Arene Bridged Diuranium Compounds

Supported by Amide and Ketimide Ligands
by

Paula L. Diaconescu

B.S. Chemistry
University of Bucharest, 1998

SUBMITTED TO THE DEPARTMENT OF CHEMISTRY IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY IN CHEMISTRY
AT THE
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
JUNE 2003

© 2003, Massachusetts Institute of Technology. All rights reserved.

Department of Chemistry
ebruary 3, 2003
e /{: Y

Certified by: TS T

Christopher C. Cummins
Professor of Chemistry
Thesis Supervisor

Accepted by:

Robert W. Field
Chairman, Departmental Committee on Graduate Students

MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

ARCHIVES JUL 07 2003

LIBRARIES-




This doctoral thesis has been examined by a Committee of the Department of Chemistry
as follows: 7

4 - Professor Richard R. Schrock
Chairman

—~

~ R - — —

Professor Christopher C. Cummins
Thesis Supervisor

- /)

v v el gl ~

Professor Alan Davison




Arene Bridged Diuranium Compounds

Supported by Amide and Ketimide Ligands

By .
Paula L. Diaconescu

Submitted to the Department of Chemistry, January 2003,
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Chemistry

Abstract

Chapter 1: The Intriguing Geometric and Electronic Structure of Arene-Bridged Diuranium

Tetrakisamido Complexes

The focus of this chapter is to characterize and contextualize the bridged arene complex (u-
'toluene)Uz(N[t-Bu]Ar)4 (1bz-p-toluene, Ar = 3,5-C¢HzMe;). To do so, 1b,-u-toluene is
compared extensively with the mononuclear complexes (THF)UN [lAd]AI)3 (2a-THF, THF =
tetrahydrofuran), TU(N[z-Bu]Ar); (1a-I), TUN['Ad]Ar), (2a-I), and Me3SiNU(N['Ad]Ar); (2a-
NSiMes). In order to understand the properties of a uniqué compound such as 1b,-p-toluene,
the rest of the series is based on classical uranium amide compounds. The syntheses, structures
(X-ray crystal structures and solution behavior based on vafiable temperature, VT, NMR data),
spectroscopic (X-ray absorption near-edge structure, XANES, and electronic absorption — UV-
vis-NIR) and magnetic properties are discussed and interpreted with reference to results of
density functional theory (DFT) calculations performed on model compounds. Reactivity

studies of 1b,-p-toluene are then presented and analyzed.




Chapter 2: Arene Bridged Diuranium Complexes Supported by a Ketimide Ligand: Even and
Odd Electron Redox Pairs '

The ketimide ligand NC[#-Bu]Mes (Mes = 2,4,6-CsH,Mes) employed in the present study
allows for retention of three supporting ligands per uranium, giving rise to a three-legged piano
stool geometry, and it also allows for incorporation of potassium ions as tight ion pairs. The
generality of such a ligand is well supported by the existence of the two types of compounds
M;(p-arene)U(NC[-Bu]Mes)s (M3-3;-p-arene, M = Na, K) and K-3,-u-arene, when the
arene is naphthalene, biphenyl, trans-stilbene, or p-terphenyl. When toluene or benzene is the
bridging arene, only odd electron species are formed including symmetrical complexes, K,I-3,-
H-arene’, and asymmetrical complexes, K(DME)-3,-p-arene’ (arene’ = benzene, toluene). The
reactivity patterns observed for the bridging arene ketimide compounds are complicated by loss
of an alkali metal ion (K;-3,-p-arene with PhSSPh) or by additional redox processes (K-3,-i-
arene with PANNPh), but interesting products have been isolated. By contrast, the reaction of
K3-3,-p-arene with 1,3,5,7-cyclooctatetracne appears to be straightforward leading to K-3-
COT. Compound 3,-p-COT obtained from reaction of K-3-COT with 3-I-DME is an

interesting example of an inverted sandwich and can be referred to as “inverted uranocene”.

Chapter 3: Uranium 2,2’-Bipyridyl Complexes Supported by Amide and Ketimide Ligands

The synthesis and characterization of (bipy)U(N[#-Bu]Ar), (lb-(bipy)z, bipy = 2,2’-bipyridyl,
Ar = 3,5-CgH;Me,), (bipy)U(N['Ad]Ar); (2a-bipy), (bipy);U(NC[z-Bu]Mes); (3-(bipy),, Mes
= 2,4,6-C¢H,Mes), and TU(bipy)(NC[#-Bu]Mes); (3-I-bipy) are reported. X-ray crystallography
indicates that bipy coordinates as a radical anion in 1b-(bipy), and 2a-bipy, and as a neutral
ligand in 3-I-bipy. In 3-(bipy),, one of the ligands is best viewed as a radical anion, while the
other as a neutral ligand. These results are supported by NMR spectroscopy results of exchange
experiments with 4,4’-dimethyl-2,2’-bipyridyl (dmb) and optical "spectroscopy. In all

complexes uranium is assigned a +4 formal oxidation state.
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Introduction 14

Historical Aspects of Uranium Organometallic Chemistry

Uranium was the first f—élement to be discovered.! In 1789, the German chemist Martin
Klaproth analyzing pitchblende, a mineral thought to contain a mixture of zinc, iron, and
tungsten oxides, showed that it also contained the oxide of a new element, which he called
uranjum, after the recently discovered planet Uranus. Thorium, protactinium, and uranium are
the only naturally occurring actinide elements. About 100 years after its discovery, H.
Becquerel observed the phenomenon of radioactivity in vranium. The discovery of radium in
p1tchblende at the beginning of the 20% century increased the interest in finding new deposits of
this mineral.> The two most abundant isotopes found in natural uranium are 23°U (0. 72%),
which is fissionable by thermal, or slow, neutrons and 2°*U (99.2%), which is not. At present,

uranium is most commonly used as a fuel source in nuclear power generators.

The first well-defined organometallic complex of an f element is considered to be .U(ns—
CsHs)3Cl, which was synthesized in _1956.3 The discovery of several other cyclopentadienyl
uranium complexes followed, but reports were scarce®” until the discovery of uranocene, U(n®-
CgHg)g,6 in 1968, which stimulated an increasing interest in f element organometallic
chemistry. The two traditional focuses of uranium organometallic chemistry, cyclopentadienyl
complexes’ and uranocenes®, still generate reports of new compounds®'® and theoretical and

112 Of theoretical interest is the fact that U(ns-C5H5)4 is the only

spectroscopic investigations.
type of organometallic compound which has four Cp groups, all bonded in 1° fashion."”® The

analogous zirconium compound has the structure Zr(115-C5H5)3(1]]-C5H5).]4
In 1989, the first neutral homoleptic tri-alkyl uranium complex, U(CH(SiMes),)3, was reported

by Van der Sluys, Burns, and Sattelberger.' It has a pyramidal structure, as expected because

of the known structure for Ln(CH(SiMes),); (Ln = La, Lu).16 The f elements have a large
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number of empty orbitals in various orientations and y-agostic interactions are documented to

occur for U(CH(SiMes),)s.

An important report is the synthesis of UI3(THF); and analogous uranium trijodide
complexes,'” because of the possibility to access trivalent uranium compounds directly. The
synthesis of U(N[SiMes],)s, although initially synthesized from UCl; generated in situ, marks
the beginning of uranium organometallic chemistry with complexes supported by non-
cyclopentadienyl ligands.'® Another example of uranium tris-amide complex is (THF)U(N[z-
Bu]Ar)s, which leads to a uranium-molybdenum dinitrogen dinuclear, (Ar[-Bu]U)s;-N=N-
Mo(N[t-Bu]Ph)s."

- The first dinitrogen complex of an actinide, [{U(NN‘3)}2(u-n2:n2—N2)] (NN’; =
N(CH,CH;,NSiBu‘Me,)s, was reported in 1998.% The dinitrogen ligand is side-on bonded to the
two uranium centers, while the N-N bond length is similar to that of free dinitrogen.
Theoretical investigations on model compounds concluded “back bonding without o-bonding:
a unique m-complex of dinitrogen with uranium”.?' The mixed cyclopentadienyl-pentalene
complex [U(MN-Cp*)(N-CgH,{Si'Prs-1,4},)] binds dinitrogen reversibly to afford [{U(T-Cp*)("-
C8H4{SiiPr3-1,4}2)}2(u-n2:n2-N2)], whose X-ray crystal structure reveals a sideways-bound,
bridging diazenido (N,*) ligand.?

Of similar interest to the dinitrogen actinide compounds are carbonyl and - isocyanide
complexes. A detailed study of the isocyanide complexes (Cp');U(CNR) (Cp’= CsHs, MeCsHy,
Me3;CCsH,, and Me3SiCsH, and R = Et; Cp' = 1,3-(MesSi),CsH; and R = t-Bu; Cp' = MeyCsH
and R = 4-(MeO)) and carbonyl complexes (Cp');U(CO) (Cp’ = 1,3-(Me3Si),CsHs, Me;SiCsH,,
Me;CCsHy, CsMesH) concluded that “the uranium metallocenes are better Tt donors than their

cerium analogues, and the n-donating ability is dependent upon the ring substituents”.?
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The synthesis of ferrocene, Fe(1‘|5-C5H5)2,24 represents a landmark in organometallic chemistry.
Analogous neutral arene transitional metal complexes have been the center of attention for a
long time and numerous reports on their geometric and electronic structure have been
published.25 Because it was known that f element halides form intercalation compounds, it was
predicted that complexes of these halides with benzene should be isolable. The first example to
be crystallographically characterized, U(nz-A1C14)3(116-C6H6), a formally uranium (II)

compound, was reported by Cesari et al. in 1971.%

In 1994, Ephritikhine et al. reported an inverse cycloheptatrienyl diuranium sandwich complex,
[U(BH4)2(OCsHs)s][(BH4)sU(u-n",m’-C7H7)U(BH,)s), obtained by treatment of UX4 (X= NEt,,
BH,) with K[C;Hs].?” Such complexes are of interest to the present study since similar bonding
considerations apply to them and to the arene-bridged diuranium compounds reported here.”®
To date, the series of inverse sandwich diuranium complexes includes examples of benzene,
toluene,”® naphthalene,” cycloheptatrienyl,”’” and cyclooctatetrane dianion.”” In most of these
cases, as well as in actinocene complexes,’® & bonding between f orbitals of uranium and ligand
LUMOs (lowest unoccupied molecular orbitals) with appropriate symmetry is thought to play a
major role. Like T bonding in transition metal chemistry, study of & bonding could be a key to

understanding the properties and electronic structures of uranium complexes.
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Chapter 1 18

The Intriguing Geometric and Electronic Structure of Arene-

Bridged Diuranium Tetrakisamido Complexes

1.1. Introduction

Although the synthesis of the first well-defined organometallic complex of an f element, U(n’-
CsHs);Cl, (1956)1 followed the discovery of ferrocene, Fe(ns—CsHs)z,2 (1952) within only a few
years,” it has only been in recent years that the organometallic chemistry of uranium has been
intensely studied. Another landmark result, considered to be the true dawn of organouranium
chemistry, was the synthesis of the cyclooctatetraene sandwich complex uranocene, U(nS—CgHg)z
(1968).* This discovery heralded striking differences that distinguish d and f element

organometallic chemistries.

Amide ligands have become ubiquitous in transition metal chemistry’ and they have also been
successful in supporting interesting uranium complexes.l'ﬁ'7'8 Their versatility is largely based on
tunability of electronic and steric properties.”® Compared to other ligands used in uranium

chemistry, the amide ligands employed in the present study are both bulky and strong 7 donors.

Previous studies in the Cummins group by A. L. Odom showed that the readily available starting
material fris-iodo-tetrakis-tetrahydrofuran uranium, UI3(THF)4,10‘ can be transformed into a
valuable precursor for this type of chemistry, [U(N[z-Bu]Ar)s (la-I.).8 P. L. Arnold, following the
same procedure but using the adamantyl analogue, LiN['Ad]Ar,'! observed two major products:
one, the corresponding iodo complex, [UN['Ad]Ar); (2a-I), the other, a very intriguing toluene
bridged compound (u-toluene)Ux(N['Ad]Ar)s, 2bs-p-toluene, for which the X-ray crystal

structure was determined (Figure 1).
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Known arene-bridged diuranium complexes incorporate benzene or toluene,'? naphthalene, '
cycloheptatrienyl,'* and cyclooctatetraene,' as the bridging arene ligand. In most of these cases,
as well as in actinocene complexes,15 & bonding between f orbitals of uranium and ligand
LUMOs (lowest unoccupied molecular orbitals) with appropriate symmetry is thought to play a
major role. Like ® bonding in transition metal chemistry, study of § bonding could be a key to

understanding the properties and electronic structures of uranium complexes.

Figure 1. Structural drawing of complex 2bz-p-toluene with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): U-C (avg.), 2.594(30); U-N (avg.), 2.334(13); C-
C (u-toluene, avg.), 1.438(32).

The focus of this chapter is to characterize and contextualize the bridged arene complex (u-

toluene)U,(N[#-Bu]Ar)4 (1b,-p-toluene, Ar = 3,5-C¢HzMe,). To do so, 1b,-p-toluene will be
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compared extensively with the mononuclear complexes (THF)U(N[IAd]Ar)3 (2a-THF, THF =
tetrahydrofuran), IU(N[z-Bu]Ar)s (1a-I), ITUN ['Ad]Ar); (2a-I), and Me;SiNUN ['Ad]Ar); (2a-
NSiMes). In order to understand the properties of a unique compound such as 1b,-pi-toluene, the
rest of the series is based on classical uranium amide compounds. The syntheses, structures (X-
ray crystal structures and solution behavior based on variable temperature, VT, NMR'® data),
spectroscopic (X-ray absorption near-edge structure, XANES,"” and electronic absorptiom18 -
UV-vis-NIR), and magnetic properties19 are discussed and interpreted with reference to results of
density functional theory (DFT) calculations performed on model compounds. Reactivity studies

of 1bz-p-toluene are then presented and analyzed.

1.2. Results and discussion

1.2.1. Syntheses and X-ray crystal structures

Scheme 1 outlines the syntheses of all the complexes discussed. Compound UI;(THF),'? is a
versatile starting material and can be employed to obtain tris-amidouranium iodide complexes
la-I and 2a-I or can be used to generate 1b,-p-toluene and 2a-THF directly. In general,
compounds based on the N-tert-butylanilide ligand are more lipophilic while compounds based
on the N-adamantylanilide ligand are more crystalline, facilitating their characterization by X-ray

- crystallography.

Reduction of the tris-amidouranium iodide compounds affords either arene-bridged diuranium
complexes when the arene is used as a solvent'? or uranium #ris-amide bomplexes with a
molecule of THF coordinated to the uranium center when THF is used as a solvent.® Finally, 2a-
NSiMe; is obtained from the reaction of Me3SiN32° with 2a-THF, which can be generated in situ

or isolated prior to the reaction (Scheme 1).
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Table 1. U-Njjganq distances.

Compound | U-Nijigana (avg., A)
2b,-p-toluene 2.334(13)
2a-THF 2.346(9)
2a-1 2.204(9)
2a-NSiMe; 2.245(7)

Figure 2. Structural drawing of 2a-THF with thermal ellipsoids at the 35% probability level.
Selected bond distances (A): U-N (avg.), 2.346(9); U-0O, 2.489(5).

The formulation of these compounds was verified by X-ray crystallography (Figures 1-4). A
metrical parameter present throughout the entire series is the distance U-Nigang (avg.). This

distance in compound 2b,-pi-toluene, 2.334(13) A, compares well to the one in 2a-THF,
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registered for carbon atoms of arene molecules coordinated to uranium centers. In benzene
complexes such as U(T]s-C6M65)(BH4)32] or U(116-C6H5Me)(A1C14)322 the average dyc is
significantly longer, 2.93(2) and 2.94(1) A, respectively, while for molecules in which the arene
in its Hiickel aromatic electronic configuration has a formal negative charge the average dy.c is

shorter: 2.647(10) A in uranocene, U(n®-CyHg),,2 and 2.807(18) A in U(m’-CsH;),.2

Figure 4. Structural drawing of 2a-NSiMes with thermal ellipsoids at the 35% probability level.
Selected bond distances (A): U-N (avg.), 2.245(7); U-Nimide, 1.943(4).

Compared to the corresponding distances in free toluene, the average dc.c for the bridging

toluene in 2b,-u-toluene of 1.438(13) A is ca. 0.04 A longer.” In complexes of toluene such as

: K(18—c:rown-6)(tolue>ne>)26 the C-C distances average 1.398(21) A. The longer C-C distances in
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complex 2b,-l-toluene when compared to those in free toluene or toluene radical anion are
consistent with substantial covalent overlap between filled f orbitals on uranium and LUMOs of

the bridging toluene, as was found from DFT calculations on model compounds (see DFT

calculations section).

Noteworthy from the structures of 2a-THF and 2a-I is the fact that the aryl groups form a
protective pocket around THF and iodine, in contrast to analogous complexes of molybdenum in

which such pockets are formed by the aliphatic groups.9

The structure of 2a-NSiMe; distinguishes itself by the U-Nimiqe distance of 1.943(4) A, which is
ca. 0.3 A shorter than the average U-Njjganq in the same compound. Short U-Njpige distances and
- angles close to 180° at Nimide (170 1(13)° in 2a-NSiMe;) have been associated with multiple
bond character between the uranlum center and the imide nitrogen atom, 20 in accordance with

our findings from DFT calculations on a model compound (see DFT calculations section).

As an example of the capability of uranium to access various oxidation states, reduction of 2a-
NSiMes;, with lithium under argon or with KCg! in THF results in the formation of
Li(OEt;)MesSiNU(N [lAd]Ar)3 (Figure 8) or KMe;SiNU(N[IAd]Ar)g, formally uranium(IV)
compounds. Although these complexes are not included in the classical uranium anilide series,
the reduction reaction is presented as a means of obtaining complexes in which the formal
oxidation state of the uranium center is intermediate between that of 2a-NSiMe; and that of its
starting material, 2a-THF. The longer distances U-Napiige(avg.) of 2.357(5) A and U-Njpige of
2.050(3) A in [Li(OBty)][Me;SiNUN['Ad]JAr)s], compared to corresponding values in 2a-
NSiMes, are indicative of a more electron rich uranium center. DFT calculations on fhe model
compound [H3SiNU(NH,)3] indicate that the two unpaired electrons reside in uranium f orbitals,
consistent with the compound’s formulation as a uranium(IV) species (see Appendix 2 for

details).
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Figure 5. Structural representation of Li(OEt;)Me;SiNU(N [lAd]Ar)3 with thermal ellipsoids at
the 35% probability level. Selected bond distances (A): U-Niigand (avg.), 2.357(5); U-Nimide,
2.050(3). :

1.2.2. X-ray absorption near-edge structure (XANES) spectroscopy results*

The chemical shift of the absorption edge reflects the effective charge of the absorbing atom.””*®
For uranium complexes, the U L, absorption edge, which corresponds to a 2ps; to 6ds;

transition, has been shown to vary systematically with the uranium oxidation state.?>°

* Some of this research was performed at the Ernest O. Lawrence Berkeley National Laboratory, which is operated
by the U. S. DOE under Contract No. DE-AC03-76SF00098 and at the Stanford Synchrotron Radiation Laboratory,
which is operated by the Director, U. S. DOE, Office of Science, Office of Basic Energy Sciences, Division of
Chemical Sciences. All XANES results were obtained by Wayne W. Lukens, Jr. (MS 70A - 1150, Lawrence
Berkeley National Laboratory, Berkeley, California 94720).

References begin on page 75



Chapter 1 27

3 /\
.5 //\
- / //\
e
< |a
=4
= C
21 / 4

<

7
0 £ U(III) IU(IV) |
17150 17160 17170

Photon Energy (eV)

Figure 6. The U L; absorption edges of selected organouranium complexes. The edge height is
normalized such that the absorption at the edge step is equal to one. The edge energies are
referenced to the half height of a 0.1 M UQOyCl, in 1M HCI solution set at 17163 eV. The
compounds are: a) U[N(SiMes),]s, b) [Cp”2UCl]., ¢) [CpizUOH]z, d) (U-C7Hg){ U(N[#-Bu]Ar); }»,
e) IU(N[z-Bu]Ar);, f) IU(DME)(NC[#-Bu]Mes)s, g) Me3SiNU(N[1Ad]Ar)3. The point closest to
the half-height is circled. The average edge shifts of U(III) and U(IV) complexes are indicated by
the vertical lines.

Therefore, the chemical shifts of the U L; absorption edge are affected by changes in shielding of
the 2ps;, electrons and can be used to compare the effective charges on the uranium centers in
different complexes. The effective charge is most sensitive to the oxidation state of the absorbing
atom, but other factors including coordination geometry and the degree of covalency in the

ligand-metal interactions may also be significant.
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Table 2. U L; chemical shifts of uranium complexes.

Compound Edge Shift versus Formal Oxidation
0.1IM UO,Cl, State
1b,-p-toluene -5.1 2
U[N(SiMe3):1 -6.3 3
[Cp',UOH]; 6.4 3
[Cp*UFL, 5.0 3
[CpHLUCI,’ -6.3 3
[Cp"UBrl; 5.7 3
[CpUF]’ 5.9 3
[Cp ,UCI],’ 6.4 3
[Cp ,UBrl,' 5.6 3
IU(DME)(NC[t-Bu]Mes); 3.3 4
1a-1 3.8 4
[Cp*UOL, 2.0 4
Cp",UF,' 24 4
CphUCL' 29 4
Cp",UBr;' 3.5 4
CphUL' 3.6 4
Cp ;UF,' -2.6 4
Cp ,UCL 24 4
Cp"zUBrz i -3.7 4
Cp .UL’ 3.6 4

28

Cp1E = 1,3-(MesC),CsHs, Cp” = 1,3-(Me3Si),CsHs, DME = 1,2-dimethoxyethane; i: Lukens, W.
W.: Allen, P. G.; Bucher, J. J.; Edelstein, N. N; Hudson, E. A.; Shuh, D. K.; Reich, T.;
Andersen, R. A. Organometallics 1999, 18, 1253.
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For a series of formally trivalent organometallic and inorganic uranium compounds, the average
chemical shift of the absorption edge relative to a UO,Cl, sample is —6.0(5) eV, and for a series
of formally tetravalent uranium complexes, the average shift is —3.1(6) eV as shown in Table 2
and Figure 6. Both sets of compounds include different coordination geometries and ligands with
widely varying electronegativities. These chemical shifts can be used as standards to help

understand the electronic structure of complexes in which the formal oxidation state is

ambiguous.
Og Oy %y
s 8y— — ‘:
i — ‘
: . 8u— _( »— — Ty .
f— — e N
"\_N_ #J; ‘|L“- #’,’ll u
IIU(II)II n U('II)II IIU(IV)II
Figure 7

In the family of complexes (u-arene)[U(N[R]Ar),], the bonding evidently lies somewhere

between two extremes: a neutral arene ligand and two uranium(Il) centers, and an arene
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tetraanion with two uranium(IV) centers (Figure 7). A series of the U L3 absbrption edges for
selected uranium complexes is shown in Figure 6. Since the chemical shift of compound 1b,-u-
toluene is —5.1 eV, the effective charge of the U center in the complex is mostly similar to that

of uranium(II) complexes.

A more precise description of the bonding requires information about the overlap between the
ligand and metal orbitals, as well as their relative energies. Nonetheless, the observed chemical
shift of the U L; edge is consistent with a strong, covalent interaction between the arene 7*,

orbitals and the §, orbitals of the two uranium centers.

1.2.3. DFT calculation results

In order to gain some insight into the bonding of the compounds discussed here, DFT

1°! were performed on model compounds. For each

calculations using the program ADF2002.0
model, calculations were carried out using a variety of different density functionals, in order to

assess their relative performance.

For the model compound H3SiNU(NH,); the geometry optimizations were carried out with a
single electron of spin o in excess of spin . Because the value of the dihedral angles HNUN;mide
can be an important factor in determining the T bonds in which the nitrogen donors of the amide
ligands participate, the initial geometry had these angles set to 0, 45, and 90° in accord with
experimental values. Table 3 presents the agreement between the results of calculations and
experimental parameters. All calculations that included gradient exchange correlations (i.e. all
except LDA calculations) show reasonable agreement with the experimental values. Inspection
of the orbitals revealed that HOMO-3 and HOMO-4 consist mainly of © U-Njmige bonds (Figure
8), explaining both the short U-Njmige distance and the angle of 170.1(3)° around the imide

nitrogen atom.
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Table 3. Optimized variables (distances in A and angles in °) for H;SiNU(NH,); and
experimental values for 2a-NSiMes.

