 = 0.000000 eV

- Correlation Matrix -
Compt 1 1 1 2 3 3 4 4
R Sig"2 Eo R R Sig"2 R Sig"2
Par# 7 8 9 12 17 18 22 23 ,
7 1.000-0.357 0.927 0.463 0.527 0.131 0.440-0.166

8 1.000-0.317-0.311-0.289 0.169-0.189 0.188
9 1.000 0.504 0.575 0.103 0.469-0.184
12 1.000 0.801-0.868-0.352 0.229
17 1.000-0.689-0.357 0.271
18 1.000 0.374-0.390
22 1.000-0.223
23 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.584291E-01 F/(No.pts)
Reduced error (chi-squared) : 0.610260E-01 F/(No.pts-No. Vars)
Weighted F-factor : 0.244344 (24.43% ) :
Expected Weighted F-factor : 0.989111
Expected resolution in distance, R : 0.157498  Angstroms

Cp#,UBr;

Kmin= 1.01 Kmax=12.96 Deltak=0.000 225 Pts 4 Comp'ts 9 Variables
13 Iter'ns  31. F eval's Elfin=.10E-05 Dmp=.10E+01 F=0.295E+02 Za=92.0
1 Scale Factor = 0.900
2 Data Delta EO= 0.00eV ‘
3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00 -
5 0.00

Component # 1 ..... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=5 Integral= 7.163% [ 3]
6 Atom # = 10.000000 _
* 7 Distance = 2.709496 ( 0.008358) Angstroms
* 8 Sigma**2 = 0.015475 ( 0.001115) a**2
* ODelta EO= -9.740412 ( 0.705912) eV
10 Delta E1 = 0.000000 eV
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Component # 2 ...... Zba= 3.00 Zbp= 3.00 Nat=5 Npt=5 Integral= 69.079% [ 1]
11 Atom#= 2.000000

* 12 Distance = 2.744217 ( 0.002488) Angstroms

* 13 Sigma**2 = 0.005233 ( 0.000119) a**2

/ 14 Delta EO = -9.740412 eV
15 Delta El = 0.000000 eV

Component # 3 ... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 17.209% [ 2]
16 Atom #= 4.000000 :

* 17 Distance = 3.817166 ( 0.006588) Angstroms

* 18 Sigma**2 = 0.000894 ( 0.000570) a**2

/ 19 Delta EO = -9.740412 eV
20 Delta E1 = 0.000000 eV

Component # 4 ...... Zba=28.00 Zbp=28.00 Nat=5 Npt=5 Integral= 6.550% [ 4]
21 Atom#= 8.000000

* 22 Distance = 3.981467 ( 0.012965) Angstroms

* 23 Sigma**2 = 0.008036 ( 0.001558) a**2

/ 24 Delta EO = -9.740412 eV
25 Delta E1'= 0.000000 eV

- Correlation Matrix - ‘
Compt 1 1 1 2 2 3 3 4 4
R Sig"2 Eo R Sig"2 R Sig"2 R Sig"2
Pacr# 7 8 9 12 13 17 18 22 23
7 1.000 0.545 0.871 0.880 0.539 0.587-0.490 0.442-0.496

8 1.000 0.708 0.453 0.700 0.593-0.376 0.479-0.417.
9 1.000 0.926 0.468 0.691-0.476 0.546-0.515

12 1.000 0.307 0.582-0.497 0.450-0.508

13 1.000 0.473-0.456 0.372-0.408

17 1.000-0.429 0.844-0.577

18 - 1.000-0.022 0.843

22 1.000-0.414

23 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.131001  F/(No.pts)
Reduced error (chi-squared) : 0.136460  F/(No.pts-No.Vars)
Weighted F-factor : 0.286982 (28.70% )
Expected Weighted F-factor : 0.776878
Expected resolution in distance, R : 0.131429  Angstroms

CpizUIQ

Kmin= 1.02 Kmax=13.98 Deltak=0.000 258 Pts 4 Comp'ts 9 Variables
17 Iter'ns  39. F.eval's Elfin=.10E-05 Dmp=.10E+01 F=0.203E+02 Za=92.0
1 Scale Factor = 0.900
2 DataDelta EO= 0.00eV
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3 Wave 1 Sigma-D = 0.00 Angstroms
4 0.00
5 0.00

