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Abstract of Dissertation

Expanding Ln(Il) Chemistry with Bis(trimethylsilyl)amide Ligands

By
Austin J. Ryan
Doctor of Philosophy in Chemistry
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Professor William J. Evans, Chair

This dissertation describes efforts to expand the understanding of Ln(ll) chemistry,
particularly that of the non-traditional 4f"5d* ions, through the synthesis and isolation of new
Ln(Il) species supported by bis(trimethylsilyl)amide ligands and exploration of their reactivity.
Described herein is the isolation of a new series of Ln(ll) complexes ligated by NR2 (R = SiMes)
ligands. These ligands were previously not thought to be capable of supporting the non-
traditional lanthanide ions in the 2+ oxidation state. Following their isolation, the reaction
chemistry of these [Ln''NR2)s]'" complexes was investigated to provide insight into the unique
reaction chemistry of non-traditional Ln(ll) ions. Chapter 1 outlines the synthesis and
characterization of a new series of Ln(ll) complexes [M(crypt)][Ln(NR2)3] (M = K or Rb) and
describes their spectroscopic properties as they relate to electron configuration. Chapter 2
discusses the synthesis of the elusive [Y'(NR2)s]'~ complex in addition to reactions of
[Ln(NR2)3]'~ with CO. Chapter 3 describes new examples of uranium in the +2 oxidation state
isolated by reduction of Cp®*3U (Cp* = CsMesH) and U(NR2)s (R = SiMes) in the presence of

2.2.2-cryptand to produce [K(crypt)][Cp™sU] and [K(crypt)][U(NR2)s], respectively. Chapter 4
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expands the understanding of lanthanide-based dinitrogen reduction chemistry through discovery
of the first end-on Lny(u-#t:#*-N2) complexes. The formation of end-on versus the more
common side-on Lnz(p-1#%:#7>-N2) complexes was possible by using the Ln(1l) complexes detailed
in Chapters 1 and 2. Chapter 5 details the reaction chemistry of the [Gd(NR2)s]'~ complexes with
toluene and the isolation of a methylcyclohexadienyl dianion. Chapter 6 discusses the reaction
chemistry of [Gd(NR2)s]'” with BiPhs and PPhs and the formation of a rare example of a

complex containing a Ln—Bi bond.
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Introduction

The lanthanide series encompasses the fifteen elements from La to Lu. Taken with Sc and Y
these seventeen elements compromise a group commonly termed the rare earth elements. The
rare earth elements are not rare. In fact, the lighter elements of the series, such as scandium,
yttrium, lanthanum and cerium, show an abundance in the earth’s crust similar to that of cobalt
and copper.! Even the least abundant rare earth, thulium, is still more abundant than iodine and
an order of magnitude more abundant than the precious and platinum group metals.! The term
“rare earth” was coined over a century ago when the elements were first identified in minerals
which were at the time considered “rare”.? These elements have however become ubiquitous
throughout modern life finding applications in industrial catalysis, wind turbine generators, low-
energy lighting, rechargeable batteries and MRI imaging to name a few.? They are even
considered essential to U.S military application with the majority of missile defense systems

containing rare earth components.?

In the field of single molecule magnets (SMMs), a rapidly expanding area of research due to
potential SMM applications in high-density information storage, the lanthanide ions are the
current front runners as a result of their intrinsically large magnetic moments and ability to
preserve the orbital angular momentum associated with their valence f orbitals.* This
preservation of orbital angular momentum arises from the limited radial extension of the f
orbitals compared to the valence d-orbitals of the transition metals. The property of radially
contracted valence orbitals also dictates much of the chemistry of the lanthanide ions. The lack

of radial extension means that there is not sufficient overlap of the 4f metal orbitals with ligand



orbitals which results in mostly ionic interactions.? Consequently, the chemistry of the lanthanide

ions is largely dictated by electrostatic interactions and steric effects.

Oxidation States of the Lanthanides. Integral parts of any study designed to expand the
chemistry of an element involve the redox properties of that element. Early reviews in rare-earth
chemistry noted that Eu, Yb and Sm were the only elements capable of accessing the 2+
oxidation state in molecular complexes.>” Nd, Tm and Dy were observed to adopt the 2+
oxidation state in the solid state as LnXz (X = CI, Br, 1), but not as molecular species.” Similar
dihalide complexes were synthesized with Ln = La, Ce, Pr and Gd, however their electronic
structure was best described as Ln(111)(e")(X)2 where the electron is delocalized throughout the

solid in a conduction band rather than localized on the metal.’