Variable PW91 BP86 BLYP LDA® Exp.
U-Niigand 2212 2218 2.244 2.184 2.215(4)
2221 2.228 2.252 2.187 2.257(4)
2236 2.238 2.265 2.188 2.2644)
U-Nimide 1.939 1.945 1.959 1.936 - 1.943(4)
NiigandUNimide 104.9 106.1 105.9 103.7 100.52(15)
107.9 108.5 108.2 108.9 103.50(14)
1159 115.0 114.4 112.7 108.37(15)
Si-Nimide 1.724 . 1.729 1.733 1.709 1.722(4)
HSiNimide 111.1 110.9 110.9 111.0 110.7(3)
111.5 111.3 1114 111.5 111.13)
111.8 111.8 111.7 112.0 112.0(3)
HNiigandUNimide 50 5.0 45 22 2.02(52)
41.9 43.2 42.4 41.5 41.20(40)
86.6 87.0 86.8 88.1 92.91(32)

a: Non-Aufbau occupation

Figure 8. The U-Njmi¢e T bonds: SOMO-3 (left) and SOMO-4 (right). Orbitals are from the
PW?91 calculation and the o component is represented here.
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A similar computational approach to the one presented for H3SiNU(NH;); was used for the
model compounds TU(NH;); and (Me,O)U(NH,);. Calculations were performed with different
density functionals and the results of geometry optil‘nizations are compared in Tables 4 and 5.
The geometry optimizations were carried out with two electrons for IU(NHy); and three electrons
for (Me,O)U(NH;); of spin o in excess of spin . The initial geometries had the dihedral angles
TUNH were set to 8, 103 and 131° while the dihedral angles OUNH were set to —30 °, in accord
with experimental values. All calculations that included gradient exchange correlations (i.e. all

except LDA calculations) gave comparable and good results.

Table 4. Optimized variables (distances in A and angles in °) for [U(NH;); and experimental
values for 2a-1.

Variable PWO1 BP86 BLYP LDA® Exp.
U-1 2.976 2.985 3.026 2.938 3.0682(4)
U-N 2.179 2.187 2.209 2.159 2.187(5)

2.191 2.195 2211 2.161 2.192(5)
2.196 2.195 2.213 2.161 2.233(5)
IUN 110.3 110.0 112.6 111.6 94.29(13)
110.5 111.1 113.0 113.9 113.38(12)
112.6 112.6 114.3 116.1 126.22(12)
HNUI 2.39 3.0 6.1 -1.0 8.02(39)
102.1 99.4 104.2 105.4 103.18(34)
131.0 128.2 131.5 133.7 131.31(61)

a: Non-Aufbau occupation

In both cases the unpaired electrons reside in mainly uranium f-d hybrid orbitals and the LUMOs
are also uranium f orbitals (three for (Me,O)U(NH,);, and four for ITU(NH;)3). The double
occupied molecular orbitals that follow immediately after the SOMOs consist of iodine p orbitals

for TU(NH_)s, nitrogen p orbitals and U-Njjgang 7 bonds for (Me;O)U(NH2)s.
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Table 5. Optimized variables (distances in A and angles in °) for (Me,O)U(NH,); and
experimental values for 2a-THF.

Variable PWIl BP86 BLYP LDA® Exp.
U-O 2.577 2.593 2.627 2.480 2.489(5)
U-N 2.223 2.217 2.242 2.179 2.308(5)

2.224 2.219 2.245 2.179 2.339(5)
2.225 2.219 2.252 2.181 2.392(5)
OUN 105.2 112.6 113.8 117.2 99.0(2)
106.3 1139 116.0 117.2 108.1(2)
106.4 1159 116.4 117.6 112.1(2)
C-O 1.433 1.437 1.450 1.410 1.441(9)
1.434 1.438 1.450 1.410 1.448(9)
COU | 123.5 122.9 122.6 123.7 116.9(4)
123.8 124.6 124.7 123.9 128.4(4)
HNUO 89.0 130.7 143.2 145.7 124.77(51)
90.9 131.1 145.7 145.8 133.34(57)
92.4 133.7 149.4 146.6 152.66(57)

a: Non-Aufbau occupation

DFT calculations on the model (1-C¢Hs)U2(NH»)4 have been reported already.12 The calculations
discussed here assume D, symmetry with two electrons of spin o in excess of spin . The initial
geometry had the dihedral angles set to 111° for HNUU, in accord with experimental data. The
results of the geometry optimizations on Cartesian coordinates without imposing any restrictions
on the system, using various functionals, are listed in Table 6. There is good agreement between
optimized and experimental values. As noted previously,'? the highest SOMOs are uranium f
orbital combinations, while the next two double occupied orbitals represent two & bonds (Figure
9) formed by appropriate symmetry uranium f orbitals and LUMOs of benzene. The existence of

these bonds supports the XANES spectroscopy and X-ray crystallography results indicating that
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the electronic density on the uranium center is similar to that for uranium(IIl) complexes. This
similarity arises from the fact that the electrons in the & bonds are equally shared by the uranium

centers and the bridging toluene.

Table 6. Optimized variables (distances in A and angles in °) for (-CsHeg)U,(NH3)4 and
experimental values for 2b;-pi-toluene.

Variable PWo91 BP86 BLYP LDA® Exp. (avg.)
C-C 1.465 1.463 1.464 1.447 1.438(13)
U-C 2.567 2.570 2.626 2.529 2.594(30)
U-N 2.249 '2.269 2.292 2211 2.334(13)
NUN 99.8 106.7 104.9 104.2 103.4(3)

HNUU 94.1 108.4 108.4 108.2 111.1(7)

a: Non-Aufbau occupation

Figure 9. The d bonds in (1-CsHg)U2(NH2)s: SOMO-4 (left) and SOMO-5 (right). Orbitals are
from the PW91 calculation and the o component is represented here.

An intuitive way to assess the importance of & backbonding in early actinide chemistry is

outlined in Figure 10. The parallel between ® backbonding in transition metal complexes and &
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backbonding in early actinide compounds is based on the fact that each bond involves one half of
the total lobes in a specific orbital (two out of four in the case of d orbitals and four out of eight

in the case of f orbitals) when interacting with LUMOs of the ligand in question.

8 Backbonding

Early Actinide Chemist
7 Backbonding y Al ISty

Transition Metal Chemistry

210 %

Filled d orbital: % Filled f orbital:

directed lobes of &t Ligand LUMO directed lobes of 8 Ligand LUMO
symmetry with symmetry with

respect to axis of . respect to axis of

interaction interaction

Figure 10. Comparison between 1 backbonding in transition metal chemistry and 8 backbonding
in early actinide chemistry.

1.2.4. NMR spectroscopy studies on compound 1b-p-toluene: Probing stability and

fluxionality

Almost all complexes of lanthanides and actinides are paramagnetic due to the presence of
unpaired f electrons. When an NMR spectrum is recorded for a paramagnetic complex, the
nucleus under investigation experiences the local magnetic field due to the paramagnetic metal
ion in addition to the external magnetic field due to the NMR spectrometer. For most
paramagnetic lanthanide and actinide complexes, strong spin-orbit coupling results in fast

electron spin-lattice relaxation and so their NMR spectra show reasonably sharp lines.

The 'H NMR spectra (22 °C, ch6) of complexes 1b;-p-toluene, 1b,-p-CeHg, 2b-pi-toluene,
2b2-p-CeHs (Figure 11) are intriguing because the chemical shifts for the protons of the bridged
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arene are spread over a broad range (+20 to -90 ppm). For example, the protons of the methyl
group on the bridging toluene have a chemical shift around +20 ppm, while those bound to the
aromatic carbons have chemical shifts in the range of -60 to -90 ppm. Bridging deuterated arene
compounds helped in identifying the aromatic protons; also those belonging to the bridging

benzene show a single chemical shift around -80 ppm.
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Figure 11. 'H NMR spectrum (22 °C, C¢Dg) of 1bs-pi-toluene and 2H NMR spectra (22 °C,
CsHs) of 1b,-i-toluene-ds and 1b,-p-CgDs.
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One interesting feature of this class of compounds is their remarkable thermal stability as probed
by two types of experiments. First, variable temperature 'H NMR studies in octane-d;g showed
that compound 1b,-yi-toluene is stable up to 110 °C. In another experiment, 1b,-li-toluene was
heated in n-heptane at 90 °C for 48 h, after which time the compound’s 'H NMR spectrum

indicated no decomposition.

The observed coordination geometry, p.—n6,1'|6, can be interpreted invoking the electronic
structure of 1b,-l-toluene, sincc having two uranium centers coordinated to the aromatic ring
helps maintaining Hiickel aromaticity (4n + 2, where n = 2), by forming two & bonds with two
LUMOs of the arene. In order to understand the extent for the preference of such a structure,

arene exchange and VT NMR experiments were investigated.

'H NMR analysis showed that the bridged toluene exchanges slowly with C¢Dg (neat, 5%
exchange in 24 h) at room temperature. Due to the thermal stability of 1b,-\-toluene, arene
exchange was then studied at higher temperatures. Preliminary results show that the bridged
toluene molecule exchanges with C¢Dg faster than the bridged benzene exchanges with toluene-
ds. Furthermore, the bridged toluene did not exchange with p-xylene over a 24 h period. The
results from arene exchange experiments discussed here are the reverse of results from similar
experiments for arene transition metal complexes.?**? For transition metal complexes, the © bond
between HOMOs of the arene and empty metal d orbitals dictates such behavior, hence a less
electron rich arene WiIi exchange for a more electron rich one, like toluene or mesitylene versus
benzene.>* For the uranium bridged arene complexes the arene exchange reflects the existence of
the backbond from filled uranium f orbitals to LUMOs of the arene and a less electron rich arene
is preferred to a more electron rich one. Typical electron withdrawing groups are not compatible

chemically with the reducing 1b,-p-toluene complex, obviating the use of, e.g., PhCN, PhF, etc.

As implied by its formula and confirmed by X-ray crystallography, compound 1b,—pi—toluene is

dinuclear in the solid state. In solution one could postulate an equilibrium between the dinuclear
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structure and some mononuclear structures (either two uranium bis-amide fragments or a
uranium bis-amide fragment and a coordinated benzene uranium bis-amide fragment, Figure 12).
To rule out such a process, the variable temperature NMR behavior of 1b,-i-toluene was
examined between —70 °C and 120 °C. Investigation of solution structure for [Cp”UR], (Cp” =
1,3-(MesSi),CsHs, a dimer in the solid state, by VT NMR spectroscopy revealed a dimer-

monomer equilibrium exposed by nonlinear § versus 1/T plots.'®

U+ @-—U
2U+©

Figure 12. Possible equilibria between the dinuclear benzene-bridged structure and mononuclear
structures (U = 1b).

Figure 13 presents the plot of & versus 1/T for all the protons of the molecule. The plots
representing the chemical shifts corresponding to amide protons are linear, indicating Curie-
Weiss behavior for the complex 1b,--toluene, therefore no temperature dependent processes
take place in solution, suggesting that the dinuclear complex remains intact. The complex is the
only species in solution detectable by NMR spectroscopy. The slight curvature observed in the
plots for the chemical shifts of the bridging toluene. protons might be due to errors caused by the
broadness of these peaks. The Curie-Weiss behavior found for solutions of 1b,-p-toluene (-70
to 25 °C) is consistent with similar behavior observed in the solid-state for the same temperature

range (see below).
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Figure 13. Plot of 6 versus 1/T for compound 1b,-ji-toluene.
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Figure 14. Energies for the dinuclear-mononuclear equilibria (U = UNH,),).

In order to further examine the possibility for the equilibria mentioned above, DFT calculations
on the hypothetical fragments U(NHy), and (C¢Hs)U(NH,), were performed. Calculations on the

fragment U(NH,), were carried out with four electrons of spin o in excess of spin B. As
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indicated in Figure 13, for the fragment (CsHg)U(NH,), the calculations were carried out both
with two and four electrons of spin o, in excess of spin B. A comparison of the total bonding
energies for the systems indicated in Figure 14 shows that (L-CsHp)Up(NH,)4 has an energy

lower by ca. 90 kcal/mol than that of any of the mononuclear systems considered.

1.2.5. Solid state magnetic susceptibility measurements

Magnetic properties of uranium compounds are more difficult to interpret than those of transition
metal or even lanthanide compounds.** Because there is significant spin-orbit coupling in ions of
lanthanides and actinides, the spin-only formula, which works well for many first row transition
metal complexes, is not applicable to f-element complexes. The effective magnetic moment for

these elements depends on J, where J = L + S.
Mett "= g2J(J + 1),
where the Landé g value is given by g = [3J(J + 1) + S(S +1) = L(L +)1/[3J(J + 1)].*

SQUID measurements were carried out on the whole series in order to compare the behavior of
the mononuclear compounds to that of the bridged toluene diuranium species 1b,-yi-toluene. The
plots of 1/y, and pes versus T are shown in Figures 15-18. The solid-state magnetic properties of
the mononuclear compounds follow some general trends. For example, at low temperatures the
17y, graphs of 1a-I and 2a-I show temperature independent paramagnetism (TIP, 5-25 K for 1a-I
and 5-15 K for 2a-I). TIP behavior is specific to even electron species since at low temperatures
the ground state can be an orbital singlet.*® Odd electron species such as U(TIN) (2a-THF) and
U(V) (2a-NSiMes) compounds would never present a singlet ground state, therefore their low

temperature magnetic behavior is different than that of U(IV) compounds.
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Figure 15. Plot of 1/x, versus T for 2a-THF (left) and 2a-NSiMej (right).
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Figure 16. Plot of 1/y versus T for 1a-I (left) and 2a-I (right).
Although magnetic moments are difficult to interpret due to crystal field splitting of the ground

state in the case of uranium compounds,36 it is notable that the magnetic moment for compound

1b,-p-toluene is temperature dependent (from 0.25 pg at 5 K to 1.50 pg at 300 K, values for one
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uranium center), while the mononuclear compounds exhibit Curie-Weiss behavior on the 5-300

K temperature range (except for the TIP intervals for 1a-I and 2a-I).
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Figure 17. Plots of ¥, (top, left), ¥ T (top, right), Hesr (bttom, left) and 1/, (bottom, right) versus T

for 1b,-pi-toluene.

The determined s for 2a-THF (3.20 ].J,B)6 is lower than the magnetic moment of 2a-I (3.52 ug,

30-300 K) and it has a similar value to peg determined for 1a-I (3.18 ug, 50-300 K). Overlap of

magnetic moment values for uranium(Ill) and uranium(IV) compounds is normal since the

calculated values for the free ions are very close: 3.62 pg for U(II) (“Topa ground state) and 3.58
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ug for U(IV) (*H, ground state). The magnetic moment obtained for 2a-NSiMe; is 1.81 ug,
smaller than any of the other magnetic moments of the mononuclear compounds, but consistent

. . .. 37
with one unpaired electron and values for similar compounds.

From the plot of %, versus T for 1b,-p-toluene (Figure 17) we see that the magnetic susceptibility
exhibits a broad maximum around 110 K and then decreases as the temperature is lowered,
behavior consistent with an antiferromagnetic transition. On cooling below 30 K, X increases
again and below 20 K, the plot of 1/ versus T (Figure 17) is consistent with paramagnetic
behavior. The interpretation of the magnetic behavior of 1b,-i-toluene (30-300 K) in terms of an
antiferromagnetic transition is supported by the fact that the product T (Figure 17) continuously
decreases as the temperature is lowered. A theoretical model that fits the experimental data has
not been developed, but it is possible that antiferromagnetic coupling of the unpaired electrons in
1b,-p-toluene occurs through the toluene bridge. The magnetic properties observed for 1b,-p-

toluene are not unusual for open-shell symmetrical dinuclear compounds.”®

1.2.6. Electronic spectra

As is the case with magnetic properties, electronic spectra of uranium complexes are complicated
due to the splitting by ligand-field and spin-orbit coupling of a multitude of states derived from f*
configurations.” The electronic spectra are comprised of f — f, f — d, and charge transfer bands.
Usually, bands are assigned based on the magnitude of the molar absorption coefficient and the
position of a band in a spectrum.*’ Therefore, as shown in Figures 18-22, bands present in the
UV region (200-400 nm), because of their high intensity (é ~10° M cm™) can be assigned to 1t
— T* transitions of the arene rings or to ligand to metal charge transfer bands. Intense absorption
bands present in the visible region (400-800 nm) that have & =~ 10° M! cm™ could be either f — d

or charge transfer transitions.
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The f — f transitions for lanthanides and actinides are, like d — d transitions of transition metal
ions, electric-dipole forbidden by the Laporte selection rule. Interaction with the ligand field or
with vibrational states mixes in electronic states with different parity and so f — f transitions
become possible. However, because of the small radial extent of the f-orbitals, these interactions

are weak and the intensity of f — f transitions is therefore much lower than that of d — d

transitions, and the absorptions are much sharper.
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Figure 18. UV-vis (left) and NIR (right) absorption spectra of 2a-THF in THF solution at 25 °C.
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Figure 19. UV-vis (in benzene, left) and NIR (in toluene, right) absorption spectra of 2a-I
solutions at 25 °C.
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The most interesting region of the electronic spectra for uranium compounds is the NIR region
(spectra reported here were recorded from 1500 to 800 nm) because most compounds show
“fingerprint” features.2 These characteristics are assigned to Laporte-forbidden f — f transitions
and have molar absorption coefficients in the range 10-10* M™' cm™. With the exception of the

U(ID) compound 2a-THF (g = 100-260 M cm™) the 6ther mononuclear compounds show weak
bands in the NIR region (¢ < 100 M cm™).
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Figure 20. UV-vis (in benzene, left) and NIR (in toluene, right) absorption spectra of la-I
solutions at 25 °C.
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Figure 21. UV-vis (left) and NIR (right) absorption spectra of 2a-NSiMe; in toluene solutions at
25°C.
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Interestingly, complex 1b,-pi-toluene has intense and sharp bands (g = 200-600 M* cm™) in this
region. One possible explanation is suggested by the results of the DFT calculations on the
model compound (U-C¢Hs)Ua(NHy)s. The combinations of f orbitals that are the highest single
occupied molecular orbitals and the lowest unoccupied molecular orbitals are of different

symmetry types, enhancing the probability of f — f transitions.
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Figure 22. UV-vis (left) and NIR (right) absorption spectra of 1b,-Jl-toluene in toluene solutions
at 25 °C.

Intense bands in the NIR region have been associated with intervalence electron transfer (IT)
from one redox site to another.*"** Intense and narrow bands are characteristic of IT that occurs
between two metal centers of symmetrical complexes.43 They have been noticed mostly for
compounds in which the two metal centers are in different oxidation states and are an indication
of a delocalized unpaired electron.* Since 1b,-i-toluene contains unpaired electrons and
uranium is known for the possibility of accessing multiple oxidation states, IT processes may be

partially responsible for the intense, sharp, narrow bands observed in Figure 23.
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1.2.7. Reactivity studies

Theoretical studies on (U-CgHg)U,(NH,)4 highlighted the role of & bonds. There are only scarce
reports of early actinides with m-acceptor ligands (for example, two cases when N, acts as a
ligand”® and two cases when CO™ acts as a ligand. The paucity of such examples may arise from
the high nodality of f orbitals,* which match poorly with ©-ligand molecular orbitals. Prompted
by this notion, experiments involving treatment of compound 1b-i-toluene with CO or ethylene

were performed. Under stoichiometric conditions no reaction was observed.

Since the +4 oxidation state is pervasive in the organometallic chenﬁétry of uranium,* reactivity
studies of the bridged arene cdr‘nplexes were éxpected to reveal redox pracesses aldng with
information on the number of electrons involved in such processes. Substrates including
diphenyl disulfide and azobenzene were initially chosen to probe whether compound 1b,-p-

toluene can behave as a source of diamido uranium(II)."’

2.0 S,Ph, Q\ | -

74%
- toluene

R = C(CH,), __ N—R |
Ar = 3,5-C,H,Me, @

Scheme 2
Compound 1b,-p-toluene reacts with diphenyl disulfide (2 equiv) to form a yellow compound

isolated in 74% yield (Scheme 2). By X-ray crystallography, the product was determined to be a
dimeric thiolate-bridged U(IV) derivative, (u-SPh),U(N [¢-Bu]Ar)4(SPh); (1b,-(u-SPh),(SPh),)
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(Figure 23). Due to the fact that X-ray crystallography is not optimal for ruling out the presence
of hydride ligands, this reaction was also used in a Toepler pump experiment showing that Hy is

not produced, suggesting that compound 1b,-y-toluene does not contain unobserved hydride

ligands.

o)
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Ny
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Figure 23. Structural drawing of complex 1b,-(u-SPh)(SPh), with thermal ellipsoids at the
35% probability level. Selected bond distances (A): U-S(1), 2.775(7); U-S(1A), 2.911(6); U-
S(2), 2.674(7); U-N (avg.), 2.20(3); U-C(11), 3.00(3); U-C(21), 2.94(2).

Compound 1b;-i-toluene also reacts with azobenzene (1 equiv) and forms 2 uranium(IV)
phenylimido-bridged dimer, (u—NPh)zUz(N[t-Bu]Ar)4 (1b,-(u-NPh),, Figure 24). Since the
above reaction indicated that compound 1b,-ji-toluene indeed behaves as a uranium(II) source,
oxidation by azobenzene is not surprising. However, there are few examples of 4 electron

azobenzene reductive cleavage (Scheme 3) reported pre:viously.“g’49
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‘»3
N

Figure 24. Structural drawing of complex 1b;-(u-NPh), with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): U(1)-N(3), 2.335(6); U(1)-N(3A), 2.153(6); U(1)-
N(1), 2.236(6); U(1)-N(2), 2.249(5); U(1)-C(1), 2.835(7); U(1)-C(11), 2.913(7); U(1)-C(21),
2.914(7).
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The 'H NMR spectrum of the crude mixture shows that the reaction was fairly clean and thus it
could be monitored by *H NMR spectroscopy to determine whether toluene loss occurs from
1bz-p-toluene-ds. Integration of the H NMR spectrum (based on the presence of an internal
integration standard - octane-d;z) of the crude reaction mixture indicated that ca. 0.75 equiv of
C:Ds was generated. The failure to observe the other 0.25 equiv is most likely due to

experimental error rather than chemical transformations.

R = C(CHa)a (P-MeCH,NNC,H,
Ar = 3,5-CeH3Mez2

o~
~
i

& . CHy

9.991

10.553

Figure 25. 'H NMR spectrum of a mixture of 1b,-(u-NPh), and 1b;-(u-NPh)(u-NPh-p-Me)
after one week of mixing at room temperature.
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The formation of the uranium(IV) phenylimido-bridged dinuclear compound, 1b,-(u-NPh),,
raises the possibility of a monomeric reaction intermediate, (PhN)U(N[z-Bu]Ar),. To verify if
this is the case, a similar reaction was carried out using an asymmetric azobenzene substrate, 4-
methyl-azobenzene.’® The observation of only one major product, which was different than the
one isolated in the reaction with azobenzene (by 'H NMR analysig), demonstrated that the above
monomeric intermediate is unlikely to form in the course of ti]e reaction. If the monomeric
(PhN)U(N[#-Bu]Ar); is in equilibrium'With 1b,-(u-NPh),, then a mixture of 1b2-(u-NPh), and
1b,-(u-NPh)(u-NPh-p-Me) should lead to a statistical mixture of 1bz-(u-NPh),, 1b,- -(L-NPh)(u-
NPh-p-Me), and 1b,-(i-NPh), after reaching equilibrium. Thc 'H NMR spectrum of such a
mixture (1bz-(u-NPh), and lbz-(u-NPh)(p.-NPh-p Me)) shows a superposition of the 'H NMR
spectra of the two compounds even after one week at room temperature (Figure 25). A plausible
mechanism involves the formation of a mononuclear M>-azoarene complex or of a bis-imido-bis-
amidouranjium compound (PhN),U(N[#-Bu]Ar),, which then reacts with another uranium center
to produce the bridged phenylimido dimer. This proposed mechanism would also be in
agreement with the general assumption that the formation of either an N’-intermediate (or a
diazametallocyclopropane complex)®' or a bis-imido intermediate alters the N=N bond by

reducing its order.>

In light of the redox reactions presented above, reactions with elemental chalcogens were
expected to lead to bis-amide uranium structures, either mononuclear or dinuclear. Surprlsmgly,
the reaction between 1b,- -U-toluene and excess selenium led to (1-Se)Uy(N[#-Bu]Ar)g la,-u-Se
(Figure 26). Similar reactions with elemental sulfur or elemental tellurium produce known
dinuclear compounds based on tris-amide fragments: (u-S,)Us(N[z-Bu]Ar)g 1a,- -M-S; and (u-
Te)Uy(N[#-Bu]Ar)g laz-;,L-Te.52 Also, the reaction between 1b,-p-toluene and oxygen sources
such as OPPh; gave (U-O)Uy(N[#-Bu]Ar)s 1a;-p-0O. The series of uranium chalcogenides was
initially prepared by P. L. Arnold from 1a-THF and X-ray crystal structures for 1a;-u-O and

1az-pu-S, were determined.>!
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)

Figure 26. Structural drawing of complex la;-u-Se with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): UN (avg.), 2.235(27); U-Se, 2.7560(7).
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Figure 27. '"H NMR (300 MHz, CeDs, 22°C) spectrum of (COT)U(N[z-Bu]Ar),.