Component # 1 ...... Zba= 1.00 Zbp= 1.00 Nat=5 Npt=>5 Integral= 13.001% [ 3]
6 Atom # = 10.000000

* 7 Distance = 2.728017 ( 0.003396) Angstroms

* 8 Sigma**2 = (0.010411 ( 0.000337) a**2

* 0 Delta EO = -8.445836 ( 0.354190) eV
10 Delta E1 = 0.000000 eV

Component # 2 ...... Zba= 6.00 Zbp= 6.00 Nat=5 Npt=5 Integral= 66.860% [ 1]
11 Atom #= 2.000000

* 12 Distance = 2.975433 ( 0.001443) Angstroms

* 13 Sigma**2 = 0.005061 ( 0.000074) a**2 ,/

/ 14 Delta EO = -8.445836 eV
15 Delta E1 = 0.000000 eV

Component # 3 ...... Zba=12.00 Zbp=12.00 Nat=5 Npt=5 Integral= 13.130% [ 2]
16 Atom #= 4.000000

* 17 Distance = 3.816530 ( 0.006801) Angstroms

* 18 Sigma**2 = 0.002087 ( 0.000564) a**2

/ 19 Delta EO = -8.445836 eV
20 Delta E1 = 0.000000eV

Component # 4 ... Zba=21.00 Zbp=21.00 Nat=5 Npt=5 Integral= 7.009% [ 4]
21 Atom #= 4.000000

* 22 Distance = 3.978187 ( 0.011427) Angstroms

* 23 Sigma**2 = 0.004119 ( 0.001080) a**2

/ 24 Delta EO = -8.445836 eV
25 Delta E1 = 0.000000 eV

- Correlation Matrix -
Compt 1 1 1 2 2 3 3 4 4
R Sig"2 Eo R Sig"2 R Sig"2 R Sig"2
Par# 7 8 9 12 13 17 18 22 23
7 1.000 0.156 0.842 0.796-0.575 0.458-0.415 0.307-0.392

8 1.000 0.277 0.511 0.319 0.380-0.041 0.322-0.182
9 1.000 0.897-0.508 0.517-0.391 0.376-0.381
12 1.000-0.467 0.572-0.416 0.430-0.412
13 1.000 0.144 0.494 0.262 0.420
17 . 1.000-0.241 0.861-0.634
18 1.000 0.509 0.829
22 ~ 1.000-0.340
23 - 1.000

Additional Statistical Information :
Normalised error (chi-squared) : 0.785403E-01 F/(No.pts)
Reduced error (chi-squared) : 0.813791E-01 F/(No.pts-No.Vars)
Weighted F-factor : 0.239849  (23.98% )
Expected Weighted F-factor : 0.840777
Expected resolution in distance, R : 0.121182  Angstroms
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Appendix Three: EPR Fitting Program

The EPR fitting program 1is largely derived from the program ABVG.! The
calculation short cuts, the Simpson integration, the numerical derivative scheme, and the
subroutine for inverting matrices are from this program.’ The lineshabe used here is that
preﬂziously used by Soulie’ which is based upon that suggested by Pilbrow.> The
lineshape is based on a Gaussian curve rather thém a Lorentzian curve. The Gaussian
shape was chosen since the lines in these samples will be inhomogeneously broadened
due to dipole-dipole interactions in the solid.> This program does not fit frozen solution
spectra well since the lineshape in this case is likely Lorentzian.

" The fitting strategy is Levenberg-Marquardt as outlined in “Numerical'Recipes”.4
The derivatives of the absorption spectrum with respect to the fitting parameters are
calculated analytically. The derivatives of the spectrum and of the derivatives with
respect to magnetic field are calculated numerically.! It should be noted that the range of
the field over which the derivative is calculated, mu, can greatly affect the appearance of
the spf:ctrum.1 The formula used to determine mu was found empirically to work well.

Finally, this program is very slow and does not work well if the initial values for
g and for the linewidth are far frorh the actual values. In addition, since the program
allows different linewidths for the different g components, very good fits can sometimes
be obtained which have very different values of the linewidth for different components.