S \ I toluene § \Slll \\\\\ \]:/‘/1\1"//,,,%\ jIH
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Scheme 0.1. Unique reactivity of (CsMes),Sm.%1!
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Following the discovery of Cp*>Sm (Cp* = CsMes), a wide range of bond making reductive
reactions were observed with this Sm(Il) complex not seen in trivalent lanthanide chemistry or in
the chemistry of less reducing Eu(ll) or Yb(II) ions, including the isolation of the first f element
dinitrogen complex. scheme 0.1. It wasn’t until the late 1990s that examples of molecular
complexes of Nd, Dy and Tm in the 2+ oxidation state were discovered as Lnlx(solvent)x
complexes.’> B The new Lnly(solvent)x complexes were good precursors to a number of
molecular divalent Tm complexes. However, ligand substitution to form Ln(ll)-containing
complexes was not observed with Ndl» and Dyl as starting materials.** It was not expected that
any more oxidation states would be discovered for the lanthanide elements due to very negative

estimated reduction potentials for reduction of 4" Ln(I11) ions to 4" Ln(I1) ions, Table 0.1.

Table 0.1. Calculated reduction potentials for Ln(Ill)/Ln(Il) couple vs SHE based on

experimental® and thermodynamic® data.’

Ln Potential Ln Potential
Eu? -0.35 Ho® -2.80
Yb? -1.15 Erb —2.96
Sma -1.55 Prv -3.03
TmP =2.27 ThP -3.47
Dyb —2.42 LaP —3.74
NdP —2.62 CeP -3.76
PmP —2.67 GdP -3.82

This assumption was overturned with the isolation of molecular examples of La and Ce in the
2+ oxidation state supported by silylcyclopentadienyl ligands in the form of [LnCp”3]'™ (Cp" =

CsHs(SiMes)2).™® This discovery was astonishing given that the theoretical reduction potentials of



the Ln(111)/Ln(I1) couple for La and Ce were — 3.74 and — 3.76 V vs SHE!! As an explanation,
the seminal study by Lappert suggested that rather than the reduction of La(lll) and Ce(lll)
occurring in the expected way, with an electron added into an f orbital changing the electron
configuration from 4f" to 4f"™*!, the electron introduced was instead added into a 5d orbital

creating a mixed quantum number configuration of 4f"5d*.%°

SiMe; - SiMe
Rl Y I .
R\ m -oec-cryptan 0. 1720 R |
Me;Si . M THF [ _KZ0 J Me;Si M
% - - graphite (i/ ¢ 0 % - 0.1)
1ivie3 ol i €3
R i e L R

R =SiMe3; M = La, Ce

R=H; M =Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu

Upon moving to the slightly smaller silylcyclopentadienyl ligand Cp’, (Cp’ = CsH4SiMes), Evans
and coworkers proceeded to synthesize and isolate the entire lanthanide series (except for
radioactive Pm), as well as Y, in the 2+ oxidation state in the form of [K(crypt)][LnCp's], eq 0.1.
By maintaining the same (Cp’s)*” coordination environment across the series, a detailed
examination of the physical and electronic properties of these new “non-traditional” divalent ions
was possible.’®1® The findings were illuminating. The “traditional” divalent ions, Eu, Yb, Sm
and Tm, all showed the expected 4f"*! electron configuration as evidenced by a pronounced
change in the Ln—Cp(cnt) distance, 0.1 - 0.2 A, small extinction coefficients (< 1000 Mt cm™)
in the optical spectra, and magnetic properties consistent with an electron being added to an f-

orbital with appropriate angular orbital momentum.*®

In contrast every other Ln(ll) ion in the series showed a 4f"5d! configuration where, through