Figure 28. The 6 bonds in (COT)U(NH,),: SOMO-2 (left) and SOMO-3 (right). Orbitals are
from a PW91 calculation and the o component is represented here.

Cyclooctatetraene is an interesting choice for a reaction with 1b;-p-toluene since the &-
symmetry orbitals are now occupied (Scheme 4). Reaction of 1b,-p-toluene with 2 equiv of
1,3,5,7-cyclooctatetraene leads to a single product (95% yield), presumably (COT)U(N[¢-
Bu]Ar); based on its '"H NMR spectrum (Figure 27) and elemental analysis. The protons
belonging to the COT ring are equivalent and give rise to a single peak in '"H NMR spectrum at
ca. -35 ppm. This chemical shift compares well to the corresponding one for K(COT)U(NC[¢-
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Bu]Mes)s. Although it was not possible to characterize the compound by X-ray crystallography,
a DFT calculation on the model (COT)U(NH,), indicates that there is good overlap between the f
orbitals of 6 symmetry and the HOMOs of COT (Figure 28). The two unpaired electrons reside

in uranium f orbitals and the double occupied orbitals following these SOMOs are the & bonds.

1.3. Conclusions

The fascinating compound 1b,-pi-toluene has been studied extensively using a variety of
methods and its properties compared to the properties of a series of mononuclear uranium amide
complexes. While the mononuclear compounds display expected electronic and magnetic
properties for uranium complexes, 1bz-p-toluene shows complicated properties by contrast.
Optical and magnetic characteristics of 1b;-p-toluene are difficult to relate to reported examples
of classical uranium organometallic complexes. This difficulty arises from the peculiarities of the
electronic structure of the arene-bridged diuranium core. XANES spectroscopy, X-ray
crystallography, and DFT calculation results corroborate the bonding interpretation: the unpaired
electrons reside in mainly f orbitals (some optical and magnetic features could be identified as
due to these electrons) and between the uranium centers and toluene there is a pair of § bonds
formed by filled uranium f orbitals and LUMOs of toluene. An effective electronic charge
comparable to that encountered in classical uranium (III) compounds is consistent with the
covalent bond between uranium and toluene and reflected in the metrical parameters from the X-

ray crystal structure of 2b,-p-toluene.

Reactivity studies demonstrate that the powerful reductant U(Il) can be accessed from 1by-p-
toluene in the presence of adequate substrates. Reactions with azobenzene and diphenyl
disulfide lead to bridged dinuclear uranium fetrakis-amide complexes. Rather surprisingly,
bridged dinuclear uranium hexakis-amide complexes are formed in the presence of chalcogens.

This ligand disproportionation reaction and the fact that one ligand is lost during the reduction of
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the tris-amidouranium iodide complexes prompted the investigation of a more generally
applicable set of ligands (see Chapter 2). Mononuclear uranium compounds can be formed from
reactions of 1b,-u-toluene with certain substrates as shown for 1,3,5,7-cyclooctatetraene and

will be presented for 2,2’-bipyridyl (see Chapter 3).

1.4. Experimental

1.4.1. General considerations

Unless stated otherwise, all operations were performed in a Vacuum Atmospheres drybox under
an atmosphere of purified nitrogen or using Schlenk techniques under an argon atmosphere.
Anhydrous diethyl “ether was purchased from Mallinckrodt; pentane, n-hexane and
tetrahydrofuran were purchased from EM Science. Diethyl ether, toluene, benzene, pentane and
n-hexane were dried and deoxygenated by the method of Grubbs.”®> THF was distilled under
nitrogen from purple sodium benzophenone ketyl. Distilled solvents were transferred under
vacuum into bombs before being pumped into a Vacuum Atmospheres dry box. (MesSi),O was
degassed and dried over 4 A sieves. CsDs, toluene-dg and octane-d;5 were purchased from.
Cambridge Isotopes and were degassed and dried over 4 A sieves. 4 A sieves, alumina and Celite
were dried in vacuo overnight at a temperature just above 200 °C. UIg(THF)4,]0 TU(N[#-Bu]Ar)3
(1a-I),® LiN['Ad]Ar,"" KCs,** PhNNPh-dy0,%* and p-MePhNNPh*S were prepared acoording to
literature methods. Other chemicals were used as received. 'H and *H NMR spectra were
recorded on Varian XI1.-300 or Varian INOVA-501 spectrometers at room temperature unless
otherwise specified. Chemical shifts are reported with respect to C¢Dg (7.16 ppm) as an internal
or external standard. UV-vis spectra were recorded on a HP spectrophotometer from 200 to 1100
nm using matched 1 cm quartz cells. Spectra were recorded on 5 different samples and errors

determined. NIR spectra were recorded on an Aviv 14DS spectrophotometer from 800 to 1500
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nm using matched 1 cm quartz cells; all spectra were obtained using a solvent reference blank.*
Numerical modeling of all data was done using the program Origin 6.0. CHN analyses were

performed by H. Kolbe Mikroanalytisches Laboratorium (Miilheim an der Ruhr, Germany).

1.4.2.1. Synthesis of compound (i-toluene)U,(N [¢-Bu]Ar), 1b,-p-toluene

Method A. 1a-I (0.554 g, 0.620 mmol) was dissolved in 60 mL of toluene. Separately, a slurry
of KCs (0.251 g, 1.86 mmol, 3 equiv) in 40 mL of toluene was prepared and both solutions were
cooled to near freezing. The thawing KCjg slurry was added slowly over 5 min to the thawing
solution of 1a-I. The reaction mixture was stirred for 40 min after which was filtered through
Celite and washed with pentane (25 mL). The volatiles were removed under reduced pressure,
the product extracted with pentane (100 mL) and the extract filtered through Celite. The
operations in the last statement were repeated twice (three extractions with pentane total), the
new extract was concentrated to about 15 mL and cooled to -35 °C. After 2-3 days, compound

1b,-p-toluene was obtained in 38% yield (0.150 g, 0.118 mmol) as dark-brown crystals.

Method B. A mixture of Uly(THF), (0.620 g: 0.684 mmol), Li(OEt,)(N[z-Bu]Ar) (0.351 g, 1.366
mmol, 2 equiv), and KCs (0.277 g, 2.051 mmol, 3 equiv) was cooled to -100 °C for 30 min.
Thawing toluene (125 mL) was added to the stirring mixture and the reaction allowed to go for
135 min. The slurry was filteréd through Celite and washed with 25 mL of pentane. The volatiles
were removed under reduced pressure, the product extracted with pentane (100 mL), and the
extract filtered through Celite. The operations in the last statement were repeated twice (three
extractions with pentane total), the new extract was concentrated to about 15 mL and cooled to -

35 °C. Compound 1b,-u-toluene was obtained after 2-3 days in 32% yield (0.140 g, 0.110

mmol).

" The NIR spectra were obtained in the laboratories of Prof. Daniel G. Nocera with the help of Aetna Wun.
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Note: Attempts to scale up the above précedures for the synthesis of 1b,-u-toluene were not
successful.

'"H NMR (300 MHz, C4Ds, 22°C): & = 18.68 (s, 3H, CHj-toluene); 6.68 (s, 36H, t-Bu); -1.22 (s,
4H, p-Ar); -6.64 (s, 24H, Me-Ar); -15.54 (s, 8H, 0-Ar); -65.86 (s, 1H, p-toluene); -82.98 (s, 2H,
m-toluene); -88.39 (s, 2H, o-toluene).

UV-vis-NIR (toluene, 22 °C): Amax (nm, € x 102 M, cm™) = 288 (240.2 + 21.9); 300 (190.6 =
18.9); 496 (21.2 £ 2.1); 962 (3.4); 1010 (3.3); 1142 (5.8); 1195 (3.3); 1230 (1.8); 1363 (2.4);
1380 (3.0); 1407 (2.5); 1438 (2.0); 1480 (1.5).

Anal. caled. for CssHgyN4Us,: C, 51.88; H, 6.33; N, 4.40. Found: C, 51.74; H, 6.22: N, 4.41.

1.4.2.2. Thermal stability of 1b,-pi-toluene

In one experiment, variable temperature 'H NMR studies in octane-dig showed that 1b,-p-
toluene is stable up to 110 °C. The spectra were acquired from 20 °C to 110 °C at 10 °C
intervals, and after reaching 110 °C, another spectrum was obtained on the same sample back to
20 °C. In another experiment, 40 mg of 1b,-p-toluene in 20 mL of heptane was heated at 80 °C
for 24 h. '"H NMR spectrum of a sample taken from that solution indicated that the compound did

not decompose.

1.4.2.3. Synthesis of compound 1b,-|i-toluene-dg

The procedure is similar to that reported for 1b,-p-toluene, except for using toluene-ds instead of
toluene.

'H NMR (300 MHz, CeDs, 22 °C): & = 6.68 (s, 36H, t-Bu); -1.22 (s, 4H, p-Ar); -6.64 (s, 24H,
Me-Ar); -15.54 (s, 8H, o-Ar). ’H NMR (76 MHz, pentane, 22 °C): 6 = 18.68 (s, 3D, CD;-
toluene); -65.08 (s, 1D, p-toluene); -83.63 (s, 2D, m-toluene); -88.81 (s, 2D, o-toluene).
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1.4.2.4. Synthesis of compound 1b,-p~-CDsg

Two solutions of 1a-I (0.100 g, 0.089 mmol) in 8 mL and KCy (0.045 g, 0.333 mmol, 3 equiv) in
4 mL of C¢Dg, respectively, were frozen. To the thawing 1a-I solution was added dropwise the
thawing KCg slurry. The reaction mixture was stirred for 15 min after which it was filtered
through Celite and volatiles removed under reduced pressure. After extraction with pentane the
solution (20 mL) was concentrated to 3 mL and cooled to -35 °C. The crystals (0.015 g, 0.012
mmol, 13% yield) obtained were used to prepare the NMR sample. ‘

'H NMR (300 MHz, C¢Ds, 22 °C): & = 6.68 (s, 36H, t-Bu); -1.75 (s, 4H, p-Ar); -7.17 (s, 24H,
Me-Ar); -16.70 (s, 8H, 0-Ar). H NMR (76 MHz, pentane, 22 °C): § = -81.50 (s, U-CsDs).

1.4.2.5. Synthesis of compound 2a-I

A slurry of UIy(THF)4 (2.291 g, 2.52 mmol) in 50 mL of toluene and a slurry of 1.780 g
LiN['Ad]Ar (6.82 mmol, 2.7 equiv) in 30 mL of toluene were cooled to near freezing. The
thawing LiN ['Ad]Ar slurry was added with a pipette to the UIy(THF), slurry, after which the
removal of volatiles under reduced pressure was initiated. After 12 h, 20 mL of heptane was
added, the mixture stirred for 2-3 h, and then dried for another 12 h. The desired product was
extracted in n-hexane, filtered through Celite, then the solvent removed and 30 mL of
hexamethyldisiloxane were used to preciiaitatc 1.440 g (1.28 mmol, 51% yield) of the desired
product. The hexamethyldisiloxane filtrate was concentrated to 10 mL, cooled to -35 °C for 2-3
days and a second crop of 0.3 g (0.266 mmol, 61% total yield) was obtained.

'H NMR (300 MHz, CsDs, 22 °C): 8 = 10.70 (s, 2H, 0-Ar); 9.13 (s, 6H, Ad distal CH,); 6.13 (s,
3H, Ad CH); 4.54 (app doublets, 6H, Ad proximal CH,); 0.50 (s, 1H, p-Ar); -3.74 (s, 6H, Me-
Ar).

UV-vis (CeHs, 22 °C) and NIR (toluene, 22 °C): Amax (nm, € x 102 M, cm™) = 290 (135.2 +
9.4); 412 (28.2 £ 0.8); 704 (1.10 + 0.01); 897 (0.3); 943 (0.3); 1045 (0.6); 1121 (0.6); 1379 (0.3).
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Anal. calcd. for Cs4H7,N3IU: C, 57.49; H, 6.43; N, 3.72. Found: C, 57.44; H, 6.51; N, 3.65.

1.4.2.6. Synthesis of compound 2b,-pi-toluene

Solutions of 2a-I (0.100 g, 0.089 mmol) in 8 mL and of KCq (0.045 g, 0.333 mmol, 3 equiv) in 4
mL of toluene, respectively, were cooled to near freezing. The thawing KCy slurry was added to
the thawing 2a-I solution and the reaction was allowed to proceed for 10 min after which the
mixture was filtered through Celite and volatiles removed under vacuum. A pentane extract (20
mL) was filtered through Celite, then concentrated to 3 mL and cooled to -35 °C. The product
was isolated as dark-brown crystals (0.020 g, 0.012 mmol, 28% yield).

'H NMR (300 MHz, CsDg, 22 °C): § = 19.90 (s, 3H, CHj-toluene); 6.76 (s, 24H, Ad distal CH,);
4.40 (s, 12H, Ad CH); 3.15 (app doublets, 24H, Ad proximal CH,); -1.96 (s, 4H, p-Ar); -7.20 (s,
24H, Me-Ar); -15.90 (s, 8H, 0-Ar); -61.04 (s, 1H, p-toluene); -84.94 (s, 2H, m-toluene); -92.20
" (s, 2H, o-toluene).

Anal. caled. for Co9H;04N4Uy: C, 59.83; H, 6.61; N, 3.53. Found: C, 60.07; H, 6.76; N, 3.64.

1.4.2.7. Synthesis of compound 2a-THF

A 100 mL round bottom flask was éharged with UL;(THF), (0.526 g, 0.56 mmol), KN [IAd]Ar
(0.510 g, 1.74 mmol, 3 equiv), and a stirring bar, then placed in the cold well. Thawing THF (50
mL) was added to the solid mixture as quickly as possible and the reaction mixture stirred for 45
min. Filtration of the reaction mixture through Celite afforded a solution from which the solvent
was removed. The solid obtained was collected on a frit, and washed with small portions of
diethyl ether (2 x 15 mL). The solid obtained on the frit was dried, redissolved in diethyl ether,

the solution concentrated in placed in a freezer at —35 °C, After several days, the solution was
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decanted and the black microcrystalline solid (2a-THF, 0.304 g, 0.29 mmol, 51% yield) dried
under reduced pressure.

'H NMR (300 MHz, CsDg, 22 °C): 8 = 37.55 (s, 4H, THF-CH,); 0.65 (bs, 9H, o- and p-Ar); 0.23
(s, 9H, Ad-CH); 0.13 (d, 18H, Ad-CH>); -0.13 (d, 18H, Ad-CH,); -6.64 (s, 18H, Ar-Me); -15.80
(s, 4H, THF-CH,).

UV-vis-NIR (THF, 22 °C): Amax (nm, € x 102 M, cm™) = 296 (95.0 = 4.0); 540 (10.1  0.1);
597 (sh, 9.4 +0.2); 695 (7.8 +0.1); 807 (5.0 £ 0.1); 956 (2.7 £ 0.1); 1053 (1.5); 1084 (1.6); 1217
(1.0); 1270 (0.8).

Anal. calcd. for CssHgsN;OU: C, 64.72; H, 7.77; N, 3.90. Found: C, 64.79; H, 7.93; N, 3.72.

1.4.2.8. Synthesis of Me3SiNU(N[1Ad]Ar)3 (2a-NSiMe3)

a) From 2a-THF. Solutions in THF of 2a-THF (1.169 g, 1.14 mmol, 80 mL) and Me3SiNj;
(0.144 g, 1.25 mmol, 1.1 equiv, 20 mL) were frozen. To the thawing solution of 2a-THF
was added dropwise the solution of Me;SiN3, the reaction mixture allowed to warm to
room temperature and stirred for 1 h. After the reaction was finished, the solvent was
removed under reduced pressure, the obtained solid was dissolved in pentane, the new
solution was concentrated and stored at —35 °C for several days. 2a-NSiMe; was obtained
as a black, crystalline solid in two crops amounting to 0.586 g (0.56 mmol, 49% yield).

b) From UI;(THF), di.rectly. UL(THF); (1.193 g, 1.31 mmol) and KN['Ad]Ar (1.156 g,
3.94 mmol, 3 equiv) were mixed as solids in a 250 mL round bottom flask and placed in
the cold well. To the stirring mixture was added thawing THF (100 mL). The reaction
mixture was let to warm to room temperature and stirred for a total of 35 min after which
it was filtered through Celite, and the resulted solution frozen again. To this thawing
solution it was added dropwise a thawing solution of Me3SiNj; (0.136 g, 1.18 mmol, 0.9
equiv) in THF (20 mL). After the addition was finished, the removal of solvent was

started immediately. The obtained solid was extracted with pentane, and the solution
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filtered through Celite. The solvent was removed and the last two operations repeated.
The new solution was concentrated to ca. 20 mL and placed in a —35 °C freezer. 2a-
NSiMe; was obtained as a black, crystalline solid in two crops amounting to 0.521 g
(0.50 mmol, 38% yield).
'H NMR (300 MHz, CeDg, 22 °C): & = 11.95 (bs, 2H, o0-Ar); 8.28 (s, 3H, Si-CH;); 6.24 (s, 1H,
p-Ar); 2.03 (s, 6H, Ar-Me); 1.09 (s, 3H, Ad-CH); -0.06 (d of d, 6H, Ad-CH>); -5.59 (bs, 6H, Ad-
CH,).
UV-vis-NIR (toluene, 22 °C): Amax (nm, € x 102 M, cm™) = 284 (124.9 + 2.6); 400 (49.8 + 4.8):
592 (16.5 £ 1.4); 1018 (0.6); 1160 (0.5); 1325 (0.6).
Anal. calcd. for Cs7Hg;N4SiU: C, 62.90; H, 7.50; N, 5.15. Found: C, 62.80; H, 7.52: N, 5.11.

1.4.2.9. Synthesis of Li(OEt,)Me;SiNU(N['Ad]Ar),

Small cubes of lithium (2-3) were washed with hexanes and transferred to a round bottom flask
under argon charged with a magnetic stirring bar. To this flask was transferred via canula a THF
solution (25 mL) of 2a-NSiMe; (0.699 g, 0.67 mmol) prepared in the glove box. The reaction
mixture was stirred for 2 h at room temperature after which the solvent was removed under
reduced pressure. The flask was taken into the box, the solid obtained was extracted with pentane
and the new solution filtered through Celite. After the solvent was removed from the filtrate, the
extraction with pentane and the filtration were repeated and the new solution was concentrated
and placed in a -35 °C freezer. Li(OEt;)Me;SiNU (N['Ad]Ar); was obtained as orange crystals in
two crops amounting to 0.502 g (0.43 mmol, 64% yield).

'H NMR (300 MHz, CsDs, 22 °C): & = 11.49 (bs, 6H, Et;0-CHj); 10.61 (bs, 6H, o0-Ar); 9.12 (s,
9H, Si-CHs); 8.10 (s, 3H, o0-Ar); 7.13 (d, 4H, Et;0-CH); 2.06 (s, 18H, Ar-Me); -1.99 (d of d,
18H, Ad-CH3>); -3.34 (s, 9H, Ad-CH); -15.16 (bs, 18H, Ad-CH,).

Anal. caled. for Cs;HoiN4SiOLiU: C, 62.59; H, 7.78; N, 4.79. Found: C, 62.60; H, 8.35; N,
4.71.
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1.4.2.10. Synthesis of KMe;SiNU(N [lAd]Ar);;

A thawing slurry of KCs (0.188 g, 1.39 mmol, 2.8 equiv) in THF (15 mL) was added dropwise to
a thawing THF solution (20 mL) of 2a-NSiMe; (0.518 g, 0.50 mmol). The reaction mixture was
allowed to reach room temperature and stirred for 1.5 h, after which the solvent was removed
under reduced pressure. The solid obtained was extracted with diethyl ether and the new solution
filtered through Celite. After the solvent was removed from the filtrate, the extraction with
diethyl ether and the filtration were repeated and the new solution was concentrated and placed
in a -35 °C freezer. KMCjSiNU(N[lAd]AI')3 was obtained as dark orange crystals in one crop
amounting to 0.415 g (0.38 mmol, 77% yield).

'H NMR (300 MHz, C¢Ds, 22 °C): 6 =20.67 (s, 3H, Si-CH;); 4.75 (s, 1H, p-Ar); 1.99 (s, 3H,
- Ad-CH); 0.82 (d of d, 6H, Ad-CH,); 0.09 (s, 6H, Ar-Me); -1.05 (bs, 2H, o0-Ar); -2.58 (bs, 6H,
Ad-CH,).

1.4.11. Arene exchange experiments

Compound 1b;-[t-toluene was dissolved in CgDg, the solution transferred to an NMR tube, the
NMR tube sealed, and then placed in a heated oil bath. After 24 h at 90 °C, analysis of the 'H
NMR spectrum indicated 3% exchange based on the integration of the peaks at ca. ~7 ppm (Me-
Ar). Integration of the same peak indicated 14% exchange afte; additional 24 h at 100 °C and
18% exchange after another 48 h. A similar experiment conducted with compound 1b,-pu-CeHg
dissolved in toluene-ds showed 6% exchange after 48 h at 100 °C and 11% exchange based on
integration of the r-Bu peaks (ca. 7ppm) after a total of 96 h. For the exchange experiment with
p-xylene, 1b,-p-toluene was dissolved in p-Xylene, the solution transferred to a tube, the tube
sealed, and heated in an oil bath at 90 °C. After 24 h, the tube was taken into the box, broken,
and its content transferred to a vial. Volatiles were removed. Analysis of the compound’s 'H

NMR spectrum (C¢Dg, 300 MHz, 22 °C) indicated no transformation of 1b,-pi-toluene.
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1.4.2.12. UV-vis (C¢Hg, 22 °C) and NIR (toluene, 22 °C) of 1a-I

Amax (nm, € x 102 M, cm™) = 284 (131.9 + 4.7); 400 (41.9 £ 1.2); 706 (2.2 £ 0.1); 895 (0.7);
943 (0.6); 1036 (0.9); 1128 (0.8); 1210 (0.4); 1372 (0.4).

1.4.2.13. Reaction of compound 1b;-ji-toluene with PhSSPh

1b;-pi-toluene (0.150 g, 0.117 mmol) and PhSSPh (0.051 g, 0.234 mmol, 2 equiv) were mixed
and cooled to -100 °C. Thawing pentane (10 mL) was added to the stirring mixture of solids.
After 30 min, volatiles were removed under vacuum, the product mixture washed with 3 mL of
pentane and the remaining solid dissolved in diethyl ether (25 mL). After filtration through
Celite and concentration to 10 mL, 0.140 g (0.09 mmol) of the desired product, 1b,- -(u-
SPh),(SPh),, (74% yield) was obtained as yellow crystals from cooling the above solution
layered with pentane to -35 °C (several crops over a period of ca. 1 month).

Anal. caled. for C7;HgoN4S,Uy: C, 53.45; H, 5.73; N, 3.46. Found: C, 52.40; H, 5.30; N, 3.44.