Such fits are probably incorrect.

program SPUD

This program is designed to run in a batch mode (or nohup). It
reads a file called "FITFILE" first. FITFILE contains the
following, in order:

Line 1: the name of the fit parameter file

Line 2: the name of the spectrum (must be x,y form)

Line 3: the name of the output files. These will be generated
with the suffix .001 .002 ... each time the fit improves.

Line 4: the name of the plot files. These will be generated
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with the suffix .001 .002 ... each time the fit improves.
Line 5: the maximum number of fitting cycles

The program reads in the spectrum and adjusts the number of
fitting points accordingly.

The input has the following form:
First line contains the three g values format 3F9.6
The second line contains the fregency in GHz
and the three line widths also in GHz format 4F10.8
The third line contains the initial bounds on the field.
The program determines the upper bound from the spectrum,
but will not determine the lower bound. Format 2F7.1.
The third line contains the number of steps in phi and
in cos(theta) for the numberical integration. Format 219.
The fourth line contains the initial value of the parameter
lambda for the Levenberg-Marquardt fitting. Usually le-3.
Format E15.6.
The final line contains text for labelling the fitting run. .
Format A100.

OO0 O0O0O000000000000000060O0

dimension G(3),G2(3,3),WATE(100),G1(500,500),BETA(6)
1,PROB(500,500),ALL(2),SIV(500,500),S(2000),SV(3),SVO(3),
1SPEC(2000),Y(2000),GO(3),SIG(2000),E(3),DA(6),EE(500,
1500,3),ALLPHA(6,6),A1(6,6),DFDY(2000,6),DFDYDB
1(2000,6),BACTOR(500,500,3), COVAR(6,6),DET(2)
character*20 INPUT,OUTPUT,PLOT,NAME
character* 100 TEXT
open (unit=9,file="FITFILE',status='old")
read(9,*) INPUT '
read(9,*) NAME
read(9,*) OUTPUT
read(9,*) PLOT
read(9,*) ICYCLE
close(9)
open (unit=11,file=OUTPUT status='new")
open (unit=10,file=INPUT ,status='old’,err=9999)
- goto 10
100 format(3F9.6)
200 format(4F10.8)
300 format(2F7.1)
350 format(2I9)
400 format(F6.0)
500 format(E15.6)
600 format(A100)
10 read(10,100) G(1),G(2),G(3)
' read(10,200) FREQ,SV(1),SV(2),SV(3)
read(10,300) BLOW,BHIGH
read(10,350) NTHETA ,NPHI
read(10,400) POINTS
read(10,500) WHY
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11

C
C

read(10,600) TEXT
POINTY=POINTS
close(10)
write(11,*) "This simulation is ', TEXT
write(11,*) 'The plot is called ', PLOT
write(11,*) 'The g-values are ',g(1),g(2),2(3)
write(11,*) 'The linewith (GHz) is ',sv
write(11,*) "The spectrometer frequency 1S FREQ
write(11,*) "The spectrum is from ‘,blow,' to ' bhlgh Gauss.
write(11,*) "The number of steps in theta and phi are ',ntheta
1,nphi
write(11,*) "There are ',points,' points in the simulation.'
write(11,*) "The initial value of lambda is ', WHY
write(11,*) 'The maximum number of cycles is ,ICYCLE
close(11)
PI=3.1415926535
do 11, I=1,3
SVOD)=SV(D)
GO(D=G(D)
continue
CON=714.47752
IFLAG=0.
BSTEP=(BHIGH-BLOW)/(POINTS-1.)
IPLOT=0
NPLOT=ifix(INDEX(PLOT,' ')-1)
CHIOLD=1.E10
TRG2=0.

1

read in the spectrum

call SETUP(NAME,Y,SIG,POINTS,BLOW,BHIGH,BSTEP,ALLY ,BIGY)

Start of the main fitting loop

do 9997 ICICLE=1,ICYCLE
SIGV=(SV(1)+SV(2)+SV(3))/3.

Set up g squared matrix

1001 do 30 I=1,3

do 30 J=1,3

G2(1,))=0.