DFT studies, the electron was proposed to have been added to a d;2 orbital found to be the lowest



energy d orbital in the C3 symmetric system. Ln—Cp’(cnt) distance changes from 3+ to 2+ for Ln
=Y, La, Pr, Nd, Gd, Tb, Dy, Ho, Er, Lu were significantly less, 0.04 - 0.06 A, than those
observed in the traditional systems, 0.1 - 0.2 A.2® These new divalent systems also displayed
unusually large extinction coefficients in the thousands of Mt cm™ rather than the hundreds, as
observed with the traditional ions. The high extinction coefficients were explained with the help
of TD-DFT calculations which assigned them as allowed transitions of a 5d electron into a m*

ligand orbital.®

Further evidence for the mixed 4f"5d electron configurations came from magnetic
measurements which resulted in magnetic moments best modelled by one electron with no
angular momentum contribution (dz) coupling to the 4f" electrons.?’ X-ray absorption near edge
spectroscopy (XANES) again showed a sharp contrast between the electron configurations of the
so called traditional divalent ions and the new non-traditional ions with shifts in the absorption
spectrum of 6.6 - 7 eV for the traditional ions compared to a transition metal like shift of 0.02 -
1.9 eV for the non-traditional ions. All of these data supported the assertion that the electron was

in fact entering a 5d rather than a 4f orbital.

Rare Earth Amide Complexes. Since its application to chromium in 1972 by Bradley et al.,?*
the bis(trimethylsilyl)amide ligand (NR2)!" (R = SiMes), has become ubiquitous throughout
inorganic chemistry. When applied to the trivalent rare-earth ions, the steric bulk provided by the
SiMes groups allowed for isolation of three coordinate complexes across the series.?? 22 When
applied to the divalent ions Sm(Il), Eu(ll) and Yb(Il), neutral®* % or anionic? 2" Ln(Il) amide

complexes could be isolated, Scheme 0.2.



THF
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-3 KCl NR,
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Scheme 0.2. Salt metathesis reactions between rare earth halides and KNRo.

When reactions of KNR2 were performed with Dyl, and Ndl2 under a dinitrogen atmosphere, no
Ln(Il) complexes were isolated. Rather, a reduced nitrogen complex was isolated featuring a
side-on binding mode of the N unit to the Ln(l11) ions, [(R2N)2(THF)Ln]2[u-7%:%?-N2].28 These
results prompted further investigations using a LnAz/M reduction system where M = alkali metal
and A = NR2, eq 0.2, and resulted in isolation of [(R2N)2(THF)Ln]2[u-5?:12-N2] complexes not
only for Ln = Dy, and Nd, which had known examples of molecular species in the 2+ oxidation
state, but also for Ln = Nd, Gd, Th, Dy, Ho, Y, Er, Tm, and Lu, none of which were known to

have an accessible 2+ oxidation state.

+2K
THF\ N §NR2
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Ln = Nd, Gd, Th, Dy, Ho, Er, Tm, Lu, Y
R = SiMe,



Reduction of [(R2N)2(THF)Ln]2[u-7%5?-N2] resulted in the formation of an (N2)*~ complex,
[K(18-crown-6)I{[(R2N)2(THF)Ln]2(u-#*:7%*-N2)}. Upon investigation of the magnetic properties
of [K(18-crown-6)J{[(RzN)2(THF)Dy]a(u-n*1?-N2)}, a record-breaking blocking temperature to
magnetic relaxation was observed.?® Measurements of the Tb analog were made shortly after and

displayed an even higher blocking temperature,* Figure 0.1.

THF <N(SiMej3), B THF N(SiMej3),
N m N NNy i
MeaSi),N Dy N ------ DyL N(SiMe;), MeaSi),N e Th N ----- Th—= N(SiMe;),
(Me;Si),N / ~ // < (Me;Si),N J N // Z
(Me;Si),N N THF (Me;Si),N N THF

Figure 0.1. {[(R2N)2(THF)Ln]2(u-n%#?-N2)]}'~ complexes with magnetic blocking temperatures

of 10 and 14K respectively.

Divalent intermediates were postulated for the reactions of eq 0.2, but attempts to isolate them
were unsuccessful and only fleeting color changes were observed in reduction reactions.3! In
2011, an EPR spectrum from the reduction of Y(NR2)s with KCgin an argon-filled glovebox was
acquired showing a doublet centered around a g value of 1.976, consistent with a d* system being
split by the yttrium % nuclear spin. However, no isolated Y(II) product was ever recovered.%
This led to the generalization that ligands like (NR2)!~ formed (N=N)>" complexes in LnAs/M
reactions, eq 0.2, but not isolable Ln(Il) complexes, whereas cyclopentadienyl ligands like
(CsH4SiMes)!™ and [CsH3(SiMes)2]! ™ gave crystallographically-characterizable Ln(I1) complexes,

eq 0.1.