1.4.2.14. Toepler pump experiment”

1b,-p-toluene (0.150 g, 0.117 mmol) and PhSSPh (0.051 g, 0.234 mmol) were mixed in a
Schlenk flask and the pressure inside the flask was reduced to 107 mmHg. 10 mL of pentane was
degassed by repeating the freezing-evacuating-thawing cycle on a HiVac line (until the pressure
was 107 mmHg) 5 times. The pentane was vacuum transferred to the frozen mixture of the solids
until the pressure returned to 107 mmHg. After the pentane was added to the solids, the reaction
mixture was allowed to reach room temperature and the reaction to proceed for 35 min. After

that time, the reaction mixture was frozen, the Toepler pump was verified to not indicate any

" This experiment was carried out in the laboratories of Prof. Daniel G. Nocera with the help of Alan F. Heyduk.
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residual gas and then the connections between the reaction flask and the pump were opened. For

1.5 h the pump did not indicate any gas collection.

1.4.2.15.a. Reaction of compound 1bz-p-toluene with PhNNPh

1b,-pi-toluene (0.144 g, 0.113 mmol) in 15 mL of n-hexane and PhNNPh (0.0206 g, 0.113
mmol) in 5 mL of n-hexane were frozen. The thawing PhANNPh solution was added to the
thawing solution of 1b,-pi-toluene dropwise. The reaction mixture was s‘tirred for 15 min, and
then volatiles were removed under vacuum. The remaining brown solid was washed with 2 mL
of pentane and then dissolved in diethyl ether (15 mL). The diethyl ether solution was filtered
through Celite and then concentrated to 5 mL. Dark-red crystals of 1b,-(u-NPh), (0.1035 g,
0.076 mmol, 67% yield) were obtained from the diethyl ether solution layered with pentane at -
35 °C (several crops over a period of ca. | month).

'H NMR (300 MHz, CeDg, 22 °C): & = 10.48 (s, 18H, #-Bu); 1.53 (s, 2H, p-Ar); -4.92 (s, 12H,
Me-Ar); -5.06 (s, 4H, 0-Ar); -6.75 (t, 1H, p-NPh); -8.10 (s, 2H, m-NPh); -43.07 (s, 2H, o-NPh).
Anal. calcd. for CsoHg,NgU,: C, 52.86; H, 6.06; N, 6.16. Found: C, 52.82; H, 6.18; N, 5.28.

1.4.2.15.b. Synthesis of 1b,-(u-NPh),-d1,

Similar synthesis as for the non-deuterated compound 1b,-(u-NPh),, using PANNPh-d,, instead
of PANNPh, |

'H NMR (300 MHz, CDs, 22 °C): 6 = 10.43 (s, 18H, t-Bu); 1.63 (s, 2H, ﬁ-Ar); -4.78 (s, 12H,
Me-Ar); -4.87 (s, 4H, o0-Ar). ?H NMR (76 MHz, pentane, 22 °C): -6.20, -6.71 (d, 1H, p-NPh); -
7.86 (s, 2H, m-NPh); -43.06 (s, 2H, 0-NPh). |
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1.4.2.15.c. Reaction of compound 1b;-|i-toluene with p-MePhNNPh

Similar synthesis to that for compound 1b,-(u-NPh),, using p-MePhNNPh instead of PANNPh.
'H NMR (500 MHz, C¢Dg, 22 °C): & = 9.99 (s, 36H, t-Bu); 1.82 (s, 4H, p-Ar); -4.42 (s, 3H, p-.
Me-NPh); -4.71 (s, 24H, Me-Ar); -5.83 (s, 8H, 0-Ar); -6.31 (t, 1H, p-NPh); -7.82 (s, 2H, m-NPh);
-1.97 (s, 2H, m-NPh); -43.32 (s, 2H, 0-NPh); -43.46 (s, 2H, o-NPh).

1.4.2.16. Experiment to evidence the toluene-d; eliminated in the reaction of 1b,-Li-toluene-
dg with PhANNPh

Before proceeding with the reaction, stock solutions of 0.0173 M octane-d;g in
hexamethyldisiloxane (to be used as an internal standard) and of 0.0186 M PhNNPh in
hexamethyldisiloxane were made. A 20 mL scintillation vial was charged with 0.0085 g (0.0066
mmol) of 1b,-p-toluene-dg and a stirring bar and then frozen. A mixture of 0.357 mL of the
PhNNPh solution and 0.2 mL of the octane-d;g solution was frozen and while thawing was added
to the solid. The reaction went for 15 min and then the mixture was transferred to an NMR tube,
and the vial washed with 0.3 mL (3 x 0.1 mL) of hexamethyldisiloxane, which was added
subsequently to the NMR sample. The H NMR spectrum after integration indicated 68% yield
based on the CD; and 83% yield based on the C¢Ds deuterons of the free toluene-dy liberated in

the reaction.

1.4.2.17. Reaction of compound 1b-p-toluene with selenium

A solution of 1b,--toluene (0.075 g, 0.06 mmol) in 15 mL of n-hexane was added to a slurry of
selenium (0.028 g, 0.35 mmol, 6 equiv) in 5 mL of toluene. The reaction mixture was stirred for

4.5 h at room temperature and then filtered to remove excess selenium. The volatiles were
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removed and the brown solid obtained was dissolved in pentane (15 mL). The pentane solution
was filtered through Celite and then concentrated to 5 mL. Dark brown crystals of la,-p-Se
(0.029 g, 0.02 mmol, 46% calculated yield based on formation of uranium as a by-product) were
obtained from the pentane solution at -35 °C.

'"H NMR (300 MHz, C¢Ds, 22 °C): & = 11.82 (s, 9H, #-Bu); -0.37 (s, 1H, p-Ar); -2.35 (s, 2H, o-
Ar); -6.88 (s, 6H, Me-Ar). The elemental analysis of the compound has been accomplished by P.
L. Arnold.

1.4.2.18. Reaction of compound 1b,-i-toluene with 1,3,5,7-cyclooctatetraene

1b,-p-toluene (0.410 g, 0.32 mmol) in 15 mL of n-hexane and 1,3,5,7-cyclooctatetraene (0.0738
g, 071 mmol, 2.2 equiv) in 5 mL of n-hexane were frozen. The thawing 1,3,5,7-
cyclooctatetraene solution was added dropwise to the thawing solution of 1b,-p-toluene. The
reaction mixture was stirred for 30 min, and then volatiles were removed under vacuum. The
dark yellow solid obtained was dissolved in pentane (15 mL). The pentane solution was filtered
through Celite and then concentrated to 5 mL. Dark yellow crystals of 1b-COT (0.309 g, 0.44
mmol, 69% yield) were obtained from the pentane solution at -35 °C. An additional crop of
0.065 g (0.09 mmol, total yield of 84%) was obtained over a period of ca. 1 month.

'H NMR (300 MHz, CeDs, 22 °C): & = 3.96 (s, 9H, #-Bu); -3.04 (s, 1H, p-Ar); -7.06 (s, 2H, o-
Ar); -7.68 (s, 6H, Me-Ar); -34.72 (s, 4H, COT). Anal. calcd. for C3,HuuN,U: C, 55.33;‘ H, 6.34;
N, 4.03. Found: C, 55.15; H, 6.38; N, 4.03.
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1.4.3. X-ray crystal structures

1.4.3.1. General considerations

The X-ray data collections were carried out on a Siemens Platform three-circle goniometer with
a CCD detector using Mo-Ky, radiation (A = 0.71073 A). The data were processed utilizing the
program SAINT supplied by Siemens Industrial Automation, Inc. The structures were solved by
direct methods (SHELXTL v5.03, Sheldrick, G. M., and Siemens Industrial Automation, Inc.,
1995) in conjunction with standard difference Fourier techniques. Tables with atomic
coordinates and equivalent isotropic displacement parameters, with all the bond lengths and

angles, and with anisotropic displacement parameters are listed in Appendix 1.

1.4.3.2. X-ray crystal structure of 2a-THF

Inside the glove box, crystals of 2a-THF, obtained from a saturated diethyl ether solution at —35

°C were coated with Paratone N oil (an Exxon product) on a microscope slide. A black block of

approximate dimensions 0.58 x 0.20 x 0.08 mm3 was selected and mounted with wax on a glass
fiber. A total of 23522 reflections (-53 < h < 52,-12 <k <12, -17 €1 < 26) were collected at
201(2) K in the 8 range of 1.82 to 23.25 °, of which 8404 were unique (Riy; = 0.0646). The
structure was solved by direct methods (SHELXTL V5.10, G. M. Sheldrick and Siernéns
Industrial Automation, Inc., 1997) in conjunction with standard difference Fourier techniques.
All non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed in
calculated (dc.y = 0.96 A) positions. The unit cell contains 1.5 molecules of diethyl ether as
crystallization solvent. The residual peak and hole electron density were 0.685 and —1.184 e-A”?,
respectively and these values are in the normal range due to the large scattering effect of uranium
centers. A semi-empirical absorption correction was applied based on pseudo-psi-scans with

maximum and minimum transmission equal to 0.8067 and 0.2929, respectively. The least
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squares refinement converged normally with residuals of R, = 0.0490, wR> = 0.1003 based upon
I>20(I), and GOF = 1.221 (based on F°). An extinction coefficient of 0.00003(2) was applied to
the refinement.

Crystal and refinement data: formula Cs4HosN30, 5U, space group C2/c, a = 48.3194(7) A, b=
11.5899(2) A, ¢ = 24.0370(3) A, 0 = 90.0 °, B = 119.1480(10) °, y=90.0° V=11756.5(3) A*, Z
=8, p = 2.806 mm™, Dy = 1.338 g-cm”, F(000) = 4896, R, (based on F) = 0.0608, and wR,
(based on F?) = 0.1054.

1.4.3.3. X-ray crystal structure of 2a-I

Inside the glove box, crystals of 2a-I, obtained from a saturated pentane solution at —35 °C were

coated with Paratone N oil (an Exxon product) on a microscope slide. A yellow block of

approximate dimensions 0.38 x 0.23 x 0.10 mm3 was selected and mounted with wax on a glass
fiber. A total of 11449 reflections (-11<h<12,-8<k<13 -24<1< 25) were collected at
293(2) K in the 6 range of 1.81 to 23.26 °, of which 7771 were unique (Rin = 0.0325). The
~ structure was solved by direct methods (SHELXTL V5.10, G. M. Sheldrick and Siemens
Industrial Automation, Inc., 1997) in conjunction with standard difference Fourier techniques.
The unit cell contains one molecule of pentane as crystallization solvent. All non-hydrogen
atoms were refined anisotropically, except the solvent atoms that were refined only isotropically.
Hydrogen atoms were placed in calculated (dc.u=0.96 A) positions, except for the solvent atoms
for which no hydrogen atoms were added. The residual peak and hole electron density were
0.993 and -0.913 e-A7, respectively and these values are in the normal range due to the large
scattering effect of uranium centers. A semi-empirical absorption correction was applied based
on pseudo-psi-scans with maximum and minimum transmission equal to 0.5278 and 0.3764,
respectively. The least squares refinement converged normally with residuals of R; = 0.0345,
wR> = 0.0885 based upon I > 26(I), and GOF = 1.252 (based on F?). An extinction coefficient of
0.00140(17) was applied to the refinement.
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Crystal and refinement data: formula CsoH7,N5IU, space group P-1, a = 11.0165(2) A, b =
12.4826(3) A, ¢ = 22.6984(6) A, o = 79.2150(10) °, B = 7835 °, y = 64.9070(10) °, V =
2750.34(11) A%, Z =2, p = 3.550 mm’", Dye = 1435 g-em™, F(000) = 1184, R; (based on F) =
0.0378, and wR; (based on F2) = 0.0926.

1.4.3.4. X-ray crystal structure of 2a-NSiMe;

Inside the glove box, crystals of 2a-NSiMes, obtained from a saturated pentane solution at —35

°C were coated with Paratone N oil (an Exxon product) on a microscope slide. A dark brown

block of approximate dimensions 0.27 x 0.15 x 0.11 mm3 was selected and mounted with wax
on a glass fiber. A total of 12119 reflections (-11<h<10,-12<k<12,-25<1< 28) were
collected at 183(2) K in the 9 range of 2.41 to 23.28 °, of which 8389 were unique (Riy =
0.0375). The structure was solved using the Patterson method (SHELXTL V5.10, G. M.
Sheldrick and Siemens Industrial Automation, Inc., 1997) in conjunction with standard
difference Fourier techniques. The unit cell contains 1.5 molecules of pentane as crystallization
solvent. All non-hydrogen atoms were refined anisotropically. Two carbon atoms, C41 and C42,
belonging to the trimethylsilyl group, are slightly disordered, but no attempts have been made to
model this disorder. C6S, the carbon atom that sits on an inversion center, is disordered and the
~ disorder has been modeled to Y occupancy. Most hydrogen atoms were found in the electronic
: density map; the remaining ones were placed in calculated (dc.y = 0.96 A) positions, except for
C6S for which no hydrogen atoms were added. The residual peak and hole electron density were
1.021 and -0.624 e-A”, respectively and these values are in the normal range due to the large
' scattering effect of uranium centers. A semi-empirical absorption correction was applied based
on pseudo-psi-scans with maximum and minimum transmission equal to 0.7505 and 0.5220,
respectively. The least squares refinement converged normally with residuals of R, = 0.0328,
wR; = 0.0768 based upon I > 20(I), and GOF = 1.125 (based on F%). No extinction coefficient

was applied to the refinement.
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Crystal and refinement data: formula Ces 5sHggN4SiU, space group P-1, a = 10.7784(14) A, b=
11.3375(15) A, ¢ = 25.600(3) A, o = 82.255(2) °, B = 89.666(2) °, v = 75.380(2) °, V = 2998.1(7)
A, Z=2,1=2768 mm”, Deg = 1.324 g-cm™, F(000) = 1238, R, (based on F) = 0.0358, and
WR; (based on F2) = 0.0780. |

1.4.3.5. X-ray crystal structure of Li(OEt;)Me;SiNUN[*'Ad]JAr);

Inside the glove box, crystals of Li(OEt;)Me;SiNU(N['Ad]Ar);, obtained from a saturated

diethyl ether solution at —35 °C were coated with Paratone N oil (an Exxon product) on a

microscope slide. A light orange block of approximate dimensions 0.17 x 0.14 x 0.11 mm3 was
selected and mounted with wax on a glass fiber. A total of 22460 reflections (-24 <h <24, -12 <
k <14, -24 <1< 24) were collected at 183(2) K in the 0 range of 2.14 to 23.27 °, of which 8141
were unique (Rjy = 0.0391). The structure was solved using the Patterson method (SHELXTL
V5.10, G. M. Sheldrick and Siemens Industrial Automation, Inc., 1997) in conjunction with
standard difference Fourier techniques. All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were found in the electronic density map, except for H13C, H43A, H43B,
H43C, which were placed in calculated (dc.y = 0.96 A) positions. The residual peak and hole
electron density were 0.585 and -0.997 e-A, respectively and these values are in the normal
range due to the large scattering effect of uranium centers. A semi-empirical absorption
correction was applied based on pseudo-psi-scans with maximum and minimum transmission
equal to 0.7390 and 0.6361, respectively. The least squares refinement converged normally with
residuals of R; = 0.0339, wR, = 0.0591 based upon I > 20(I), and GOF = 1.112 (based on F2). No
extinction coefficient was applied to the refinement.

Crystal and refinement data: formula Ce1Ho1N4SiOLiU, space group P2(1)/c, a = 22.2766(14) A,
b=12.6684(8) A, c =22.4330(15) A, a = 90 °, B = 116.4060(10) °, y =90 °, V = 5670.3(6) A3, Z
=4, u=2926 mm'], Deyc = 1.370 g-cm'a, F(000) = 2408, R; (based on F) = 0.0448, and wR,
(based on F*) = 0.0618.
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1.4.3.6. X-ray crystal structure of 1b,-(u-SPh),(SPh),

Crystals of 1b,-(u-SPh),(SPh); grown from a concentrated diethyl ether solution layered with
pentane at -35 °C were quickly moved from a scintillation vial to a microscope slide containing

Paratone N (an Exxon product) oil. A yellow plate of approximate dimensions 0.30 x 0.08 x 0.02

mm3 was selected and mounted with wax on a glass fiber. A total of 11316 reflections (-17 <h <
15, -13 £k < 11, -21 <1 £ 21) were collected at 183(2) K in the 6 range of 1.35 to 21.25 °, of
which 3864 were unique (R, = 0.1463). The structure was solved by direct methods (SHELXTL
V5.10, G. M. Sheldrick and Siemens Industrial Automation, Inc., 1997) in conjunction with
standard difference Fourier techniques. All non-hydrogen atoms were refined anisotropically
with the exception of C15 and hydrogen atoms were placed in calculated (dew = 0.96 A)
positions. The residual peak and hole electron density were 4.012 and -2.122 e-A3, respectively
and these values are in the normal range due to the large scattering effect of uranium centers. A
semi-empirical absorption correction was applied based on pseudo-psi-scans with maximum and
minimum transmission equal to 1.0000 and 0.5818, respectively. The least squares refinement
converged normally with residuals of R; = 0.0930, wR; = 0.2212 based upon I > 25(I), and GOF
= 1.285 (based on FZ). No extinction coefficient was applied to the refinement.

Crystal and refinement data: formula C36Ha6N2S,U, space group P2(1)/c, a = 15.2217(3) A,' b=
12.2381(2) A, ¢ = 18.8867(3) A, 0.= 90 °, B = 98.5570(10) °, y =90 °, V' = 3479.14(19) A3, Z = 4,
W= 2.926 mm™', Deae = 1.544 g-cm™, F(000) = 1600, R, (based on F) =0. 1309, and wR, (based
on F%) = 0.2539.

1.4.3.7. X;ray crystal structure of 1b,-(u-NPh),

Crystals of 1b,-(u-NPh), grown from a concentrated diethyl ether solution layered with pentane
at -35 °C were quickly moved from a scintillation vial to a microscope slide containing Paratone

N (an Exxon product) oil. A red plate was selected and mounted with wax on a glass fiber. A
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total of 11573 reflections (-13 <h <13, -15<k <13, -18 <1< 17) were collected at 183(2) K in
the 0 range of 1.91 to 23.27 °, of which 4119 were unique (Ri,; = 0.0664). The structure was
solved by direct methods (SHELXTL V5.10, G. M. Sheldrick and Siemens Industrial
Automation, Inc., 1997) in conjunction with standard difference Fourier techniques. All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were placed in calculated (dc.y
= 0.96 A) positions. The residual peak and hole electron density were 0.618 and -1.288 e-A*,
respectively and these values are in the normal range due to the large scattering effect of uranium
centers. A semi-empirical absorption correction was applied based on pseudo-psi-scans with
maximum and minimum transmission equal to 0.8500 and 0.2753, respectively. The least
squares refinement converged normally with residuals of R; = 0.0398, WR; = 0.0854 based upon
I > 20(I), and GOF = 1.307 (based on F?). No extinction coefficient was applied to the
refinement. .

Crystal and refinement data: formula C3oH41N3U, space group P2(1)/n, a = 12.56740(10) A b=
14.1378(2) A, ¢ = 16.3176(3) A, 0. = 90 °, B = 97.2990(10) °, y = 90°°, V = 2875.74(7) A3, Z = 4,
B =15.665 mm", Dee = 1.575 g-cm”, F(000) = 1336, R, (based on F)=0.0479, and wR; (based
on F%) = 0.0931.

1.4.3.8. X-ray crystal structure of 1a,-|i-Se

Crystals of 1a,-li-Se grown from a concentrated diethyl ether solution at -35 °C were quickly
moved from a scintillation vial to a microscope slide containing Paratone N (an Exxon product)
oil. An orange plate of approximate dimensions 0.55 x 0.14 x 0.09 mm> was selected and
niounted with wax on a glass fiber. A total of 8411 reflections (-12 <h<11,-15<k < 14, -17 <]
< 16) were collected at 183(2) K in the 6 range of 2.64 to 23.29 °, of which 5893 were unique
(Rint = 0.1534). The structure was solved by direct methods (SHELXTL V5.10, G. M. Sheldrick
ahd Siemens Industrial Automation, Inc., 1997) in conjunction with standard difference Fourier

techniques. All non-hydrogen atoms were refined anisotropically and hydrogen atoms were
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placed in calculated (dc.ys = 0.96 A) positions. The residual peak and hole electron density were
6.025 and -5.338 e-A”, respectively and these values are in the normal range due to the large
scattering effect of uranium centers. A semi-empirical absorption correction was applied based
on pseudo-psi-scans with maximum and minimum transmission equal to 1.0000 and 0.3461,
respectively. The least squares refinement converged normally with residuals of R, = 0.1095,
wR; = 0.3009 based upon I > 2¢(I), and GOF = 1.050 (based on FZ). No extinction coefficient
was applied to the refinement.

Crystal and refinement data: formula CisHssN3SeqsU, space group P-1, a = 11.679(2) A, b=
13.5792) A, ¢ =15.432(3) A, 0. = 100.675(3) °, B = 107.691(3) °, y = 108.680(3) °, V = 2097.8(6)
A’,Z=2,1=4325mm", Deac = 1.277 g-cm™®, F(000) = 800, R, (based on F) = 0.1179, and wR,
(based on F*) = 0.3218.

1.4.4. XANES measurements

Everything, except for the Teflon tape and the uranium samples, was baked out at 110 °C for
several days. In an Ar-filled glove box, approximately 10 mg of uranium complex was powdered
and mixed with dry boron nitride. The samples were packaged in aluminum holders with kapton
tape. The samples were sealed with Teflon tape inside the dry box. The samples showed no signs
of decomposition either before or immediately after the XANES experiment. After several hours

in the air, the sampleé began to discolor around the edges.

X-ray absorption spectra were acquired at the Stanford Synchrotron Radiation Laboratory
(SSRL) at beamline 11-2 or 4-1 using a Si(220) double crystal monochromator detuned 50% to
reduce the higher order harmonic content of the beam. X-ray absorption spectra were obtained in
the transmission mode at room temperature using argon filled ionization chambers. The data
analysis was performed by standard procedures using the EXAFSPAK suite of programs
developed by G. George of SSRL. The background was removed by fitting a polynomial to the
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pre-edge data. Edge shifts are determined from the half-height of the U L; absorption edge at
17166 eV and are referenced to the half-height of a 0.1 M solution of UO,Cl, in hydrochloric

acid.

1.4.5. Susceptibility measurements

Measurements for the same compound were carried out on batches obtained independently.
Samples used were multiply times recrystallized. Magnetic susceptibility measurements were
recorded using a SQUID magnetometer at 5000 G. The samples were prepared in the glove box
(50 — 100 mg) loaded in a gelatin capsule that was positioned inside a plastic straw and carried to
the magnetometer in a tube under N,. The sample was quickly inserted into the instrument,
centered and data obtained from 5 to 300 K. The contribution from the sample holders was not
accounted for. The diamagnetic contributions were calculated using Pascal constants and
subtracted from Xmo. Effective magnetic moments were calculated either by linear regression

from plots of 1/{me versus T (K) for Curie-Weiss behavior or by using the formula

2.828*\/(T* Xmol) for non-Curie-Weiss behavior.

1.4.6. Computational details

The Amsterdam Density Functional package (version ADF20012.0])31 was used to do a full
geometry optimization on Cartesian coordinates of the model compounds specified in the text.
Full electronic configuration was used for all atoms, except for uranium and silicon for which the
frozen core approach was used. Basis set TZ2P ZORA(V) was used as implemented in the ADF
suite. The local density approximation (LDA) by Vosko, Wilk and Nusair (VWN) was used
together with the exchange and correlation corrections specified in each input file. The

calculations were carried out with relativistic corrections,*® using the spin-unrestricted
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formalism,” with the number of spin-a electrons in excess of spin-B electrons specified in the

input files. Input files are given in Appendix 2.
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Arene Bridged Diuranium Complexes Supported by a Ketimide

Ligand: Even and Odd Electron Redox Pairs

2.1. Introduction

The diuranium complex (W-C7Hg)Us(N[‘Bu]Ar)s (lbz-u-toluene),] described in Chapter 1,
exhibits a two-legged piano stool coordination environment at uranium, one N-fert-butyl anilide
ligand having been stripped from each uranium center during conversion from the uranium #ris-
amide precursor, IU(N[‘Bu]Ar);;.2 Since the synthesis involved treatment with excess KC33 in the
neat arene solvent, it is presumed that the stripped ligand was lost as its potassium salt. The
ketimide ligand (NC['Bu]Mes, Mes = 2,4,6-CsH,Mes) employed in the present study allows for
retention of three supporting ligands per uranium, giving rise to a three-legged piano stool
geometry, and it also allows for incorporation of potassium ions as tight ion pairs. A further
advantage accorded by the implementation of ketimide ligands* is the ability to use
dimethoxyethane (DME) as a solvent and stoichiometric amounts of an arene ligand such as

toluene, naphthalene, biphenyl, or trans-stilbene, in the present study.