IF (I.LEQ.J) G2(L))=GI)*G(I)
TRG2—TRG2+G2(I J)

30 continue

C
C
C

Set up integration over crystallite orientations

if (NTHETA.eq.0) NTHETA=IFIX(SQRT(50.*POINTS))
if NTHETA.gt.1000) NTHETA=1000

if (NPHI.eq.0) NPHI=NTHETA

IPLOT=IPLOT+1

CSTEP=1./float(NTHETA)
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44

PSTEP=Pl/float(NPHI)/2.
B=BLOW-BSTEP
CTHE=-CSTEP

Set up weights for Simpson Integration
and set up vaniables that are field independent

do 40 I=1 NTHETA

CTHE=CTHE+CSTEP
PHI=-PSTEP

WTHETA=4.

if(mod(1,2).eq.1) WTHETA=2.
if(L.eq.1.or..EQ.NTHETA) WTHETA=1.
do 40 J=1,NPHI
PHI=PHI+PSTEP

WPHI=4.

if(mod(J,2).eq.1) WPHI=2.
if(J.eq.1.or.J.eq.NPHI) WPHI=1.

WTOT=WTHETA*WPHI

STHE=sqrt(1.-CTHE*CTHE)

All calculation shortcuts from the program ABVG

E(1)=STHE*cos(PHI)
E(2)=STHE*sin(PHI)
E(3)=CTHE
DGI=E(1)*G(1)
DG2=E(2)*G(2)
DG3=E(3)*G(3)
GSQR=DG1*DG1+DG2*DG24+DG3*DG3
G1({LJ)=sqrt(GSQR)
EG4E=DG1*DG1*G2(1,1)+DG2*DG2*G2(2,2)+DG3*DG3*G2(3,3)
SIV(L])=sqrt(E(1)**2 *SV(1)**2 +E(2)**2.
1¥SV(2)**2 +E(3)**2.*SV(3)**2))
PROB(L))=WTOT*(TRG2-EG4E/GSQR)
do 35 K=1,3
EE(LJ,K)=E(K)*E(K)
SM=(2.*G(K)*G(K)*GSQR)-EG4E
BACTOR(1,J,K)=2.*(1-EE(L,J,K)*SM/(GSQR*GSQR))
continue
continue

Loop over the magnetic field of the spectrum
Calculate the absorption spectrum and the derivatives

do 41 K=1,ifix(POINTS)
B=B+BSTEP

S(K)=0.

SPEC(K)=0.

do 44,IND=1,6
DFDY(K,IND)=0.
DFDYDB(K,IND)=0.
continue
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42

O o000

49

50

o006 00

70

80
c
c
c

do 42 I=1 NTHETA
do 42 J=1,NPHI
V=G1(,J)*B/CON
SPUD=(FREQ-V)/SIV(1,])
GAUSS=exp(-0.5*SPUD*SPUD)/SIV(LJ)
S(K)=S(K)+PROB(I,J)*GAUSS
do 42 L=1,3
SM=GAUSS*(SPUD*SPUD-1.)/(SIV(L))*SIV(1,]))
DFDY(K,L)=DFDY(K,L)+(PROB(1,J)*SV(L)*EE(L,J,L)*SM)
SM=B*EE(1,J,L)*PROB(I,J)*SPUD/(G1(1,))*SIV(1,J)*CON)
DFDY(K,L+3)=DFDY(K,L+3)+G(L)*GAUSS*(SM+BACTOR(,J,L))
continue
continue

Determine the width of the magnetic field over which
to calculate the denvative
Note: this is somewhat arbitrary here

GAV=(G(1)+G(2)+G(3))/3. -
do 49, 1=1,3

if (SV(I).LT.SIGV) then SIGV = SV()
continue

SB=714.47752*SIGV/GAV

MU-=ifix(SB/BSTEP/5.)+1

do 50 I=1, MU

WATE(D=float(I*1*2.)
continue

WATEMU)=WATEMU)/2.

N2=POINTS-MU

SM=0.

SM2=0.

YK=0.

BIGS=0.