Ar

THF [M(chelate)] NR,
Scm(NRZ)3 + M + chelate =35°C . I (0.3)
/Sc\
M=K, Cs chelate = 2.2.2-cryptand R,N NR,
M=K chelate = 18-crown-6

R= SiMe3
Investigations into reduction of Ln(NR2)s featuring the smallest rare-earth, Ln = Sc, using K and

Cs as reductants in the presence of a chelating ligand, were found to form crystallographically-
characterizable Sc(l1) complexes, eq 0.3.33 Although Sc is much smaller than the other rare-earth
metals, this discovery was surprising considering the results with congeneric yttrium and the
generalization stated above. Since Sc and Y reactions did not appear to be similar, it was of
interest to determine if the assumption that Y was similar to the late lanthanides was valid for

their reductive chemistry.

Dissertation Outline. The research presented in this dissertation focuses on the use of the
[(NR2)3]* (R = SiMes) ligand set to isolate examples of non-traditional lanthanide ions in the 2+
oxidation state and study the subsequent physical properties and reaction chemistry that they

exhibit.

Chapter 1 outlines the synthesis and characterization of a new series of Ln(Il) complexes that
overturns two previous generalizations in rare-earth metal reduction chemistry: that amide
ligands do not form isolable complexes of the highly-reducing non-traditional Ln(Il) ions and
that yttrium is a good model for the late lanthanides in these reductive reactions. Reduction of
Ln(NR2)s complexes with K or Rb in the presence of 2.2.2-cryptand (crypt) formed
crystallographically-characterizable [M(crypt)][LNn(NR2)3] (M = K or Rb) complexes not only for

the traditional Tm(Il), Nd(Il) and Dy(ll) ions, but also for the non-traditional Gd(Il), Tb(Il),



Ho(ll), and Er(1l) ions where the Ho(ll) and Er(11) complexes are only isolable when using Rb as
the reductant. Crystallographic data as well as UV-visible, magnetic susceptibility, and density
functional theory studies are presented and were consistent with the accessibility of 4f"5d*

configurations for Ln(l1) ions in this tris(silylamide) ligand environment.

Chapter 2 discusses the synthesis of the elusive [Y'(NR2)s]'~ complex made possible through use
of the 18-crown-6 (18-c-6) chelator and specific reaction conditions. The faster speed of
crystallization with 18-c-6 appears to be important. By changing the potassium chelator from
crypt to 18-c-6, the [Ln(NR2)3]!~ anions can be isolated for Ln = Gd, Th, Dy, Ho, Er, and Y as
salts of a 1:2 potassium:crown sandwich cation, [K(18-c-6)2]**, i.e. [K(18-c-6)2][Ln(NR2)s]. The
[K(18-¢-6)2]** counter-cation was superior not only in the synthesis of Ln(ll) complexes, but it
also allowed the isolation of crystallographically-characterizable products from reactions of CO
with the [Ln(NR2)s]'~ anions, products that were not obtainable from the [K(crypt)]* analogs.
Reaction of CO with [K(18-c-6)2][Ln(NR2)z], generated in situ, yielded crystals of the ynediolate
products, {[(R2N)sLn]2(u-OC=CO)}*", which crystallized with counter-cations possessing 2:3
potassium:crown ratios, i.e.{[K2(18-c-6)3}?*, for Gd, Dy, Ho. In contrast, reaction of CO with a
solution of isolated [K(18-c-6)2][Gd(NR2)3], produced crystals of an enediolate complex isolated
with a counter-cation with a 2:2 potassium:crown ratio namely [K(18-c-6)]2?" in the complex

[K(18-c-6)]2{[(R2N).Gd2(u-OCH=CHO)2

Chapter 3 describes new examples of uranium in the +2 oxidation state isolated by reduction of
Cp™3U (Cp* = CsMeqH) and U(NR2)3 (R = SiMes) in the presence of 2.2.2-cryptand to produce
[K(crypt)][Cp®5U] and [K(crypt)][U(NR2)s], respectively. Both complexes have properties
consistent with 5f%6d* electron configurations and demonstrate that the U(11) ion can be isolated

with ligands more strongly donating than Cp’ and Cp”.