An ancillary ligand capable of supporting a broad range of arene-bridged compounds was
targeted in order to facilitate structural and spectroscopic comparisons as a function of the
bridging arene ligand. In comparing ketimide and amide ligands, two differences are important.
First, the ketimide ligand has the steric bulk moved one atom further from the coordination
center and secondly, the nitrogen donor of the ketimide ligands can function as a 7 donor as well
as a T acceptor. This chapter reports on the chemistry of a uranium #ris-ketimide fragment that

permitted the isolation of unique arene bridged diuranium complexes.

References begin on page 155



Chapter 2 79

2.2. Results and discussion

2.2.1.1. Synthesis of iodo-uranium #tris-ketimide complex

Reaction of readily available UI3(DME)25 with KNC['Bu]Mes in DME (Scheme 1) led to the
isolation of the uranium(IV) complex IU(DME)(NC['Bu]Mes), (3-I-DME).® in 30% yield
calculated with respect to the starting material, Ul;(DME),. The low yield is attributed to

disproportionation of uranium (III) and to the high lipophilicity of the desired material.

- N
@ '@ > R

V=) S S

Figure 1. Structural drawing of complex 3-I-DME with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): U-1, 3.0602(13); U-N(avg.), 2.189(21); U-O
(avg.), 2.552(13), and angles (°): UNC (avg.), 168.5(2.7).
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A single-crystal X-ray diffraction study of 3-I-DME (Figure 1) revealed that a molecule of DME
coordinates to the uranium center in the pocket formed by the mesityl groups. The observed
near-linear UNC angles (avg. 168.5(2.7) °) are suggestive of significant & bonding between
nitrogen and uranium. This stable uranium iodide species serves as a useful precursor for a

number of arene-bridged complexes.

2.2.1.2. Syntbhesis of even-electron arene-bridged diuranium complexes

Treatment of 3-I-DME with 4 equiv of KCg and 0.5 equiv of naphthalene in DME allowed the
isolation of a naphthalene-bridged compound, Ky(u-n°n’- CioHs)[UNC['Bu]Mes)s], Ky-3,-1-
C1oHs, (Scheme 2) in 60% yield as a dark brown powder. The most interesting structural feature
of this dinuclear compound is the coordination mode, u—nﬁ,T]G, of the bridging naphthalene to the
uranium centers'’ (Figure 2), reminiscent of the coordination mode of the toluene ligand in
compound 1b,--toluene. Transition metal complexes of bridging naphthalene or biphenyl,
contrastingly, always have the two metal centers coordinated to different rings. Such compounds

are known as “slipped triple-decker” complexes.’
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Figure 2. Left: Structural drawing of complex K2-3;-p-naphthalene with thermal ellipsoids at
the 35% probability level. Selected bond distances (A): U-N (avg.), 2.261(20); U-Crapn (avg.),
2.649(34), C-Cnapn (avg.), 1.443(35); C5-C6, 1.470(16); C6-C7, 1.319(17); C7-C8, 1.467(18);
C8-C9, 1.381(15), C9-C10, 1.395(15). Right: C-C bond distances (A) in bridging naphthalene.
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The twelve U-C distances are rather short, varying from 2.565(11) A to 2.749(10) A, but the
average U-C distance of 2.649(34) A is similar to the average U-C distance of 2.594(30) A found
for 1b,-pi-toluene. The longer bonds are registered to the two carbon atoms fusing the two six
membered rings, a fact understandable inasmuch as the LUMO of naphthalene lacks any orbital
contributions from these atoms.® The C-C distances (Figure 2) in the bound ring are not
alternating (avg. of 1.443(35) A), consistent with the aromatic character expected for that ring,
while in the pendant ring a diene-like character is suggested by bond alternation (1.470(16),
1.319(17), 1.467(18), 1.381(15), and 1.395(15) A). Each potassium ion is clasped by a
complement of two mesityl rings, the pendant portion of the naphthalene ligand, and two
ketimide nitrogen atoms in a side-on fashion. Complexation of the potassium ions in this way
provides them with a near-spherical shroud of electron density, revealing [32-;L-CIOH8]2' to be an
excellent alkali-metal cation receptor. Furthermore, internalizing the positive ions permits the
system to present to its exterior solely lipophilic residues, accounting for the observed solubility

in hydrocarbon solvents.’

It is worth mentioning that neither the uranium nor the potassium centers retain DME as a
coordinated solvent molecule. The U-N distances are elongated by ca. 0.1 A with respect to those
in precursor 3-I-DME, consistent with an increase in formal negative charge (decrease in

oxidation state) at uranium.

The corresponding sodium derivative, Naz(u—T]6,1]6-C|0H8)[U(NC[tBU]MCS)3]2 Na,-3,-u-
naphthalene, was obtained as dark green-brown crystals in 40% yield by reducing 3-I-DME
over a sodium mirror in tetrahydrofuran (THF) in the presence of 0.6 equiv of naphthalene. A
preliminary X-ray crystal structure indicated that Na,-3;-u-naphthalene crystallizes with two
THF molecules coordinated to each sodium center, while 'H NMR spectroscopic data are

consistent with desolvation after vacuum drying for several hours.
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The synthetic strategy that allowed the isolation of Kj-3,-pu-naphthalene can be applied for
other arenes as well (Scheme 3). Thus, reduction of 3-I-DME with 4 equiv of KCg in the
presence of stoichiometric amounts of the desired arene proved to be a general synthetic route
for obtaining the dipotassium salts. The pentane solubility was seen qualitatively to increase in
the order: naphthalene < biphenyl < trans-stilbene ~ p-terphenyl (i.e. K;-3,-u-naphthalene is
slightly soluble in pentane, but Kj-3;-p-p-terphenyl is fairly soluble in pentane). In order to
obtain disodium salts, reduction of 3-I-DME in THF over a mirror of sodium and stoichiometric
amounts of the arene can be employed for naphthalene® or reduction of 1-I-DME in THF with 3
equiv Na/biphenyl can be used for biphenyl. The disodiurr;_:_ salts are highly lipophilic, accounting

for the low isolated yields for these compounds.

t-Bu t-Bu e

Mes Mes .M
/ek \o/ﬁ 0.5 R-CgHs \\( \ﬂ/ -
t-Bu N, , WO 4 KCgq , = ¥ t-Bu
/I,U“\ ‘» : NuuluU— —_ 5 —<
Mes\(” I DME ; N % Mes
Bl - KI ™ N
Mes/u\t-Bu 50 - 60% t- BU MSs t-B )\\Mes
3-I-DME Kz-3z-u-biphenyl (R = CgHs)

K2-3-u-trans-stilbene (R = trans-CH=CH-CgzH;)
K3-3;-u—p-terphenyl (R = p-CgH4-CgHs)

Scheme 3

Obtaining the biphenyl and the trans-stilbene bridged compounds is importanf since it makes it
possible to compare C-C distances in a phenyl ring sandwiched between the two uranium centers
to C-C distances in an unbound ring within the same molecule. Figures 3 and 4 display the
structural representations of Na;(Et,0)-3;-p-biphenyl and K3-3;-p-trans-stilbene, and the C-C
distances of the coordinating arene. The C-C distances in the bound rings of ca. 1.44 A are very

similar in all three complexes K;-3;-p-naphthalene, Nay(Et,0)-3;-u-biphenyl, and K;-3,-p-
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trans-stilbene as well as in 2b,-p-toluene. The difference between the average C-C distance in a
bound versus in an unbound ring is ca. 0.06 A for Na,(Et;0)-3,-u-biphenyl and ca. 0.07 A for
K,-3,-u-trans-stilbene, and they match closely the difference between the average C-C distance

in the bridging toluene of 2b,-li-toluene and in free toluene (ca. 0.04 A, see Chapter 1).

1.424

L.371

1348

Figure 3. Left: structural drawing of complex Naz(Etzg)-3z-u-biphenyl with thermal ellipsoids
at the 35% probability level. Selected bond distances (A): U-N (avg.), 2.295(15); U-Cyipn (avg.),
2.627(25); C-Chiph-bound (avg.), 1.442(25); C-Chiph-unbound (avg.), 1.387(34). Right: C-C bond
distances (A) in bridging biphenyl.
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The U-Ngetimide distances are ca. 0.1 A longer in the arene-bridged compounds than in 3-I-DME
and they vary from 2.248(19) A in K;-3,-u-~trans-stilbene, to 2.261(20) A in K;-3;-u-
naphthalene, and to 2.295(15) A in Na;(Et,0)-3,-u-biphenyl. The distances between the
uranium center and the carbon atoms of the bridging arene follow an inverse trend: 2.627(25) A
in Nag(Et;0)-3,-j1-biphenyl, 2.649(34) A in K;-3,-ji-naphthalene, and 2.658(30) A in Kz-3,-y1-

trans-stilbene, but they are not statistically different.

U
1481 |- 1439
1426 1427
1400 1361 —=] 4o | 1.399
all] 1o | 1.380 U
\U /
1.330 1.338

Figure 4. Left: structural drawing of complex K2-32-p-ﬁans-sﬁlbene with thermal ellipsoids at
the 35% probability level. Selected bond distances (A): U-N (avg.), 2.248(19); U-Cggipene (avg.),

2658(30); C'Cstilbene-bound (an-), 1438(34)v C'Cstilene-unbound (an')s 1365(55) R-lght C-C bond
distances (A) in bridging trans-stilbene.
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The bridging arene ketimide complexes described in the present section feature three ligands
around each uranium center and retain two alkali metal ions. A general synthesis can be applied
for the isolation of dipotassium salts, which are the preferred compounds to‘employ in further
studies due to their solubility properties. Crystallographic characterization of naphthalene,
biphenyl, and trans-stilbene bridging dinuclear complexes permitted bond length comparison of

C-C distances in a bound versus an unbound arene ring.

2.2.1.3. Synthesis of odd-electron arene-bridged diuranium complexes

If in the general synthesis of ketimide arene-bridged complexes the amount of KCjy is changed
from 4 equiv to 2 equiv, a different arene-bridged compound is obtained. As illustrated in
Scheme 4, instead of the dipotassium salt, a monopotassium salt is obtained; this strategy applies
to biphenyl, trans-stilbene, p-terphenyl, and naphthalene. Unfortunately, all attempts to obtain a

good quality X-ray crystal structure of a K-3,--arene compound have failed so far (with the

exception of toluene, see below). A poor quality X—fay crystal structure was obtained for K-3,-p-

trans-stilbene and Figure 5 shows atom connectivities in this complex.

t-Bu t-Bu
Mes Mes Mes
\o/j 0.5 R-CyHs

t-Bu N"'n, A\ \“‘O\ 2 Kca

) _—
P Q
- - Kl
t-BU Meé/lj\

tBu 70 - 80% s b +Bu

es

Mes

3-I-DME K-3,-u-biphenyl (R = CsHs)
K-3;-u-trans-stilbene (R = trans-CH=CH-CgzH)
K-32-y-p-terphenyl (H = p-CGH4'CEH5)

Scheme 4
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The drawing in Figure 5 shows that the coordination of the bridging arene is similar to the one
encountered for the even electron species. The potassium ion is bound to two ketimide ligands of
the same uranium center and also to the pendant styrenyl substituent. It is apparent that in the
solid state the ketimide ligands of one uranium fragment are not involved in sequestering the

countercation.

»
C(3A"
406 Cl4A"
» %
Cl2A1 Y
¢ CISA") P~

O
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(rmmend,

“ e - ,\{ /’“'Q"
~% 4

“ » %) 2) /} =)
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Figure 5. Atom connectivities in K-3,-l-frans-stilbene.

In addition to elemental analysis, chemical means have been employed to support the
formulation of the odd electron species K-3,-p-arene (arene = biphenyl, trans-stilbene, p-
terphenyl, Scheme 5, naphthalene, not shown). On one hand, complexes K;-3;-|1-arene can be
oxidized to K-3;-p-arene with one equiv of P4 or Fc[OTf] (ferrocenium triflate) in diethyl ether.
The initial use of P, as an oxidant was not intentional. Presumably, the potassium ion is

eliminated as (K;;P4),,10 or K[OTT{], but the identity of these salts has not been established. On the
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other hand, the odd electron species K-3,-p-arene can be reduced with one equiv of
K/anthracene in THF to give K>-3,-l-arene. The redox reactions presented in Scheme 5 can also
be used preparatively; general yields of 80% for the reduction and of 70% for the oxidation
reactions were obtained. The preferred methods to synthesize the arene-bridged species remain

the ones that start with 3-I-DME, fewer steps being involved in achieving the final products.

+ K/ anthracene

l THF '

t-Bu t-Bu t-Bu t-Bu

Mes\« TMes Mes\\< Mes

N -
Mes \ H tBu . Bu
>—N|"|| W ® Q—'\‘j=< N| m ||U— —.—U—N
tBu l 2\ Mes
--N —-- -K

K-'//4 R i{\ K
BUT N tBu” —Mes tBu e t-B Mes
’ + FcOTfor P, T
Et,0
R = C4Hs

trans-CH=CH-CgHj;
p-terphenyl

Scheme §

Indirect support for the formulation of the K-3;-p-arene species is provided by the isolation and
characterization of odd electron toluene-bridged species (Scheme 6). Following the general
strategy of synthesizing bridging arene ketimide complexes, reduction of 3-I-DME with KCsg in
DME in the presence of a slight excess of toluene leads to K(DME)-3,-p-toluene (Figure 6).
However, if toluene is used as a solvent, an equivalent of KI is incorporated into the molecule

and K;I-3;-p-toluene is formed. The structure of K3I-3;-pu-toluene (Figure 7) reveals that the
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iodide anion is symmetrically bound between two potassium cations, which are internally

solvated.

The X-ray crystal structures of the two toluene compounds are interesting to analyze in detail,
because they reflect the symmetry or lack thereof suggested by the two molecular formulae
(Table 1). For example, in the case of KI-3;-u-toluene the values indicated in Figure 7 arise
from rather similar average values calculated for each side of the molecule: U-N from U;-N
(avg.) of 2.227(19) A and U,-N (avg.) 2.229(19) A; U-C from U;-C (avg.) of 2.663(33) A and
U,-C (avg.) of 2.631(35) A.
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t-Bu
t Bu
+ 2Ky aome \
toluene, 0.5 h + toluene (2 - 3 equiv)
50% 3 KCg DME, 0.5 h
50 - 60%
+Bu t-Bu t-Bu
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N N

Mes é ./N t-Bu Mes, é
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,
7 aw
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K5I-35-u-toluene K(DME)-35-u-toluene

Scheme 6
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Table 1. Comparison of average bond lengths in K;I-3;-j-toluene and K(DME)-3,-L-toluene.

Bond K:I-3;-u-toluene K(DME)-3,-p-toluene
U, side U, side U; / Us side U, / Uy side

U-N (avg.) 2.227(19) 2.229(19) 2.243 2.211

2.263 2.209

U-C (avg.) 2.663(33) 2.631(35) 2.594 2.640

2.626 2.631

Figure 6. Structural drawing of complex K(DME)-3,--toluene with thermal ellipsoids at the
35% probability level. Selected bond distances (A):ll U-N (avg.), 2.232; U-Ciojuene (avg.), 2.623;
C-Ciojuene (avg.), 1.405. Only one of the two independent molecules in the unit cell is shown.
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For K(DME)-3;-j-toluene the asymmetry is obvious: U-N is calculated from U;-N (avg.) of
2.243 A and Us-N (avg.) of 2.263 A for the side that coordinates the potassium ion and U,-N
(avg.) of 2.211 A and Us-N (avg.) of 2.209 A for the other side of the molecule; U-C is
calculated from U;-C (avg.) of 2.594 A and U;-C (avg.) of 2.626 A for one side of the molecule
and U,-C (avg.) of 2.640 A and U,-C (avg.) of 2.631 A for the other side of the molecule.

Figure 7. Structural drawing of complex KZI-3°2-u-toluene with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): U-N (avg), 2.228(27); U-Cooluene  (avg.),
2.647(48); C-Ciotene (avg.), 1.447(49).

Since in the case of the other arenes (naphthalene, biphenyl, trans-stilbene, p-terphenyl), both

even and odd electron species were isolated, several (unsuccessful) attempts to reduce the
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toluene bridged compounds K(DME)-3,-y-arene and K,I-3;-p-arene (arene = benzene,
toluene) were made. An intuitive explanation for the lack of a dianionic toluene derivative stems

from the fact that toluene is harder to reduce than the other arenes employed.12 Stated

alternatively, toluene is a relatively poor & acid ligand.

Unlike in the case of 1b,-j-toluene, which is an even electron species, the bridging toluene
diuranium complexeé supported by ketimide ligands are odd electron species. Such odd electron
species have been isolated for the other arenes (naphthalene, biphenyl, trans-stilbene, p-
terphenyl), for which even electron species can be obtained as well. Computational studies can

provide insight into the bonding properties of these compounds, as explored in the next section.

2.2.2. DFT calculation results

As for 1b,-p-toluene (see Section 1.2.3), DFT calculations were carried out on model systems
for the even electron naphthalene bridged” and for the symmetrical toluene bridged species,
respectively on [(u—CmHg)Uz(NCHz)dz' and [(U-CeHg)Ux(NCHy)s]. The ketimide systems are
more complex than the amide ones from a computational point of view; therefore an extensive
DFT study was not undertaken. However, useful information could be obtained from a less
detailed study. The geometry optimizations were carried out with relativistic corrections, > using
the spin-unrestricted formalism,'* and with four and three electrons of spin o in excess of spin 3,
respectively; comparisons between the optimized and experimental values are shown in Tables 2

and 3.

* Calculations presented here for [(;.L-nﬁ,’r]6-C10H8)U2(NCH2)6]2' were carried out by Victor Dura-Vila.
™ Calculations presented here for [(1-CgHg)U»(NCH,)¢]” were carried out by Theodor Agapie.
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Table 2. Calculated structural parameters for [(I.L-nG,ns-CmHg)Ug(NCHz)ﬁ]z' and experimental
parameters for K;-3,-p-naphthalene.

Structural parameter Calculated (A) Experimental (avg., X
U-N 2.196 2.261(20)
N-C 1.288 1.272(29)
C-Chridging 1.448 1.410(16); 1.458(15); 1.457(15);
1.413(15); 1.418(15); 1.500(14)
C-Chron-bridging 1412, 1.397 1.470(16); 1.319(17); 1.467(18);
1.381(15); 1.395(15)

Figure 8. The two 8-bonds (0. component, B component not shown) between the uranium centers
and the naphthalene fragment: SOMO-4 (left) and SOMO-5 (right).

The good agreement between calculated and experimental values in the case of [(u-n®n’-
C10Hg)Uy(NCHy)g)* is especially reflected in the fact that for the non-bridging ring of
naphthalene the C-C distances alternate, similarly to what was observed for the crystal structure.

As expected, the DFT calculations confirm the presence of & bonds between the uranium centers
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and LUMOs of naphthalene (Figure 8). The 6 bonds follow immediately in energy below the

orbitals containing the four unpaired electrons.

Table 3. Calculated structural parameters for [(u-n6,1]6-C6H6)U2(NCH2)6]' and experimental
parameters for K,I-3;-p-toluene.

Structural parameter Calculated (&) Experimental (avg., A)
U-N 2.238 2.228(27)
U-C 2.703 2.647(48)
N-C 1.268 1.272(29)
C-C 1.439 1.447(49)

Figure 9. The two 6-bonds (0 component, B component not shown) between the uranium centers
and the benzene fragment: SOMO-3 (left) and SOMO-4 (right).

DFT calculations on the model compound [(u-nﬁ,nG-CsH(,)Uz(NCHz)G]' were carried out for the
symmetrical version, the alkali metal ion not being included. Similar to what was found for the

model of the naphthalene-bridged compound, the § bonds are located energetically immediately

below the three nonbonding f electrons.
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2.2.3. Magnetic susceptibility measurements

Solid-state magnetic properties are used in complete analyses of electronic structures. Due to the
difficulty of deriving detailed interpretations of these properties for uranium compounds-(see
Chapter 1), the magnetic susceptibility measurements presented in this section are used as a

means for finding signatures for either odd or even electron structures.

From all the ketimide compounds presented in this chapter, 3-I-DME can be used as a standard,
because it is a mononuclear uranium compound with two unpaired electrons. Its magnetic
properties are similar to those of the uranium iodide tris-amide compounds: it presents TIP
(temperature independent paramagnetism) at low temperatures (10-40 K) and Curie-Weiss
behavior from 50 to 300 K. The magnetic moment (50-300 K) of 3.62 L is in the expected range
for this type of compound (see Chapter 1) and has a value very close to that of the U* free ion

(3.58 g for a *Hy ground sta‘te).15
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Figure 10. Plot of 1/ versus T for 3-I-DME.

For the arene-bridged complexes, the magnetic properties are more complicated, as expected for

dinuclear uranium compounds. Figures 11 and 12 display the plots of 1/y and pg versus T for
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the bridging trans-stilbene compounds. These are representative for the series of arene-bridged
compounds when the arene is trans-stilbene, naphthalene, biphenyl, or p-terphenyl. Both types of
species (even and odd electron) present nearly linear graphs of 1/x versus T on the entire
temperature range studied, but the plots of [ versus T do not agree with Curie-Weiss behavior.
Inspection of T versus T graphs also shows a continuous decrease in xT as the temperature is
lowered. Such behavior is not unusual for uranium compounds,'® and it is due to mixing of
different spin states. The change in the value of the effective magnetic moment is more

pronounced for the even electron species.
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Figure 11. Plots of 1/x (left) and g (right) versus T for K;3-3,--trans-stilbene.

The value of s for the odd electron species at low temperatures supports the notion of an odd
number of unpaired electrons, even in the event of antiferromagnetic coupling. At higher
temperatures, the values of the magnetic moments for the odd and even electron species (ca. 2.4
s at 300 K) are closer in magnitude, but Hegr for the odd electron species is always higher than

that for the even electron species (ca. 1.7 up at 300 K).
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Figure 12. Plots of 1/y (left) and peg (right) versus T for K-3,-pi-trans-stilbene.
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Figure 13. Plots of 1/ (left) and Mg (right) versus T for K,I-3,-p-toluene.

Interestingly, the magnetic behavior of KI-3,-ji-toluene is comparable to that of the toluene-
bridged amide compound 1b,-p-toluene (see Section 1.2.5) and not to that of odd electron,
arene-bridged ketimide compounds. Even more peculiar is the fact that the values of the
magnetic moment vary from ca. 0.1 pg at 5 K to ca. 1.1 ug at 300 K, being lower than those for
the even electron arene-bridged ketimide compounds. From the plot of 1/% versus T for K;I-3,-

p-toluene (Figure 13) paramagnetic behavior is observed from 5 to 50 K. As the temperature
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increases, the magnetic susceptibility of the sample passes through a maximum around room
temperature. The minimum values in the 1/x versus T graph observed between 250 and 300 K
are characteristic of an antiferromagnetic transition. Supposedly, at temperatures higher than 300
K, the magnetic behavior of K;I-3,-u-toluene would be similar to that of 1b,-p-toluene from
150 to 300 K. Interestingly, the antiferromagnetic transitions occur for the two compounds on
intervals separated by 200 K. This very broad antiferromagnetic transition explains the almost

constant and low values of the magnetic moment observed for K,I-3,-1-toluene.

Magnetic properties of arene-bridged, ketimide complexes could be used in differentiating even
from odd electron species if values of the effective magnetic moment at low temperatures are
compared. For the symmetrical K,I-3,-p-toluene compound, although an odd electron species,
its magnetic behavior is similar to that of 1b,-ji-toluene and rather different from that of K-3,-pi-
arene (arene = naphthalene, biphenyl, trans-stilbene, p-terphenyl). Theoretical fitting of the
experimental data, although difficult to develop, would provide more insight into the electronic

structures. Collaborative studies to this end are ongoing.