Calculate the derivative of the spectrum
and of the derivative of the derivatives w/respect to
the magnetic field

do 80 I=1,ifix(POINTYS)

if(Ile. MU.or.1.ge.N2) go to 80

do 70 J=1,MU
SPEC(I)=SPEC()+(SI+1)-SI-1))*WATE(J)
do 70 K=1,6
DFDYDB(I,K)=DFDYDB(I,K)+(DFDY (I+J, K)-DFDY(-J K))
1*WATE(Q) :

continue

SM2=SM2+SPEC()*SPEC()
YK=YK+Y()*SPEC(I)

IF (abs(SPEC(I)).gt.abs(BIGS)) BIGS=spec(I)

continue

Determine the scaling factor for the spectrum
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FACTOR=BIGY/BIGS
Al=YK/SM2
B=BLOW-BSTEP
do 17 I=1,ifix(POINTS)
B=B+BSTEP
SPEC(I)=SPEC(I)*A1l
17 continue
CHI2=0.
do 85 J=1,6
BETA(J))=0.
DAJ)=0.
do 85 K=1,6
ALPHA(,K)=0.
85 continue

¢ calculate how to change the spectrum in the next cycle

do 91 I=1,ifix(POINTS)
ANUM=Y(I)-SPEC(I)
CHI2=CHI2+ANUM*ANUM
do 90 J=1,6 :
BETA(J)=BETA()+A1*ANUM*DFDYDB(LJ)
do 90 K=1,6
ALPHA(J,K)=ALPHA(J,K)+A1*A1*DFDYDB(L)J)
1*DFDYDB(LK)
90 continue
91 continue
101 dolll1I=1,6
do 112 J=1,6
AL,J))=ALPHA(,J)
112 continue
AL(LD=ALPHAD*(1.+WHY)
111 continue
151 format(6E16.4)
c
¢ invert the modified 2nd derivative matrix
c
DET(1)=1.0
DET(2)=0.0
call gaussj(AL,6,0.00001)
do 113 1=1,6
do 113 J=1,6
DA(D)=DAD+ALILIH*BETA()
113 continue _
RATIO=(CHIOLD-CHI2)/CHI2
C
¢ see if the fit got better or worse
c
if (CHI2.le.CHIOLD) then
IBEST=ICICLE
WHY=WHY/10.
CHIOLD=CHI2
do 114 1=1,3
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SVO@)=SV(D)
GO(D)=G())
114 continue
do 1151=1,6
do 115 J=1,6
COVAR(1,J)=ALPHA(,))
115 continue ‘
call UPDATE(CHI2,ALPHA,BETA,ICICLE,G,SV,WHY ,AL,GO,SVO,OUTPUT)
call OUTPLOT(PLOT,SPEC,POINTS, ICICLE,NPLOT,BLOW BSTEP)
if (RATIO.It.1.E-3) then
if (IFLAG.eq.1) go to 9998
IFLAG=1
~end if
else
WHY=WHY*10.
endif

o

determine the new g and sigma values

(¢

do 116 I1=1,3
G(D=abs(GO(1)+DA(I+3))
SV(D=abs(SVO(I)+DA(I))
if (G(I).1t.0..0or.SV(1).1t.0.) go to 9998
116 continue
if (WHY.ge.1.E10) go to 9998
9997 continue
9998 butt=ctime(all)
WHY=0.001

when finished append the best fitting parameters
to the parameter file

o000

open(unit=10,file=INPUT,access="append’,status="old")
write(10,100) GO(1),G0O(2),GO(@3)
write(10,200) FREQ,SVO(1),SV0(2),SVO(3)
write(10,300) BLOW ,BHIGH
write(10,350) NTHETA,NPHI
write(10,400) POINTY
write(10,500) WHY
write(10,600) TEXT
close(10)
open(unit=11,file=OUTPUT,access="append',status="'old")
UEFF=0.5*sqrt(GO(1) **2+GO(2)**2+GO(3)**2)
write(11,*) 'The runtime was ',butt/60," minutes.'

write(11,*)
write(11,*) 'The best fit was # IBEST
write(11,*) 'Best values of G: (GO((1),I=1,3)

write(11,*) Best values of sigma: ', (SVO(),I=1,3)
write(11,*) 'Corresponding chi-squared:',CHIOLD
write(11,*) "Effective magnetic moment:',UEFF
write(11,%)