2.2.4. NMR spectroscopy studies

NMR spectroscopy was used to study the behavior of the arene-bridged species in solution. The
issues addressed in this section include the manifestation of fluxional behavior and the

assignment of chemical shifts for the protons/deuterons belonging to the bridging arene.

The strategy used to assign chemical shifts for the protons/deuterons of the bridging arene in
some of the complexes is described in detail for K;-3,-p-biphenyl. *H NMR spectroscopy (46
MHz, toluene, 22 °C) on K;-3,-l-biphenyl-d;, (Table 4) revealed the following six peaks: 33.98,
-5.72, -21.45, -46.85, -79.75, -126.24 ppm. Use of biphenyl-2-d; and biphenyl-4-d, led to the

synthesis of complexes each with two positions deuterated: one in the bridging ring and one in
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the pendant ring. Based on the *H NMR spectra of the biphenyl-d; complexes the peaks at 33.98
and -5.72 ppm could be assigned to para deuterons, while the peaks at —21.45 and —126.24 ppm
could be assigned to ortho deuterons. By inference, the peaks at —46.85 and —79.75 ppm were
assigned to meta deuterons. After assigning the chemical shifts belonging to the deuterons of the
bridging biphenyl, 'H NMR Spectroscopy was used to differentiate between protons of the
bridging and of the pendant ring: the broader peak of the two was considered to correspond to a
proton of the bridging ring. Thus, the chemical shifts (500 MHz, toluene-ds, 20 °C) of the
protons pertaining to the bound ring are 34.04, -73.53, and -126.56 ppm. Since only one ketimide
ligand environment is evident in the 'H NMR spectrum of K2-32-u-biphenyl, it is clear that the

potassium ions are mobile within the N C[#-Bu]Mes ligand array.

Figure 14. Labeling of the bridging arene protons used in the NMR chemical shift assignment.

Investigation of the even electron naphthalene-bridged systems by 'H NMR spectroscopy
revealed fluxional behavior, a single ketimide ligand environment being observed. For both M;-
32-u-CyoHs (M = Na, K) the corresponding mono and fully deuterated naphthalene-bridged
compounds were prepared by using a-naphthalene-d; and naphthalene-ds. The solution structure
is consistent with that observed in the solid state with respect to the naphthalene coordination,
since four ’H NMR signals are observed for the dg derivative. Combining the results of 2D NMR

correlation experiments with the line width of the signals in the '"H NMR spectrum, and with the
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signals found in the 2H NMR spectrum of Nay-3,-i-CroH7D(0) the peaks at 79.2 (B-H) and -
128.9 (0-H) ppm were assigned to the deuterons of the ring bridging the two uranium centers,
while the peaks at -28.9 (0-H) and -36.5 (B-H) ppm were assigned to the deuterons of the

dangling ring (see Table 5 for assignments for the potassium salt).

Table 4. Chemical shift (ppm) assignments for the protons (500 MHz, toluene-dg, 20.°C) of the
bridged biphenyl in K;-3;--biphenyl and K-3;-p-biphenyl.

Proton (see Figure 14) K;-3;-pi-biphenyl K-3,-p-biphenyl
H, -126.56 -164.92
H, -73.53 -141.20
H, 34.04 -83.62
H, _ -21.40 -9.19
H,, -47.13 16.86
Hp, -5.78 -14.18

Table 5. Chemical shift (ppm) assignments for the protons (500 MHz, 20 °C) of the bridged
naphthalene in Kz-3;-ji-naphthalene and K-3,-|i-naphthalene.

Proton K,-3,-p-naphthalene  K-3;-p-naphthalene
(see Figure 14) (in CsDg) (in toluene-ds)
H, -141.55 -121.98
Hg 110.14 -125.23
H, -32.88 -0.62
Hp -43.56 -38.15

Partially and fully deuterated naphthalene and biphenyl were used similarly to assign the peaks

corresponding to the deuterons of the bridging arene for the odd electron species. Results are
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presented in Tables 4 and 5. For bridging trans-stilbene, compounds the peaks belonging to the

arene were identified, but not fully assigned (see Experimental section).

In the case of the bridging p-terphenyl compounds we may consider two structural alternatives;
one where the uranium centers are bound to the central ring and another where they are bound to
a terminal ring. Statistically, the latter structure should be favored. Structures in which the
uranium rings are bound to different rings are not considered based on the X-ray crystal
structures discussed above and also Hiickel aromaticity (see above), along with the symmetry
dictated by NMR spectra. Investigation of the 2H NMR (77 MHz, Et,0, 22 °C) spectrum of K,-
32-|.L-p-terphenyl revealed eight peaks at 22.27, 8.16, 6.00, 3.84, 2.89, -15.66, -51.72, and -
117.58 ppm, while the 2H NMR (77 MHz, Et,0, 22 °C) spectrum of K-32-p-p-terphenyl
displayed eight peaks at 18.94, 12.17, 8.45, 6.83, -5.84, -87.88, -145.83, -162.46 ppm. These
results are consistent with a structure in which the uranium centers are bound to the terminal ring

for both K3-32-p-p-terphenyl and K-3;-u-p-terphenyl.

Interestingly, for the odd electron arene-bridged species, the solution  structures are
asymmetrical. IH NMR spectra of K-3,-li-arene compounds display two ancillary ketimide
ligand environments, in a 2:1 ratio, meaning that some fluxional behavior is manifest. Although
it is impossible to be absolutely certain of the assignments for the peaks corresponding to the
ketimide ligand protons,” the observed pattern can be most rationally associated with two ligands
that coordinate the potassium ion and one ligand that does not. It is interesting that in solution

both uranium centers are equivalent.

For all K-3,-p-arene, on one hand, and'Kz-Sz-u-arene, on the other hand, compounds discussed

here, the chemical shifts that can be associated with ancillary ketimide ligand protons are very
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similar, such that 'H NMR spectroscopy constitutes an important means of characterizing and

identifying these compounds.

Of note, the only odd electron, arene-bridged compounds that do not present a Cay solution
structure are KjI-3,-p-toluene and K(DME)-3;-j-toluene, only one ketimide ligand
environment being observed. This fact is not surprising for K;1-3,-1-toluene since the solid-state .

structure suggests a pattern (Figure 7) similar to the one observed for K;-3,-|1-arene complexes.

For assignments of protons of the bridging toluene (Table 6), the method outlined in Chapter 1
for 1b,-p-toluene was employed. Compound K,I-3,-ji-benzene was synthesized and its 'H
NMR spectrum (500 MHz, C¢Ds, 22 °C) recorded. Therefore, based on the chemical shift of —
4491 ppm for the protons of the bridging benzene in KjI-3;-u-benzene and the relative
intensities of peaks (500 MHz, toluene-ds, 20 °C), the chemical shifts at 34.62, -38.23, -43.18,
and —44.70 could be assigned to the protons of the bridging toluene in K,I-3;-pi-toluene as
follows: Me-C;Hs, 0-C7Hg, p-CHg, and m-C7Hs, respectively.

Table 6. Chemical shift (ppm) assignments for the protons (500 MHz, 20 °C) of the bridged
arene (toluene, benzene) in K,I-3,-ji-arene and K(DME)-3;-u-arene.

Proton | K,I-3,-u-C7Hs KjI-3,-u-CeHs  K(DME)-3,-u-C7Hs ~ K(DME)-3,-p-CeHe
CsHs -44.91 -112.83
Me-C;Hj 34.62 64.48
0-C;Hy -38.23 - -109.52
m-C;Hg -44.70 -113.84
p-C-Hg -43.18 -126.52

If it is reasonable for K;I-3;-ji-toluene to display a single ketimide ligand environment in its 'H

NMR spectrum, the same finding for K(DME)-3,-pi-toluene is more surprising since the odd

References begin on page 155




Chapter 2 103

electron, arene-bridged complexes K-3;-p-arene (arene = naphthalene, biphenyl, trans-stilbene,
and p-terphneyl) show two ketimide ligand environments (2:1). For benzene or toluene the
U(NC[#-Bu]Mes); moiety rotates relative to the arene ring, while for the other arenes rotation of
the same moiety is slow. The assignment of the chemical shifts for the protons of the bridging

toluene is presented in Table 6.

A graph of 0 versus 1/T (Figure 15) for KaI-3;-p-toluene displays non-linear plots for all the
protons. This observation is in agreement with the observed magnetic properties for
polycrystalline samples (see Section 2.2.3 and Section 1.2.4 about similar plot and interpretation
for 1b,-p-toluene). Preliminary thermal stability studies conducted with K3-3;-p-arene and K-
3;--arene (arene = naphthalene, biphenyl, trans-stilbene, and p-terphenyl) in toluene-ds showed
that while the former, even electron, compounds are stable for at least a week at 80 °C, the latter,

odd electron, compounds are transformed quantitatively to K-3,-u-toluene-ds at 60 °C within an

hour.
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Figure 15. Plot of & versus 1/T for compound K:I-3;-i-toluene.
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NMR spectroscopy proved to be a powerful technique for characterizing the arene-bridged
complexes supported by ketimide ligands. Similar complexes, such as K;-3,-u-arene, on one
hand, and K-3;-p-arene, on the other hand (arene = naphthalene, biphenyl, trans-stilbene, and p-
terphneyl) present similar chemical shifts for the ketimide protons. Using compounds which
have the bridging arene partially or fully deuterated allowed for assignment of the chemical
shifts for the protons of the arene. A special case is presented by the toluene complexes, K;I-3,-
p-toluene and K(DME)-3,-i-toluene, that show only a single ketimide ligand environment in
their 'H NMR spectra (22 °C) unlike the other odd electron, arene-bridged complexes, which

show two ligand environments.

2.2.5. Electronic spectra

The general comments made for the compounds discussed in Chapter 1 are also valid for those
discussed in the present chapter. Therefore, from the spectra shown in Figures 16-18, the
following assignments are based on the value of the molar absorption coefficient and the position
of a band in the spectrum.'” Bands present in the UV region (200-400 nm), because of their high
intensity (€ ~ 10° M! cm™) can be assigned to T — 7* transitions of the arene rings and to ligand
to metal charge transfer transitions. Intense absorption bands present in the visible region (400-

800 nm) that have £ = 10° M cm™ could be either f — d or charge transfer transitions.

Although not identical, the UV-vis spectra of the various ketimide arene-bridged complexes are
rather similar to one another. Besides the bands from the UV region, they all have one or two
prominent, very broad bands in the visible region. For compounds based on the same bridging
arene, the bands in the visible region are very similar in their intensity and position, with a more
pronounced difference in the case of the trans-stilbene pair; this dissimilarity correlates well with

the distinctive colors observed visually for the two compounds: K;-3;-pu-trans-stilbene gives
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dark blue solutions, while K-3,-pi-trans-stilbene leads to dark orange solutions. The colors of the

corresponding naphthalene or biphenyl compounds are brown and orange brown, respectively.
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Figure 16. UV-vis (left) and NIR (right) absorption spectra of 3-I-DME in toluene solutions at
25 °C.
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Figure 17. UV-vis absorption spectra of the even electron species (left) and the odd electron
species (right) solutions at 25 °C.
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Figure 18. UV-vis (left, in diethyl ether) and NIR (right, in toluene) absorption spectra of Ki-3,-
p-trans-stilbene and K-3,-y-trans-stilbene solutions at 25 °C.

The NIR absorption spectra have been recorded for the compounds discussed here, but they are
not very informative. Unlike the cases presented in Chapter 1, there are no sharp bands in the
region from 800 to 1500 nm. Even for 3-I-DME, although its NIR spectrum is rather similar to

those of the iodide uranium amide complexes, the bands tend to overlap.
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Figure 19. UV-vis (left, in diethyl ether) and NIR (right, in toluene) absorption spectra of KyI-
3,-l-toluene solutions at 25 °C.
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It is seen that the broad band centered around 1100 nm has a molar extinction coefficient of ca.
800 M cm! for K;I-3,-pi-toluene (comparable to € ~ 600 M cm™ of 1b,-p-toluene) and of ca.
1500 M cm™ for the bridging trans-stilbene compounds. For 1b,-p-toluene, even though the
bands in the NIR region were more intense than expected for uranium compounds, they were
rather sharp (see Section 1.2.6). As mentioned in Chapter 1, the high intensity of these bands
may be associated with transitions between combinations of f orbitals that are of different
symmetries or to intervalence transfer transitions. The broadness and intensity of the bands
makes them a distinctive mark for the ketimide arene-bridged complexes, especially since 3-I-

DME displays a regular NIR spectrum (Figure 16).

2.2.6. Reactivity studies

It has been shown in Chapter 1 that compound 1bz-pi-toluene behaves as a powerful 4 electron
reducing agent. It is interesting to examine the behavior of arene-bridged ketimide complexes
towards the same substrates investigated with 1b,-j1-toluene. A new question arises also: do the
even and odd electron species that include the same bridging arene lead to the same products in
reaction with the same substrate? The results presented in this section reveal that the reaction

chemistry of arene-bridged ketimide compounds is more complicated than that of 1b,-p-toluene.

2.2.6.1. Inverting uranocene

Treatment of M2-3§-u-naphthalene (M = Na, K) with 2 equiv of 1,3,5,7-cyclooctatetracne
afforded a mixture of two products (Scheme 7). Compounds K[(COT)U(NC['Bu]Mes);] (K-3-
COT) and [Na(S)][(COT)U(NC['Bu]Mes);] (Na-3-COT, S = Et,0, Figure 20) are insoluble in

pentane, facilitating  their separation from the neutral co-product  (u-n®nd-
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COT)Ux(NC['Bu]Mes)s (32-u-COT, Figure 21). The Ilatter compound is remarkable in

possessing a COT ligand sandwiched between two tris-ketimidouranium fragments.

Structurally related systems (with presumably far greater ionic character) exist for samarium,
europium and ytterbium.'® In Na-3-COT the sodium ion is coordinated to two nitrogen centers;
its coordination sphere is completed by a molecule of diethyl ether and some carbon atoms of the
ketimide ligands. The U-Cyrene distance in compound 3,-u-COT is longer on average than in its

naphthalene counterpart Kj-3,-u-naphthalene (2.822 vs. 2.634 A), in accord with bonding

considerations (Figure 22) that indicate poorer covalent overlap in the former
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The ratio in which the two compounds are formed seems independent of the solvent employed. If
Na;-3;-pi-naphthalene is used the two compounds form in a 1:1 ratio and 32-u-COT may be
isolated in 35% yield. When K;3-32-1-C1oH; is used as a starting material for the reaction with
1,3,5,7-cyclooctatetraene, K-3-COT is formed in great preference. Thus, the [3-COTY] anion is
easiest to isolate as its potassium salt (diethyl ether, 60% yield). Interestingly, compound 3,-j1-
COT can be assembled independently in 90% yield by salt elimination upon reaction of M.-3-
COT with iodide 3-I-DME (Scheme 7).
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(. 9\ > 4

Figure 20. Structural drawing of complex Na-3-COT with thermal ellipsoids at the 35%
- probability level. Selected bond distances (A): U-N (avg.), 2.269(8); U-C (avg.), 2.736(19); C-C
(avg.), 1.392(31); Na-O, 2.349(5); Na-N (avg.), 2.524(7).

The reactions forming 32-U-COT are referred to as “inverting uranocene” because they result in
a CgHj ring being sandwiched symmetrically between two uranium atoms instead of the reverse
(Figure 23). Uranocene, U('ﬂg-CgHg)z, was first synthesized in 1968!° and its X-ray crystal

structure determined shortly after that.2° Bonding studies on uranocene indicated that the two
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unpaired electrons are located in es, orbitals and there are two & bonds (e, orbitals) between f
orbitals on uranium and HOMOs of COT?! (Figure 23). The interaction that constitutes the ey,

orbitals can take place only through f orbitals.**

Figure 21. Structural drawing of complex 32-u-COT with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): U-N (avg.), 2.174(6); U-C (avg.), 2.822(15); C-C
(avg.), 1.380(22).

DFT calculations on the model compound (].t—'r]g,nE-COT)UZ(NCHz)G”= also indicate the existence
of & bonds between uranium f orbitals and HOMOs of COT (Figure 22). These orbitals (SOMO-
10 and SOMO-11) do not follow immediately below the orbitals that contain the unpaired

electrons, indicating a strong interaction between COT and the tris-ketimidouranium fragments.

" Calculations presented here for (p.-ns,nB-COT)Uz(NCHz)ﬁ were carried out by Theodor Agapie.
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Figure 22. The two d-bonds (o component, } component is not shown) between the uranium
centers and the COT fragment: SOMO-10 (left) and SOMO-11 (right).

Figure 23. Left: ball and stick representation of uranocene. Right: one of the €y orbitals in
uranocene.

When looking at the reaction of even electron species with 1,3,5 »7-cyclooctatetraene it was found
that all dipotassium salts provide K-3-COT. As mentioned previously, Na;-3;-p-naphthalene
forms Na-3-COT and 32-u-COT in a 1:1 ratio. At the other extreme, Na2-32-u-biphenyl forms
only 3;-u-COT. It is important to note that while all the COT reactions discussed take place
within two hours, the last mentioned reaction requires 20 h for completion. Monitoring a diethyl
ether solution of pure K-3-COT .at room temperature, no formation of 32-u-COT was observed
even after 23 h. In the case of odd electron species, a mixture of K-3-COT and 32-u-COT in

different ratios always was formed. Therefore, K-3-COT can be synthesized from any even
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electron species, Na-3-COT from Naz-32-u-naphthalene, and 3,-p-COT from the reaction of 3-
I-DME with either salt M-3-COT (M = Na, K).

t-Bu t-Bu

Mes Mes

T + TiCIy(THF), T

3 THF $ +8u

$ t-Bu 3 8

i ~ (=

. G M -TiCIy(THF), N Mes
gy Mes 50% tey”  Mes
M-3-coTt 3-coT

Scheme 8

Compounds M-3-COT can be oxidized to 3-COT (Figure 24) by reaction with TiCl4(THF),
(Scheme 8). As expected for a formally U(V) compound, the U-C (avg.) distance is shorter
(2.715(30) A) than in 3,-p-COT (2.822(15) A). Similar uranium (V) COT complexes have been
reported: COTU(NR,), (R =Me, Et) obtained also by oxidation of the corresponding anion.??

Starting from u—né,n6—arene bridged complexes, mononuclear M-3-COT and “inverted
uranocene” 3,-p-COT were synthesized. As shown in Section 1.2.7 and above, the main
difference between u-né,nﬁ—arene bridged compounds and 32-u-COT is that the ) Symmetry
orbitals are LUMOs of the arene for the first case and HOMOs of COT for the latter. This
difference is reflected in Structural parameters such as U-Cirene and C-C distances, although

longer U-Ccor distances are expected also on the basis of a larger ring size.
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Figure 24. Structural drawing of complex 3-COT with thermal ellipsoids at the 35% probability
level. Selected bond distances (A): U-N (avg.), 2.171(13); U-C (avg.), 2.715(30); C-C (avg.),
1.38(6).

2.2.6.2. Reaction of arene-bridged compiexes with PhSSPh and PhNNPh

Compound Na,-3;-p-naphthalene reacts with diphenyl disulfide (2 equiv) to form a dark yellow
compound isolated in 60% yield (Scherhe 9). By X-ray crystallography, the product was
determined to be a dinuclear tris-thiolate-bridged uranium(IV) derivative, Na[(u-SPh);U,(NC[¢-
Bu]Mes)s] (Na-3;-(u-SPh)s) (Figure 25). Although the redox reaction involved the transfer of
four electrons, as expected, it was surprising to find that the structure of the product is organized

such that one sodium ion is retained.
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Figure 25. Structural drawing of complex Na-3,-(u-SPh); with thermal ellipsoids at the 35%
probability olevel. The substituents of the ligands have been left out for clarity. Selected bond
distances (A): U-N (avg.), 2.215(22); U-S (avg.), 2.928(7); Na-N (avg.), 2.805(14); Na-S (avg.),
2.904(7).
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Even more surprising is the fact that if K,-3,-p-arene (arene = naphthalene, biphenyl, trans-
stilbene, p-terphenyl) compounds form K-3;-(u-SPh)s, the corresponding odd electron, arene-
bridged species form the same compound in similar reactions. It is probable that in the reactions
of M;-3,;-p-arene (M = Na, K), the other alkali metal cation is eliminated as MSPh, although the
identity of the byproducts has not been established. In the case of K-3;-p-arene (arene =
naphthalene, biphenyl, trans-stilbene, p-terphenyl) reactions the stoichiometry can be adjusted

and these reactions involve the transfer of three electrons.

Reaction with azobenzene proceeded cleanly to a single major product in the case of the bridging
toluene compounds (Scheme 10). Even so, the reaction is not a stralghtforward one since the
isolated product is (u-NPh),U(NC[t-Bu]Mes)s (32-(u-NPh),, Figure 26). K[PhNNPh], a known
compound, is proposed to be the byproduct This supposition would be in accord with the fact
that the reaction with 2 equ1v of PhNNPh is cleaner than is the reaction w1th only one equivalent

of azobenzene. Five electrons are transferred during this reaction.

t-Bu t-Bu_ - t-Bu

Mes\& )/Mes Mes v8
)—N’IHIIIIU U"""HN—< %NmnmUAé—Un IIIIIN
t-B * es

Mes

wmst

Nm‘K / )lu N i N'"""K\O/
t- Bu Mes t- Bu t- Bu
t-B : Mes Mes

+2 PhN=NPh

Et,0, 2h
60%
Mes

Ph

[ N

Mes \ N t-Bu

N“""lU/ \U""""N
t-Bu>= N/ \N/\N %Mes

Scheme 10
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Other K-3;-[-arene (arene = naphthalene, biphenyl, trans-stilbene, p-terphenyl) compounds also
give 3,-(1-NPh), as a major product upon azobenzene treatment, but the reactions are somewhat
messier than in the case of the toluene-bridged complexes. The reactions of K;-3,-l-arene with

PhNNPh have also been tried, but they are not as straightforward as for K-3,-ji-arene, even

when the stoichiometry was adjusted to 3 equiv PANNPh.

Figure 26. Structural drawing of complex 3,-(u-NPh), with thermal ellipsoids at the 35%
probability level. Selected bond distances (A): U-Nietimide (avg.), 2.180(14); U(1)-N(7), 2.279(8);
U(1)-N(7A), 2.177(8).

Because the NIR absorption spectra of the arene-bridged diuranium ketimide complexes did not

present distinct bands, the absorption spectra of Na-3,-(u-SPh); and 3,-(u-NPh), were recorded
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and are shown in Figure 27 for comparisoh (NIR spectra only, UV-vis spectra not shown).
Although the molar extinction coefficients are slightly high (200-300 M cm™), the NIR spectra
resemble vefy closely those of mononuclear compounds: that of Na-3,-(u-SPh); is similar to the
spectrum of 3-I-DME (see Absorption spectra section) and that of 32-(u-ﬂNPh)2_ 18 not very
different than the spectrum of 2a-NSiMe; (see Chapter 1). It is reasonable to assume that the
uranium centers in these dinuclear complexes behave as isolated centers and do not communicate

electronically at room temperature.

The magnetic susceptibility of polycrystalline samples of 3,-(u-NPh), was measured and the
results presented in Figure 28. The maximum at ca. 25 K in the plot of i versus T is consistent
with an antiferromagnetic transition, an observation supported by the fact that the value of xT
decreases as the temperature is lowered. A similar antiferromagnetic transition at low
temperatures (ca. 20 K) has been observed for [(MeC5H4)3U]2[u-1,4—'N2C6H4],25 a related bis-

imido diuranium(V) complex.
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Figure 27. NIR absorption spectra of Na-3;-(u-SPh); (left) and 32-(u-NPh), (right) toluene
solutions at 25 °C,
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Figure 28. Plots of ¥ (left) and % T (right) versus T for 3,-(u-NPh),.

2.3. Conclusions and further studies

Attempts to synthesize arene-bridged compounds supported by amide ligands where the arene is
other than benzene or toluene led to disproportionation reactions, the identifiable species in the
mixture of products being U(N[-Bu]Ar)s. Unlike the amide ligands, the ketimide ligand NC[z-
Bu]Mes has however proven more robust toward disproportionation reactions, making possible
the isolation of a variety of arene-bridged complexes, which all retain three ketimide ligands
around a uranium center. The generality of such a ligand was demonstrated further by the
existence of the two types of compounds M;-3,-p-arene (M = Na, K) and K-3,-u-arene, when

the arene is naphthalene, biphenyl, or trans-stilbene.

Although these arenes present two 6-membered rings, in all cases the coordination geometry
observed is u—nﬁ,nﬁ, unlike reported cases of transition metal compounds where such arenes
coordinate u-né,n@.ﬁ A yttrium  complex, (u—n6,r|6-biphenyl)Y2[P2N2]2 (PN, =
PhP(CH,SiMe,NSiMe,CH,),PPh) has been crystallographically characterized, but VT 'H NMR

spectroscopy studies showed that this is a low temperature structure.?® At higher temperatures the
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two yttrium centers coordinate to different rings of the bridging biphenyl ligand. In the uranium
case, having both centers coordinated to one ring helps maintaining Hiickel aromaticity (4n + 2,
where n = 2), by forming two § bonds with two LUMOs of the arene (4 electrons can be
considered to occupy the LUMOs, instead of 2 + 2 electrons if the uranium centers coordinate to
different rings). Understanding the preference for the exhibited coordination mode in the
uranium examples requires detailed computational studies on model compounds that show the

alternate coordination mode.

When toluene or benzene is the bridging arene, only odd electron species are formed including
symmetrical complexes, K,I-3,-ji-arene, and assymetrical complexes, K(DME)-3,-pi-arene
(arene = benzene, toluene). The physical characteristics of the symmetrical species are different

than those of K-3,-p1-arene compounds, rather resembling those of 1b;-p-toluene.

The reactivity patterns observed for the bridging arene ketimide compounds are complicated by
loss of an alkali metal ion (K2-3;-p-arene with PhSSPh) or by additional redox processes (K-3,-
M-arene with PANNPh), but interesting products have been isolated. By contrast, the reaction of
K3-3,-u-arene with 1,3,5,7-cyclooctatetraene appears to be straightforward leading to K-3-
COT. Compound 3,-u-COT obtained from reaction of K-3-COT with 3-I-DME is an

interesting example of an inverted sandwich and can be referred to as “inverted uranocene”.

Being in possession of general synthetic strategies to isolate a multitude of arene-bridged
diuranium complexes, further studies are necessary in order to extend this class of compounds.
Reaction of 3-I-DME with (2.2)-p-cyclophane in the presence of KCg could _iead to the isolation
of complexes that have only one uranium center coordinated to one aromatic ring. The existence
or non-existence of such complexes could offer some information about the preference for a

specific coordination mode.
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Investigation of xylenes, tri-, tetra-, penta-, and hexamethylbenzene would offer information if
complexes of such arenes can be formed. An important problem is the exchange of the bridging
arene with a different one. Preliminary studies on K-3,-p-arene indicate that conditions for

determining equilibrium constants might be met.

Although difficult to achieve, the development of theoretical models that fit the characterization
data, especially the magnetic and optical properties, would offer detailed insight into the

electronic structure of the bridging arene complexes.

The fact that most of the reactions of arene-bridged ketimide complexes are complicated could
be turned to advantage since these compounds are powerful reducing agents. Screening of
various substrates could lead to new products and to understanding patterns in the reactivity of

these compounds.

2.4. Experimental
2.4.1. General consideraﬁons

Unless stated otherwise, all operations were performed in a Vacuum Atmospheres dry box under
purified nitrogen or using Schlenk techniques under an argon atmosphere. Anhydrous diethyl
ether was purchased from Mallinckrodt; dimethoxyethane (DME) sealed under nitrogen was
purchased from Aldrich; n-pentane, n-hexane and tetrahydrofuran (THF) were purchased from
EM Science. Diethyl ether, toluene, benzene, n-pentane and »-hexane were dried and
deoxygenated by the method of Grubbs.”” THF and DME were distilled under nitrogen from
purple sodium benzophenone ketyl. Distilled solvents were transferred under nitrogen into glass
vessels before being pumped into the dry box. Hexamethyldisiloxane ((Me3S1);0) was degassed

and dried over 4 A sieves. CeDs, toluene-ds, and octane-d;g were purchased from Cambridge
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Isotopes and were degassed and dried over 4 A sieves. Biphenyl-d,; and p-terphenyl-d;4 were
purchased from Cambridge Isotopes. 4 A sieves, alumina and Celite were dried in vacuo
overnight at a temperature just above 200 °C. UI3(DME)2,5 KCg,3 and KCH2C6H528 were
prepared according to literature methods. MesBr was degassed by stirring it under vacuum for
0.5-1 h. #-BuCN was degassed and stored over 4 A sieves. Naphthalene, o-naphthalene-d,,?
naphthalene-ds, biphenyl, biphenyl-d;o, o-biphenyl-d;,?’ p-biphenyl-d;,% p-terphenyl, and p-
terphenyl-d,4 were dissolved in THF, their solutions passed through alumina, concentrated and
placed in a —35 °C refrigerator. The crystals obtained were dried extensively under vacuum (at
least 3 h) before use. 1,3,5,7-Cyclooctatetraesne was passed through alumina and stored in a
refrigerator at —35 °C. Other chemicals were used as received. 'H, °C and 2H NMR spectra were
recorded on Varian XL-300 or Varian INOVA-501 spectrometers at room temperature unless
specified otherwise. Chemical shifts are reported with respect to internal or external solvent, 7.16
ppm and 128.39 ppm (CsDg). UV-vis spectra were recorded on a HP spectrophotometer from
200 to 1100 nm using matched 1 cm quartz cells. Spectra were recorded on 5 different samples
and errors determined. NIR spectra were recorded on an Aviv 14DS spectrophotometer from
800 to 1500 nm using matched 1 cm quartz cells; all spectra were obtained using a solvent
reference blank. Numerical modeling of all data was done using the program Origin 6.0. CHN
analyses were performed by H. Kolbe Mikroanalytisches Laboratorium (Miilheim an der Ruhr,

Germany).

2.4.2.1. Synthesis of HNC['Bu]Mes

A 1000 mL round bottom flask was charged with MesBr (41.94 g, 0.211 mol) and diethy] ether
(500 mL), and the solution was frozen. A 1.7 M solution of ‘BuLj in pentane (0.425 mol, 250
mL) was also frozen. The thawing ‘BuLi solution was added to the thawing MesBr solution by
pipette over a period of 30 min. The resulting solution was warmed to room temperature and

stirred for 24 h. After this period of time a solution of ‘BuCN (17.50 g) in diethyl ether (35 mL)
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was added dropwise over 30 min such that the mixture did not warm too fast and did not reach
the boiling point of diethyl ether. To the slurry obtained THF (30 mL) was added in order to
produce a homogeneous solution and the reaction mixture was stirred for another 12 h. The
resulting reaction mixture was then removed from the dry box and poured into 500 mL of water.
The organic phase was separated and the aqueous phase extracted twice with 200 mL of Et,O.
The combined organics were dried over MgSOy and the solvent removed under reduced pressure.
The yellow oil obtained was fractionally distilled under vacuum (0.25 mm Hg) affording pure
HNC['Bu]Mes (42.80 g, 0.186 mol, 88%) by 'H NMR spectroscopy.

'H NMR (300 MHz, C¢Dg, 22 °C): § = 9.29 (s, 1H, NH); 6.65 (s, 2H, m-Ar); 2.11 (s, 3H, p-Me);
2.06 (s, 6H, 0-Me); 1.28 (s, 9H, ‘Bu).

BC{'H} NMR (75 MHz, CgDg, 22 °C): & = 191.34 (NC); 141.43 (aryl ipso); 136.67 (aryl meta);
133.24 (aryl ortho); 129.11 (vb, aryl para); 40.67 (CMes); 30.82 (CMes); 21.55 (ortho-Me); 21.51
(para-Me).

2.4.2.2. Synthesis of KNC['Bu]Mes

A 500 mL round bottom flask was charged with HNC['Bu]Mes (19.69 g, 97 mmol) and diethyl
ether (300 mL), and the solution was frozen. Solid KCH,Cg¢Hs (12.62 g, 97 mmol) was added to
the thawing solution, the reaction mixture was allowed to warm up to room temperature, and was
stirred for 2-3 h. Filtration of the resulting solution afforded a first crop of solid that was washed
with pentane. The solvent of the remaining filtrate was removed under reduced pressure. To the
solid obtained pentane (ca. 25 mL) was added and the solid was collected by filtration and
washed with additional pentane (ca. 15 mL). The two crops of solids were dried under reduced
pressure and amounted to 19.42 g of KNC['Bu]Mes (80 mmol, 83%).

'H NMR (300 MHz, C¢Ds, 22 °C): & =6.69 (s, 2H, m-Ar); 2.17 (s, 3H, p-Me); 2.06 (s, 6H, o-
Me); 1.15 (s, 9H, 'Bu).
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2.4.2.3. Synthesis of IU(DME)(NC['Bu]Mes); (3-I-DME)

Compound UI;(DME), (3.83 g, 4.8 mmol) and compound KNC['Bu]Mes (2.61 g, 10.8 mmol,
2.25 equiv) were slurried independently in DME (75 and 100 mL, respectively) and then the
mixtures frozen. The thawing KNC['Bu]Mes slurry was added to the UL(DME), slurry
dropwise, over a period of 15 min. After the addition was completed, the reaction mixture was
stirred for ca. 1 h and then filtered through Celite. Removal of solvent was followed by
extraction with pentane (ca. 200 mL) and filtration of the extract through Celite. Pentane was
removed from the filtrate under reduced pressure and the resulting solid was dried for at least 2
h, extracted in 10 mL of diethyl ether and the solution filtered through Celite again. From the
diethyl ether solution, dark green crystals were obtained after 2 to 3 days at -35 °C (1.50 g, 1.5
mmol, 30% yield).

'H NMR (500 MHz, C¢Dg): at room temperature only very broad peaks can be observed between
0-12 ppm. These peaks sharpen significantly with increasing the temperature and at 100 °C they
can be partially assigned: § = 7.92 (s, 2H, m-Ar); 3.28 (s, 3H, p-Me); 2.91 and 2.60 (s, broad and
' oVerlapping, 15H, 0-Me and 'Bu). The chemical shifts for the protons of the coordinated DME
could not be conclusively assi gned.

UV-vis-NIR (toluene, 22 °C): Anax (nm, € x 102 M, cm™) = 288 (117.2 +8.0); 311 (48.8 + 6.1);
412 (21.6 + 1.1); 590 (4.6 + 0.1); 632 (4.5£0.1); 660 (4.2 + 0.1); 706 (3.5+0.1); 875 (0.4); 950
(0.4); 1084 (0.9); 1107 (0.9); 1168 (1.2); 1195 (1.1); 1320 (0.6); 1387 (0.5).

Anal. calcd. for CusH70N30,1IU: C, 52.02; H, 6.64; N, 3.96. Found: C, 51.99; H, 6.63; N, 3.86.

2.4.2.4.a. Synthesis of Kz(u-n6,7]6-C10Hs)[U(NC[tBu]Mes)3]z (K2-3;-p1-naphthalene)
Note: The following synthesis was used for all K;-3,-y-arene (arene = naphthalene, biphenyl,
trans-stilbene, p-terphenyl) compounds. Only isolated yields and characterization data are

presented separately.
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Compounds 3-I-DME (0.560 g, 0.53 mmol) and naphthalene (0.034 g, 0.26 mmol, 0.5 equiv)
were dissolved in DME (15 mL) and the solution frozen. Separately, KCsg (0.285 g, 2.11 mmol, 4
equiv) was slurried in DME (10 mL) and the slurry was also frozen. The thawing KCs slurry was
added dropwise to the thawing solution mentioned above. After the addition was completed, the
reaction mixture was stirred for 25 min and then filtered through Celite. After the solvent was
removed, the dark brown solid was extracted with pentane (ca. 100 mL), the new solution
filtered through Celite and the solvent removed completely. The solid obtained was slurried in a
1:1 mixture of pentane and diethyl ether (total of 10 mL), transferred to a vial and stored in a —35
°C refrigerator for several days. After decanting the solution and drying the solid obtained, a first
crop of 0.222 g (0.24 mmol, 44.4% yield) was obtained. A second crop (ca. 0.080 g) was
obtained giving a total yield of 60% (0.32 mmol).

~ 'H NMR (500 MHz, C¢Dg, 22 °C): § = 110.14 (s, v. broad, 2H, naphthalene); 9.33 (s, 12H, m-
Ar); 4.50 (s, 18H, p-Me); 3.72 (s, 36H, o-Me); -4.68 (s, 54H, ‘Bu); -32.88 (s, broad, 2H,
naphthalene); -43.56 (s, broad, 2H, naphthalene); -141.55 (s, v. broad, 2H, naphthalene).

UV-vis (B0, 22 °C): Agax (nm, € x 102 M, cm™) = 214 (2810.2 + 308.4); 279 (684.7 + 127.1);
375 (119.1 £ 17.2).

Anal. calcd. for Co4H28NeK,Us: C, 59.54; H, 6.80; N, 4.43. Found: C, 59.86; H, 6.95; N, 4.46.

2.4.2.4.b. Synthesis of Ky(u-n°n°-C10Ds)[UNNC[‘Bu]Mes)s], (K;-3;--C10Ds)

The experimental procedure is similar to the one that leads to K;-3,-l-CyoHs, naphthalene-ds
being used instead of non-deuterated naphthalene.

'H NMR (500 MHz, C¢Dg, 22 °C): 6 = 9.33 (s, 2H, m-Ar); 4.50 (s, 3H, p-Me); 3.75 (s, 6H, o-
Me); -4.66 (s, 9H, ‘Bu).

 2H NMR (46 MHz, Et,0, 22 °C): § = 111.68 (s, 1D); -32.50 (s, 1D); -43.44 (s, 1D); -142.29 (s,
1D).
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2.4.24.c. Synthesis of K,(1u-n°n°-C1oH,D)[UNNC['Bu]Mes)s], (Kz-3;-u-C1oH;D)

The experimental procedure is similar to the one that leads to K;-3,-u-C;oHs, o-naphthalene-d,;
being used instead of non-deuterated naphthalene.

'H NMR (300 MHz, C¢Dg, 22 °C): very similar to the chemical shifts reported for the non-
deuterated compound.

’H NMR (46 MHz, Et;0, 22 °C): § = -43.44 (s, 1D); -141.71 (s, 1ID).

Based on the chemical shifts obtained for the three species (K2-3,-u-CyoHs, K3-3,-u-C;0H;D,
K3-3;-u-C10Dg) and on the line widths, the peaks for the naphthalene protons are assigned as
follows (values taken from the 'H chemical shifts): 6 = 110.14 (s, B-H-bound ring); -32.88 (s, a-
H-non-bound ring); -43.56 (s, B-H-non-bound ring); -141.55 (s, a-H-bound ring).

2.4.2.5.a. Synthesis of Naz(u-n°n°-C1oHg) [UNC['Bu]Mes)s], (Nay-3;-p-C1oHp)

A solution of 3-I-DME (0.651 g, 0.60 mmol) and naphthalene (0.047 g, 0.37 mmol) in THF (20
mL) was added to a 20 mL scintillation vial containing a sodium mirror (the sodium was layered
to at least half of the surface of the vial) and stirred vigorously for 45 min. After that time, the
solution was decanted and the solvent removed. The resulting solid was extracted ;)vith pentane
and the solution filtered through Celite. The solvent was removed again, the solid extracted with
pentane, and after filtration of the extract through Celite the volume of the filtrate was reduced to
ca. 10 mL. The compound is very soluble in pentane and although its solution is shown to be
rather pure by 'H NMR spectroscopy, the yield of the crystallized compound is low (0.234 g,
41%). A preliminary X-ray study indicated that Nay-3,-pi-CyoHp crystallizes with two molecules
of THF, but extensive dryin g of the crystals leads to a solvent free compound.

'H NMR (500 MHz, Cy¢Ds, 22°C): 6 = 84.30 (S, Vio = 68Hz, 2H, naphthalene); 8.20 (s, 12H, m-
Ar); 3.75 (s, 18H, p-Me); 3.46 (s, 36H, 0-Me); -3.23 (s, 54H, 'Bu); -29.85 (S, vip = 11Hz, 2H,
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naphthalene); -38.37 (s, vip=15Hz, 2H, naphthalene), -133.28 (s,' Vinp =56Hz, 2H,
naphthalene). A g-COSY experiment indicated that the peak at 84.30 ppm is coupled with the
one at —133.28 ppm and the peak at —29.85 ppm is coupled with the one at —38.37 ppm. Based on
the values of vy, it can be proposed that the first couple corresponds to the protons of the ring
bridging the uranium centers while the latter corresponds to the other ring of the naphthalene. A
variable temperature NMR experiment showed that the compound is stable up to at least 80 °C.
The experiment was performed in C¢Dg and spectra were recorded at room temperature, every 10
°C from 30 °C to 80 °C and then back to room temperature.

Anal. calcd. for CosHi28NgNa,Uy: C, 61.02; H, 6.92; N, 4.54. Found: C, 61.19; H, 6.78; N,
4.35.

2.4.2.5.b. Synthesis of Na,(p-n°n°-CyoDs)[UNC['Bu]Mes)s], (Naz-3,-i-C10Ds)

The experimental procedure is similar to the one that leads to Naj-3,-u-CyoHjg, naphthalene-ds
being used instead of non-deuterated naphthalene.

'"H NMR (500 MHz, C¢Ds, 22 °C): & = 8.23 (s, 2H, m-Ar); 3.76 (s, 3H, p-Me); 3.50 (s, 6H, o-
Me); -3.35 (s, 9H, ‘Bu).

’H NMR (76 MHz, Et,0, 22 °C): & = 79.19 (s, 1D), -28.90 (s, 1D), -36.45 (s, 1D), -128.90 (s,
D). ‘

H NMR (46 MHz, Et,0, 22 °C): & = 48.99 (s, ID), -27.63 (s, 1D), -29.78 (s, 1D), -111.68 (s,
1D).

2.4.2.5.c. Synthesis of Na(11-n°;n°C1oH,D)[U(NC[‘Bu]Mes)s], (Naz-3,-11-C1oH;D)

The experimental procedure is similar to the one that leads to Naz-3,-p-CyoHs, o-naphthalene-d,

being used instead of non-deuterated naphthalene.
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'"H NMR (300 MHz, C¢Dsg, 22 °C): very similar to the chemical shifts reported for the non-
deuterated compound.

*H NMR (46 MHz, Et,0, 22 °C): § = -29.39 (s, 1D), -110.50 (s, 1D).

Based on the chemical shifts obtained for the three species (Na2-32-u-C10H3, Na;-3,-u-CoH7D,
Na;-3;-u-C1oDs) and on the line widths, the peaks for the bridged naphthalene protons are
assigned as follows (values taken from the 'H chemical shifts): & = 84.30 (S, Vip = 68Hz, B-H-
bound ring); -29.85 (s, vy, = 11Hz, oi-H-non-bound ring); -38.37 (s, Vi, = 15Hz, B-H-non-bound
ring); -133.28 (s, Vi, = 56Hz, 0-H-bound ring).

2.4.2.6.a. Synthesis of K2(u-n°n°-bipheny)[UNC['Bu]Mes)s], (K1-3;-p-biphenyl)

Yield: 46% for the first crop (after 5 days, from Et,0); 56% total yield.

'H NMR (500 MHz, toluene-ds, 20 °C): & = 34.04 (s, vy, = 22 Hz, 1H, bound p-biphenyl); 8.30
(s, 12H, m-Ar); 3.74 (s, 18H, p-Me); 3.03 (s, 36H, 0-Me); -3.09 (s, 54H, 'Bu); -5.78 (s, Vip = 6
Hz, 1H, unbound p-biphenyl); -21.40 (s, vy, =17 Hz, 2H, unbound o-biphenyl); -47.13 (s,
Vi =48 Hz, 2H, unbound m-biphenyl); -73.53 (s, very broad, 2H, bound m-biphenyl); -126.56
(S, Vip =64 Hz, 2H, bound o-biphenyl).

UV-vis (Btz0, 22 °C): Anax (nm, & x 102 M, cm™) = 212 (2555.7 + 110.1); 244 (808.6 = 38.5);
282 (476.4 +24.8); 395 (152.2 + 8.6).

Anal. calcd. for CosH;30NsK,U>: C, 59.98; H, 6.82; N, 4.37. Found: C, 60.06; H,6.48;N,4.11.

2.4.2.6.b. Synthesis of Kz(u-nﬁ,n6-biphenyl-dm)[U (N C[tBu]Mes)3]2 (K2-3z-u-biphenyl-dm)

The experimental procedure is similar to the one that leads to K3-3,-u-biphenyl, biphenyl-d,

being used instead of non-deuterated biphenyl.
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’H NMR (46 MHz, Et,0, 22 °C): 8=-33.98 (s, 1D), -5.72 (s, 1D); -21.45 (s, 2D); -46.85 (s, 2D);
-79.75 (s, 2D); -126.24 (s, 2D).

2.4.2.6.c. Synthesis of Ka(u-n’,n’-biphenyl-2-d;)[UNC['BulMes)s], (Kz-3;-i-biphenyl-2-d;)

The experimental procedure is similar to the one that leads to K3-3;-u-biphenyl, 2-biphenyl-d;

being used instead of non-deuterated biphenyl.

H NMR (46 MHz, Et,0, 22 °C): 6=-21.05 (s, 1D), -125.43 (s, 1D).

2.4.2.6.d. Synthesis of Ky(1u-1°n°-biphenyl-4-,)[UNC['Bu]Mes)s], (K2-3;-p-biphenyl-4-d;)

The experimental procedure is similar to the one that leads to K;-3,-p-biphenyl, 4-biphenyl-d;
being used instead of non-deuterated biphenyl.

’H NMR (46 MHz, Et,0, 22 °C): 8 = 34.31 (s, 1D), -5.53 (s, 1D).

2.4.2.7. Synthesis of Na,(u-n°,n -bipheny)[UNNC['Bu]Mes)s], (Nay-3,-p-biphenyl)

Sodium (0.030 g, 1.30 mmol, 3.5 equiv) was addéd to a THF solution (6 mL) of biphenyl (0.172
g, 1.12 mmol, 3 equiv) in a vial protected from light (with electrical tape) and the resulting
mixture was stirred at room temperature for 1 h, after which time the vial was placed in a cold
well. Separately, a solution of 1-I-DME (0.400 g,l 0.38 mmol) in THF (10 mL) was frozen. The
thawing Na / biphenyl mixture was added dropwise to the 1-I-DME solution, including the piece
of sodium. The new mixture was allowed to reach room temperature and stirred for 2 h, after
which time the solution was decanted from sodium and was transferred to a filter flask. After

removal of volatiles under reduced pressure, the solid obtained was extracted in pentane, the
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extract filtered through Celite, and pentane removed. A new extraction in pentane and filtration
through Celite led to a new filtrate (5 mL), which was placed in a refrigerator overnight. The
next day, the solution was decanted from the solid obtained (biphenyl with traces of Naj-3,-J1-
biphenyl) and the volatiles removed under reduced pressure. The solid obtained was extracted
with pentane (3 mL) followed by diethyl ether, but the two filtrates were not combined at this
stage. From the second filtrate, diethyl ether was removed and the solid obtained was extracted
with pentane. At this point the two pentane fractions were combined, the solution concentrated
and placed in a refrigerator. Compound Na,-3,-u-biphenyl is obtained as a microcrystalline
powder in 57% yield (0.204 g, 0.11 mmol) after one day. 'H NMR (300 MHz, C¢Dg, 22 °C): § =
15.07 (s, 1H, bound p-biphenyl); 8.28 (s, 12H, m-Ar); 3.68 (s, 18H, p-Me); 2.71 (s, 36H, o0-Me); -
2.97 (s, 54H, 'Bu); -3.67 (s, 1H, unbound p-biphenyl); -14.61 (s, 2H, unbound o-biphenyl); -
53.94 (s, 2H, unbound m-biphenyl); -76.03 (s, 2H, bound m-biphenyl); -108.42 (s, 2H, bound o-
biphenyl). Anal. calcd. for CosH30NsUsNay: C, 61.00; H, 6.93; N, 4.45. Found: C, 60.90; H,
7.56; N, 4.34.

2.4.2.8. Synthesis of Kz(u-n6,n6-trans-stilbene)[U(N C['Bu]Mes)s], (K2-3z-pi-trans-stilbene)

Yield: 63% for the first crop (after 10 days, from pentane).