9999 close(11)
IPLOT=IPLOT+1
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call UPDATE(CHI2,ALPHA,BETA,IPLOT,G,SV,WHY AL GO,SVO,0UTPUT)
call OUTPLOT(PLOT,SPEC,POINTS,IPLOT,NPLOT,BLOW BSTEP)
end

subroutine SETUP(NAME, Y ,SIG,POINTS,BLOW ,BHIGH,BSTEP,ALLY,BIGY)

reads in the actual spectrum and determines the
boundaries of the magnetic field over which to fit

dimension Y (10000),SIG(10000)
open (unit=13,file=NAME,status='old") .
B=BLOW-BSTEP
Y(1)=0.
ALLY=0.
BIGY=0.
read(13,*) XOLD,YOLD
read(13,*) XNEW,YNEW
do 10 I=1,ifix(POINTS)
B=B+BSTEP
if Lgt.1.) Y(D=Y(I-1)
if (B.1t. XOLD) go to 10
if (B.gt.XOLD.and.B.le. XNEW) then
Y(D)=0.5*(YOLD+YNEW)
SIG(I)=abs(YOLD-YNEW)/(Y(I)*6)
goto 10
end if
if (abs(Y(I)).gt.abs(BIGY)) BIGY=Y(I)
XOLD=XNEW
YOLD=YNEW
read(13,*,end=12) XNEW,YNEW
goto 11
continue
POINTS=I-1
do 13 I=1,ifix(POINTYS)
ALLY=ALLY+Y(D)
continue
close(13)
return
end

subroutine UPDATE(CHI2,ALPHA ,BETA,IPLOT,G,SV
1,WHY,AL,GO,SVO,0UTPUT)

subroutine to put fit data to a file if the fit
get better

dimension ALPHA(6,6),BETA(6),G(3),AL(6,6)
1,GO(3),SVO(3),all(2),ball(2),SV(3)
character NAME*24,0UTPUT*20,LIST*10
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10

LIST='0123456789'
KPLOT=INDEX(OUTPUT,' )-1
NAME=OUTPUT(1:KPLOT)//".’
ICON=100
ICOUNT=KPLOT+1
JPLOT=IPLOT

do 10I=1,3
M=ifix(float(JPLOT)/ICON)+1
NAME=NAME(1:ICOUNT)/LIST(M:M)
JPLOT=MODJPLOT,ICON)
ICON=ICON/10
ICOUNT=ICOUNT+1

continue
butt=etime(all)

UEFF=0. 5*sqrt(G(1)**2+G(2)**2+G(3)**2)
smut=dtime(ball)

open (unit=11,file=<NAME,status='new")
write(11,*) Results of iteration # ,JPLOT
write(11,*) 'Total elapsed time:',butt

write(11,*) 'Time used on this iteration:',smut
write(11,%)

write(11,*) 'Current values of G:  ",(G(I),I=1,3)
write(11,*) '‘Best values of G: "(GO(1),I=1,3)
write(11,*) _
write(11,*) 'Current values of sigma:'(SV(I),I=1,3)
write(11,*) '‘Best values of sigma: ',(SVO(I),I=1,3)
write(11,%) ’

write(11,*) 'Current Mu effective:',UEFF
write(11,%)

write(11,*) 'Here"s Johnny, Beta vector'
write(11,*) (BETA(I),I=1,6)

write(11,%)

write(11,*) 'Chi squared, for th15 iteration, is ',CHI2
write(11,%)

write(11,*) Lambda is ,WHY

write(11,*) -

write(11,%)
close(11)
return
end

subroutine OUTPLOT(PLOT,SPEC,POINTS,IPLOT,NPLOT

1,.BLOW BSTEP)

- plots the spectrum if the fit gets better

dimension SPEC(10000)

character PLOTNAME*24 PLOT*20,LIST*10
LIST='0123456789" -
PLOTNAME=PLOT(1:NPLOT)//".!
ICON=100

ICOUNT=NPLOT+1
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C

JPLOT=IPLOT
do 101=1,3
M=ifix(float(JPLOT)/ICON)+1
PLOTNAME=PLOTNAME(1:ICOUNT)/LIST(M:M)
JPLOT=MODPLOT,ICON) .
ICON=ICON/10
ICOUNT=ICOUNT+1

continue
open(unit=12,file=PLOTNAME,status="new")
B=BLOW-BSTEP
do 20, I=1,ifix(POINTS)
B=B+BSTEP

write (12,*) B,SPEC(I)

continue
close(12)
return
end

SUBROUTINE GAUSSJ(A,N,EPS)
FROM IBM 1130 - SCIENTIFIC SUBROUTINE PACKAGE

PURPOSE OF THE SUBROUTINE ,
CALCULATION OF THE INVERSE OF A MATRIX

PARAMETERS
A - INPUT AND OUTPUT-MATRIX A
N - ORDER OF THE MATRIX TO BE INVERTED o
EPS - TOLERANCE FOR ACCEPTANCE OF THE SINGULARITY OF THE
GIVEN MATRIX, IF MATRIX SINGULAR, THEN EPS=-1 AND
PRINTOUT OF A MESSAGE '