'H NMR (500 MHz, CeDs, 22 °C): & = 71.48 (s, trans-stilbene); 8.76 (s, 12H, m-Ar); 8.58 (s,
18H, p-Me); 4.12 (s, 36H, o0-Me); -3.04 (s, 54H, 'Bu); -3.81 (s, trans-stilbene); -24.25 (s, trans-
stilbene); -33.30 (s, trans-stilbene); -35.04 (s, trans-stilbene); -48.58 (s, trans-stilbene); -144.18
(s, trans-stilbene); -153.84 (s, trans-stilbene).

UV-vis (B0, 22 °C): Anax (nm, € x 107 M, em™) = 210 (2554.0 = 305.6): 280 (648.4 +99.1);
290 (350.7 + 14.8); 353 (153.0 £ 8.5); 610 (93.0 + 10.0). |
Anal. calcd. for CogH;3,NsK,U,: C, 60.41; H, 6.83; N, 4.31. Found: C, 60.21; H, 6.56; N, 4.30.
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2.4.2.9.a. Synthesis of Ky(u-n°n°-p-terphenyl)[UINC['Bu]Mes)s], (Kz-3;-)1-p-terphenyl)

Yield: 67% for the first crop (after 7 days, from pentane).

"H NMR (500 MHz, toluene-dg, 22 °C): 8 = 31.74 (s, Vi = 93 MHz, 1H, p-bound-p-terphenyl),
8.22 (s, 12H, m-Ar); 7.56 (m, 2H, unbound-p-terphenyl); 5.43 (m, 1H, p-unbound-p-terphenyl);
3.76 (s, 18H, p-Me); 3.38 (m, 2H, unbound-p-terphenyl); 2.88 (s, 36H, o-Me); 2.23 (m, 2H,
unbound-p-terphenyl); -2.36 (s, 54H, ‘Bu); -17.71 (s, Vi, = 20 MHz, 2H, unbound-p-terphenyl); -
49.79 (s, vin = 61 MHz, 2H, bound-p-terphenyl); -123.53 (s, vi» = 76 MHz, 2H, bound-p-
terphenyl).

UV-vis (Btz0, 22 °C): Anax (nm, € x 102 M, cm™) = 214 (2646.8 + 136.0); 246 (1032.0 =
142.1); 273 (820.9 = 76.7); 494 (103.9 = 10.0).

Anal. calcd. for CipoH134NgK,Us: C, 61.30; H, 6.76; N, 4.21. Found: C, 61.51; H, 6.48: N, 4.12.

2.4.2.9.b. Synthesis of Kz(p,-n6,1'|6-p5terphenyl-dl4)[U(NC[tBu]Mes)3]2 (K3-3;-p-p-terphenyl-
d1a)

The experimental procedure is similar to the one that leads to K;-3,-j1-p-terphenyl, p-terphenyl-
di4being used instead of non-deuterated p-terphenyl.

’H NMR (76 MHz, toluene, 22 °C): 8 = 22.28 (s, 1D); 8.16_(5, 2D); 6.00 (s, 1D); 3.84 (s, 2D);
2.89 (s, 2D); -17.84 (s, 2D); -49.76 (s, 2D); -123.71 (s, 2D). .'

2.4.2.10.a. Synthesis of K(u-n6,1]6-CmHs)[U(NC[tBu]Mes);;].z (K-3;-p-naphthalene)

Note: The following synthesis was used for all K-3,-pu-arene (aréne = naphthalene, biphenyl,
trans-stilbene, p-terphenyl) compounds. Only isolated yields and characterization data are

presented separately.
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Compounds 3-I-DME (0.492 g, 0.46 mmol) and naphthalene (0.030 g, 0.23 mmol, 0.5 equiv)
were dissolved in DME (15 mL) and the solution frozen. Separately, KCg (0.125 g, 0.92 mmol, 2
equiv) was slurried in DME (12 mL) and the slurry was also frozen. The thawing KCg slurry was
added dropwise to the thawing solution mentioned above. After the addition was completed, the
reaction mixture was stirred for 20 min and then filtered through Celite. After the solvent was
removed, the dark brown solid was extracted with pentane (ca. 100 mL), the new solution
filtered through Celite and the solvent removed completely. The solid obtained was slurried in a
2:1 mixture of pentane and diethyl ether (total of 10 mL), transferred to a vial and stored in a —35
°C refrigerator for one day. After decanting the solution and drying the solid obtained, a first
crop of 0.251 g (0.13 mmol, 56% yield) was obtained.

'H NMR (300 MHz, C¢Dg, 22 °C): 6 =20.22 (s, 6H, m’-Ar); 9.34 (s, 6H, p’-Me); 8.93 (s, 8H, m-
Ar); 4.49 (s, 12H, o’-Me or p-Me); 3.65 (s, 12H, o’-Me or p-Me); 1.29 (s, 36H, r-Bu); -0.14 (s,
18H, #-Bu’); -1.19 (s, 2H, unbound ornaphthalene); -2.19 (s, 24H, 0-Me); -37.96 (s, 2H, unbound
B-naphthalene); -121.17 (s, 2H, bound o -naphthalene); -124.53 (s, 2H, bound f-naphthalene).
(Note: Because of the two ligand environments (2:1), with “ ¢ “ is designated the latter ligand.)
UV-vis (toluene, 22 °C): Amax (nm, £ x 107 M, em™) = 282 (376.7 = 28 4); 388 (134.9 + 12.1);
632 (47.5+7.4).

Anal. calcd. for Co4H;2gN6KU,: C, 60.79; H, 6.95; N, 4.53. Found: C, 60.70; H, 6.86; N, 4.70.

2.4.2.10.b. Synthesis of K(1-n°,n°-C1oDg)[UNC[‘Bu]Mes)s]; (K-3,-1-C10Ds)

The experimental procedure is similar to the one that leads to K-3,-p-CyoHs, naphthalene-dj
being used instead of non-deuterated naphthalene.

’H NMR (46 MHz, Et,0, 22 °C): § = -0.46 (s, 1D); -38.97 (s, 1D); -117.73 (s, 1D); -126.53 (s,
1D).
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2.4.2.10.c. Synthesis of K(u-n6,n6-C10H7D)[U(N C[tBll]MeS)g]z (K-3;-u-CyoH,D)

The experimental procedure is similar to the one that leads to K-3;-u-CyoHs, o-naphthalene-d;
being used instead of non-deuterated naphthalene.

’H NMR (46 MHz, Et,0, 22 °C): 6 =-0.42 (s, 1D); -117.49 (s, 1D).

2.4.2.11.a. Synthesis of K(u-n°nbipheny)[U(NC['Bu]Mes)s], (K-3,-i-biphenyl)

Yield: 42% for the first crop (after 3 days, from pentane/Et,0).

'H NMR (300 MHz, Cg¢Dg, 22 °C): & = 16.86 (s, 6H, unbound m-biphenyl and m’-Ar); 8.96 (s,
« 8H, m-Ar); 7.95 (s, 6H, p’-Me); 4.50 (s, 12H, o’-Me or p-Me); 391 (s, 12H, o’-Me or p-Me);
1.02 (s, 36H, z-Bu); 0.02 (s, 18H, t-Bu’); -2.17 (s, 24H, o-Me); -9.19 (s, 2H, unbound o-
biphenyl); -14.18 (s, 1H, unbound p-biphenyl); -83.57 (s, 1H, bound p-biphenyl); -140.72 (s, 2H,
bound m-biphenyl); -163.87 (s, 2H, bound o-biphenyl).

UV-vis (toluene, 22 °C): Anax (nm, € x 10 M, cm™) = 285 (354.8 + 23.3); 431 (188.4 + 17.9);
647 (45.2 £4.1).

Anal. caled. for CosH{30NsKU,: C, 61.22; H, 6.96; N, 4.46. Found: C, 60.74; H, 6.48; N, 3.94.

2.4.2.11.b. Synthesis of K(i-1°n°-biphenyl-dyo)[UINC[‘Bu]Mes)s], (K-3,-p-biphenyl-dy,)

The experimental procedure is similar to the one that leads to K-32-|,L%biphenyl, biphenyl-d|,
being used instead of non-deuterated biphenyl.

’H NMR (46 MHz, Et,0, 22 °C): 8 =17.02 (s, 2D), 9.14 (s, 2D); -13.87 (s, 1D); -83.62 (s, 1D);
-141.20 (s, 2D); -164.92 (s, 2D).
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2.4.2.11.c. Synthesis of K(u—n6,n6-biphenyl-2-d1)[U(N C['Bu]Mes);], (K-3;-p-biphenyl-2-d;)

The experimental procedure is similar to the one that leads to K-3;-p-biphenyl, 2-biphenyl-d;
being used instead of non-deuterated biphenyl.

*H NMR (46 MHz, Et,0, 22 °C): 8 =-9.20 (s, 1D), -164.46 (s, 1D).

2.4.2.11.d. Synthesis of K(u-n’n’-biphenyl-4-d)[UNC[‘Bu]Mes)s] (K-3,-pi-biphenyl-d-d;)

The experimental procedure is similar to the one that leads to K-3,-p-biphenyl, 4-biphenyl-d;
being used instead of non-deuterated biphenyl.
’H NMR (46 MHz, Et,0, 22 °C): § = -14.02 (s, 1D), -82.99 (s, 1D).

2.4.2.12. Synthesis of K(u-n:“,n“-trans-stilbene)[U(N C[tBu]Mes)g]z (K-3;-p-trans-stilbene)

Yield: 83% for the first crop (after one day, from pentane).

'H NMR (500 MHz, C¢Dg, 22 °C): 6 = 16.64 (s, 4H, m’-Ar); 16.08 (s, trans-stilbene); 9.47 (s,
6H, p’-Me); 8.01 (s, 8H, m-Ar); 4.81 (s, 12H, o’-Me or p-Me), 4.10 (s, 12H, o’-Me or p-Me);,
0.63 (s, 36H, t-Bu); -0.44 (s, 18H, t-Bu’); -2.11 (s, 24H, 0-Me); -46.02 (s, trans-stilbene); -71.89
(s, trans-stilbene).

UV-vis (Etz0, 22 °C): Apay (nm, £ x 102 M, em™) = 215 (2118.9 + 103.3); 282 (532.9 + 56.2);
382 (150.3 £ 5.4); 568 (97.3 £ 4.7).

Anal. caled. for CogH;3,NgKU,: C, 61.65; H, 6.97; N, 4.40. Found: C, 61.68; H, 6.81; N, 4.40.
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2.4.2.13.a. Synthesis of K(u-1°,n’p-terphenyl)[UNNC['Bu]Mes)s], (K-3,-1-p-terphenyl)

Yield: 69% for the first crop (after 1 ‘day, from pentane).

'H NMR (500 MHz, toluene-dg, 22 °C): & = 18.11 (s, 2H, unbound p-terphenyl); 11.32 (m, 2H,
unbound p-terphenyl); 8.88 (s, 8H, m-Ar); 7.97 (s, 6H, p’-Me); 7.51 (m, 1H, p-unbound p-
terphenyl); 4.39 (s, 12H, o’-Me or p-Me); 3.95 (s, 12H, o’-Me or p-Me); 0.89 (s, A36H, t-Bu); -
0.12 (s, 18H, #-Bu’); -1.75 (s, 24H, 0-Me); -7.35 (s, 2H, unbound p-terphenyl); -81.17 (s, vy, =
106 Hz, 1H, p-bound p-terphenyl); -142.44 (s, vy, = 78 Hz, 2H, m or o-bound p-terphenyl); -
163.31 (s, Vip = 156 Hz, 2H, m or o-bound p-terphenyl).

UV-vis (toluene, 22 °C): Anax (nm, € x 10? M, em™) = 285 (552.9 + 27.2); 447 (199.1 = 7.8);
517 (174.2 £7.8).

* Anal. calcd. for Cp,H;34NgKU,: C, 62.52; H, 6.89; N, 4.29. Found: C, 62.57;, H, 6.90; N, 4.06.

2.4.2.13.b. Synthesis of K(u-n%n’p-terphenyl-d;s)[UNC['Bu]Mes);], (K-3,-i-p-terphenyl-
d4)

The experimental procedure is similar to the one that leads to K-3;-u-p-terphenyl, p-terphenyl-
dy4 being used instead of non-deuterated p-terphenyl.

’H NMR (76 MHz, toluene, 22 °C): 8 =18.87 (s, 2D), 12.17 (s, 2D), 8.45 (s, 1D), 6.83(s, 2D), -
5.84 (s, 2D), -88.13 (s, 1D); -145.85 (s, 2D); -162.39 (s, 2D).

2.4.2.14.a. Oxidation of K;-1,-l-arene to K-1,-p-arene using Fc[OTf]

Note: Only the oxidation of Kp-1,-l-trans-stilbene to K-1,-y-trans-stilbene is described in detail,
the reactions for the other three Kj-1p-ji-arene (arene = naphthalene, biphenyl, p-terphenyl)

compounds being similar,
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Solutions of Kj-1,-l-trans-stilbene (0.253 g, 0.13 mmol) and Fc[OTf] (0.044 g, 0.13 mmol, 1
equiv) in diethyl ether were frozen. The thawing Kj,-1,-pi-trans-stilbene solution was added
dropwise to the thawing Fc[OTf] solution, the reaction mixture was allowed to reach room
temperature, and stirred for 1 h. After that time, the mixture was filtered through Celite and
volatiles were removed. The solid obtained was extracted in pentane, the solution obtained was
filtered through Celite again, concentrated and placed in a -35 °C refrigerator. After 8 days, K-

12-iu-trans-stilbene was obtained as a microcrystalline solid (0.200 g, 0.10 mmol) in 81% yield.

2.4.2.14.b. Oxidation of K;-1,-y-arene to K-1,-p-arene using P,

Note: Only the oxidation of Ky-1,-p-trans-stilbene to K-15-pi-trans-stilbene is described in detail;
the reactions for the other three Kj-1;-p-arene (arene = naphthalene, biphenyl, p-terphenyl)
compounds being similar.

Solutions of Kj-1,-pu~trans-stilbene (0.109 g, 0.06 mmol) and P, (0.009 g, 0.07 mmol, 1.3 equiv)
in diethyl ether were frozen. The thawing Kj-15-1-trans-stilbene solution was added dropwise to
the thawing P, slurry, the reaction mixture was allowed to reach room temperature, and stirred
for 0.5 h. After that time, the mixture was filtered through Celite and volatiles were removed.
The solid obtained was extracted in pentane, the solution obtained was filtered through Celite
again, concentrated and placed in a —35 °C refrigerator. After 5 days, K-13-p-trans-stilbene was

obtained as a microcrystalline solid (0.074 g, 0.10 mmol) in 69% yield.

2.4.2.15. Reduction of K-1,-j1-arene to K;-1;-p-arene using K/anthracene

Note: Only the reduction of K-13-p-trans-stilbene to Ko-12-p-trans-stilbene is described in detail,
the reactions for the other three K-1,-p-arene (arene = naphthalene, biphenyl, p-terphenyl)

compounds being similar.
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Potassium (0.100 g, 2.6 mmol, 5.2 equiv) was added to a THF solution (3 mL) of anthracene
(0.010 g, 0.05 mmol, 1 equiv) in a vial protected from light (with electrical tape) and the
resulting mixture was stirred at room temperature for 1 h, after which time the vial was placed in
a cold well. Separately, a solution of K-1,-j1-trans-stilbene (0.091 g, 0.05 mmol) in THF (2 mL)
was frozen. The thawing K/anthracene mixture was added dropwise to the K-15-{1-frans-stilbene
solution, the excess of potassium being left behind. The new mixture was allowed to reach room
temperature and stirred for 1 h, after which time the solution was transferred to a filter flask.
After removal of volatiles under reduced pressure, the solid obtained was extracted in pentane,
the extract filtered through Celite, and pentane removed. A new extraction in pentane and
filtration through Celite led to a new filtrate (5 mL), which was concentrated and placed in a
refrigerator overnight. Compound Kj-1,-[i-trans-stilbene is obtained as a microcrystalline

powder in 78% yield (0.073 g, 0.04 mmol) after several days.

2.4.2.16.a. Synthesis of KI(u-n°n°’-toluene)[UNC[‘Bu]Mes)s], (K,I-3;-ji-toluene)

A solution of 3-I-DME (2.075 g, 1.95 mmol, 60 mL) and a slurry of KCsg (0.527 g, 3.90 mmol, 2
equiv, 100 mL) in toluene were frozen. To the thawing 3-I-DME solution was added dropwise
the KCg slurry, the reaction mixture was stirred for 2 h at room temperature, and then filtered
through Celite. The solvent from the filtrate was removed and the solid extracted in diethyl ether
(100 mL).The last operations were repeated and the solution was concentrated (10 mL) and théh
placed in a refrigerator for several days. K,I-3,-l-toluene was obtained as a dark orange brown
microcrystalline solid (0.852 g, 0.43 mmol, 44% yield).

'H NMR (300 MHz, C¢Ds, 22 °C): & = 34.70 (s, 3H, toluene-CH3); 6.98 (s, 12H, m-Ar); 2.53 (s,
18H, p-Me); 1.63 (s, 54H, ‘Bu); 1.50 (s, 36H, 0-Me); -38.01 (s, 2H, o or m-toluene); 43.05 (s, 1H,
p-toluene); -44.63 (s, 2H, o or m-toluene).

UV-vis (Et;0, 2 °C): Amax (nm, € X 102 M7, em™) = 214 (2099.2 + 255.7); 267 (593.3 + 108.6);
432 (120.5 £ 10.5); 541 (80.7 = 8.1).
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Anal. caled. for Cg4Hi20NUKoI: C, 55.03; H, 6.45; N, 4.23. Found: C, 54.45; H, 5.85; N, 3.92.

2.4.2.16.b. Synthesis of Kzl(u-n6,r|6-toluene-dg)[U(N C['Bu]Mes);], (K2I-3;-p-toluene-dg)

A solution of 3-I-DME (0.090 g, 0.08 mmol, 8 mL) and a slurry of KCs (0.023 g, 0.17 mmol, 2
equiv) in 4 mL of C7Ds, respectively, were frozen. To the thawing 3-I-DME solution was added
dropwise the thawing KCs slurry. The reaction mixture was stirred for 20 min after which it was
filtered through Celite and volatiles removed under reduced pressure. After extraction with
pentane the solution (20 mL) was concentrated to 3 mL and cooled to -35 °C. The crystals (0.018
g, 0.009 mmol, 11% yield) obtained were used to prepare the NMR sample.

’H NMR (76 MHz, pentane, 22 °C): § = 34.42 (s, 3D, CD;-toluene); -37.76 (s, 2D, o or m-
toluene); -42.73 (s, 1D, p-toluene); -44.43 (s, 2D, o or m-toluene).

2.4.2.16.c. Synthesis of Kzl(u-nﬁ,'nﬁ-benzene)[U(N C[tBu]Mes)3]2 (K>I-3,-u-benzene)

A solution of 3-I-DME (0.090 g, 0.08 mmol, 8 mL) and a slurry of KCg (0.023 g, 0.17 mmol, 2
equiv) in 4 mL of CgHg, respectively, were frozen. To the thawing 3-I-DME solution was added
dropwise the thawing KCg slurry. The reaction mixture was stirred for 20 min after which it was
filtered through Celite and volatiles removed under reduced pressure. After extraction with
pentane the solution (20 mL) was concentrated to 3 mL and cooled to -35 °C. The crystals (0.018
g, 0.009 mmol, 11% yield) obtained were used to prepare the NMR sample.

'H NMR (300 MHz, C¢Dg, 22 °C): & = 6.97 (s, 2H, m-Ar); 2.57 (s, 3H, p-Me); 1.87 (s, 9H, 'Bu);
1.36 (s, 6H, 0-Me); -44.91 (s, 1H, CeHj).

References begin on page 155



Chapter 2 138

2.4.2.17.a. Synthesis of K(DME)(].L-T]6,116-toluene)[U(NC[‘Bu]Mes);]z (K(DME)-3;-p.-

toluene)

Complex 3.1-DME (0.163 g, 0.15 mmol) and toluene (3 drops, ca. 0.030 g, 0.33 mmol, 2.2
equiv) were dissolved in DME (5 mL) and the solution frozen. Separately, KCs (0.062 g, 0.46
mmol, 3 equiv) was slurried in DME (3 mL) and the slurry was also frozen. The thawing KCs
slurry was added dropwise to the thawing solution mentioned above. After the addition was
completed, the reaction mixture was stirred for 20 min and then filtered through Celite. After the
solvent was removed, the dark brown solid was extracted with pentane (ca. 15 mL), the new
solution filtered through Celite and the solvent removed completely. The solid obtained was
extracted in pentane (10 mL), the solution filtered through Celite, concentrated to 3 mL, and
_ stored in a —35 °C refrigerator for several days. After decanting the solution and drying the solid
obtained, a first crop of 0.061 g (0.03 mmol, 41% yield) was obtained.

'"H NMR (500 MHz, toluene-dg, 22 °C): 6 = 8.61 (s, 12H, m-Ar); 4.15 (s, 18H, p-Me); 3.36 (s,
4H, CH,-DME); 3.15 (s, 6H, CH3-DME); 1.22 (s, 36H, 0-Me); -1.20 (s, 54H, ‘Bu).

UV-vis (B0, 22 °C): Anax (nm, € x 102 M, em™) = 214 (2099.2 + 255.7); 267 (593.3 = 108.6);
432 (120.5 £ 10.5); 541 (80.7 = 8.1).

Anal. calcd. for CgsHy3sNgU20.K: C, 59.70; H, 7.28; N, 4.40. Found: C, 60.10; H, 7.17; N,
4.59.

2.4.2.17b. Synthesis of K(DME)(u-n’n’-toluene-ds)[UNC['Bu]Mes)s]; (K(DME)-3,-1i-

toluene-ds)

A solution of 3-I-DME (0.090 g, 0.08 mmol, 8 mL) and a slurry of KCs (0.023 g, 0.17 mmol, 2
equiv) in 4 mL of C;Ds, respectively, were frozen. To the thawing 3-I-DME solution was added
dropwise the thawing KCs slurry. The reaction mixture was stirred for 20 min after which it was

filtered through Celite and volatiles removed under reduced pressure. After extraction with
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pentane the solution (20 mL) was concentrated to 3 mL and cooled to -35 °C. The crystals (0.018
g, 0.009 mmol, 11% yield) obtained were used to prepare the NMR sample.

’H NMR (76 MHz, pentane, 22 °C): § = 34.42 (s, 3D, CDjs-toluene); -37.76 (s, 2D, o or m-
toluene); -42.73 (s, 1D, p-toluene); -44.43 (s, 2D, o or m-toluene).

2.4.2.17.c. Synthesis of K(DME)(u-T]6,116-benzene)[U(NC[tBu]Mes)3]2 (K(DME)-3;-ui-

benzene)

A solution of 3-I-DME (0.090 g, 0.08 mmol, 8 mL) and a slurry of KCg (0.023 g, 0.17 mmol, 2
equiv) in 4 mL of CgHs, respectively, were frozen. To the thawing 3-I-DME solution was added
dropwise the thawing KCjg slurry. The reaction mixture was stirred for 20 min after which it was
filtered through Celite and volatiles removed under reduced pressure. After extraction with
pentane the solution (20 mL) was concentrated to 3 mL and cooled to -35 °C. The crystals (0.018
8, 0.009 mmol, 11% yield) obtained were used to prepare the NMR sample.

'H NMR (300 MHz, CsDs, 22 °C): § = 6.97 (s, 2H, m-Ar); 2.57 (s, 3H, p-Me); 1.87 (s, 9H, ‘Bu);
1.36 (s, 6H, 0-Me); -44.91 (s, 1H, CsHp).

2.4.2. 18 .a. Reaction of Kz(u-n N -Clng)[U(NC[tBu]Mes)g]z (K2-32-u-CloHs) with 1,3,5,7-

cyclooctatetraene

Compound Kj-3;-p1-CoHsg (0.222 g, 0.12 mmol) was dissolved in diethyl ether (10 mL) and the
solution frozen. To this thawing solution was added dropwise a thawing solution of 1,3,5,7-
cyclooctatetraene (0.025 g, 0.24 mmol, 2 equiv) in Et,0 (10 mL). The reaction mixture was

stirred for 1h and then the solvent was removed. The solid obtained was extracted in Et;O (10
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