REMARKS :
N MUST BE SMALLER THAN 51

NECESSARY SUBROUTINES AND FUNCTIONS
NONE

METHOD
GAUSS-JORDAN-RUTISHAUSER

DIMENSION A(1) ,L(50), M(50)
DETERMINATION OF THE PIVOT ELEMENT
IF(N-50) 1,1,99

1 CONTINUE ‘
SEARCH FOR LARGEST ELEMENT

D=1.0
NK=-N
DO 80 K=1,N
NK=NK+N
L(K)=K
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M(K)=K
KK=NK+K
BIGA=A(KK)
DO 20 J=K,N
[Z=N*(J-1)
DO 20 I=K,N
- DJ=1Z+1 v
10 IF( ABS(BIGA)- ABS(A(1)))) 15,20,20
15 BIGA=A(1))
L(K)=I
M(K)=J
20 CONTINUE
C INTERCHANGE ROWS
J=L(K)
IF(J-K) 35,35,25
25 KI=K-N
DO 30 I=1,N
KI=KJ+N
HOLD=-A(XI)
JI=KI-K+J
AKID)=A{I)

30 A(JI) =HOLD
C INTERCHANGE COLUMNS

35 I=M(K)

IF(I-K) 45,45,38

38 JP=N*(I-1)

DO 40 J=1,N
JK=NK+J
JI=IP+] -
HOLD=-A(K)
AJK)=AJD)

40 AJT) =HOLD o
C DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS
C CONTAINED IN BIGA)

45 IF(ABS(BIGA)- EPS) 46,46,48

46 EPS=-1.0

IF(N.EQ.1) X1=X-.5
WRITE(2,47)K,BIGA
47 FORMAT(24HOMATRIX SINGULAR* STAGE,I6,4X,5SHPIVOTE20.10)
RETURN
48 DO 55 I=1,N
IF(I-K) 50,55,50
50 IK=NK+I
A(IK)=A(IK)/(-BIGA)

55 CONTINUE ~

C REDUCE MATRIX
DO 65 1=1,N
IK=NK+I
HOLD=A(K)

J=I-N

DO 65 J=1,N
U=1IJ+N

IF(I-K) 60,65,60
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60 IF(J-K) 62,65,62
62 KJ=1J-I+K
AIN)=HOLD*A(KJ)+A(J)
65 CONTINUE
C DIVIDE ROW BY PIVOT
KJ=K-N
DO 75 J=1,N
KJ=KJ+N
IF(J-K) 70,75,70
70 A(K))=A(KJ)/BIGA
75 CONTINUE
C PRODUCT OF PIVOTS
D=D*BIGA
C REPLACE PIVOT BY RECIPROCAL
A(KK)=1.0/BIGA
80 CONTINUE
C FINAL ROW AND COLUMN INTERCHANGE
K=N
100 K=(K-1)
IF(K) 150,150,105
105 I=L(K) :
IF(I-K) 120,120,108
108 JQ=N*(K-1)
JR=N*(I-1)
DO 110J=1,N
JK=JQ+J
HOLD=A(K)
JI=JR+]J
A(JK)=-AJD
110 AJI) =HOLD
120 J=M(K)
IF(J-K) 100,100,125
125 KI=K-N
DO 130 1=1,N
KI=KI+N
HOLD=A(KI)
JI=KI-K+J
A(KD)=-A{JI)
130 A(JI) =HOLD
GO TO 100
150 RETURN
99 CONTINUE
WRITE(2,101)N
101 FORMAT(48HO***** SUBROUTINE GJRD N GREATER THAN 50 N =
J107) - )
STOP -
END
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