Chapter 4 expands the understanding of lanthanide-based dinitrogen reduction chemistry through
discovery of the first end-on Lna(u-5*:7*-N2) complexes. The formation of end-on versus the
more common side-on Lnz(u-77:77-N2) complexes was possible by using the Ln(1l) complexes
detailed in Chapters 1 and 2. [Th(NR2)s]'" reacts with dinitrogen in Et,O to form the end-on
bridging dinitrogen complex {[(R2N)sTbl2[p-5 :7*-N2]}*". The reaction of [Gd(NR2)s]'~ with
dinitrogen forms a complex with the same composition, but with both side-on and end-on
bonding of the N2 unit in the same crystal, {[(R2N)sGd]2[u-7:#*-N2]}*" (x = 1 and 2). All of
these reduced dinitrogen complexes, maintain three ancillary amide ligands per metal. In
contrast, the side-on bound complexes, [(THF)(R2N)2Ln]2[u-7%4?-N2], observed previously in
Ln(NR2)s/K/N2 reactions, have only two amides per metal. A connection between these systems
related to their formation was observed in the structure of the bimetallic penta-amide complex,
[K(THF)6{[(THF)(R2N)2Gd][u-1%1%-N2][GA(NR2)3]}. Reaction conditions were crucial in this
dinitrogen reaction system. If [Gd(NR2)s]!~ was dissolved in THF instead of Et,O under N, the
irreversible formation of an (N2)*~ complex [K(crypt)][[(THF)(R2N).Gd]2[p-1%#%N2] was

observed.

Chapter 5 details the reaction chemistry of the Gd(l1) tris(amide) complexes with toluene. The in
situ reactivity of Gd(NR2)z with KCg and the 18-c-6 chelate in an Et,O/toluene solution led to
formation of {[K(18-c-6)][(CeHsMe)Gd(NR2)2]}x exhibiting a methylcyclohexadienyl dianion
and a polymeric structure. If the reagents were reacted for shorter time periods a coordination
polymer containing a Gd(ll) ion, {[K(18-c-6)][Gd(NR2)s]}x, was isolated. When the reactions
were performed with crypt in place of crown in a THF/toluene solution, the ring-opened THF

complex [K(crypt)][C4sHsOGd(NR2)3] was isolated. If the isolated divalent [K(crypt)][Gd(NR2)3]
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was dissolved in toluene, the starting material was recovered but in a different unit cell and

displaying a fully planar coordination environment of the amide ligands around the Gd(Il) ion.

Chapter 6 discusses the reaction chemistry of [Gd(NR2)s]!” with BiPhs and PPhs. Reaction of
[K(crypt)][GA(NR2)3] with a solution of BiPhs in EtO led to isolation of
[K(crypt)][Ph2BiGd(NR2)3], which contained the first Gd—Bi bond and only the third example of
a f element Bi bond. If the same conditions were applied with [K(18-c-6)2][Gd(NR2)s] as the
source of Gd(ll), isolation of the phenyl complex [K(18-c-6)2][PhGd(NR2)3] was instead
observed. This represents only the second observation of a Gd ion bound to a phenyl ligand not a
part of a chelate. Reactions of both Gd(Il) complexes with PPhs led only to the isolation of the
cyclometallate [(NSiMe2CH.-x?N,C)Gd(NR2)2]'~ products despite similar color changes to that

of the BiPhs reactions.
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Chapter 1

Synthesis, Structure, and Magnetism of Tris(amide) [Ln{N(SiMes)2}s]'"

Complexes of the Non-Traditional +2 Lanthanide lons

Introduction”

This chapter describes the synthesis of a series of Ln?* complexes that overturned two
generalizations in rare-earth metal reduction chemistry: that amide ligands would not form
isolable complexes of the highly-reducing non-traditional Ln?* ions and that yttrium is a good
model for the late lanthanides in these reductive reactions. As outlined in the introductory
chapter, studies of reductive rare-earth metal chemistry had shown that in
tris(silylcyclopentadienyl) coordination environments the +2 oxidation state is available to all the
lanthanides (except Pm which was not studied due to its radioactivity). This overturned previous
assumptions about which lanthanide elements were able to access the 2+ oxidation state.'”
Previous studies of LnA3/M reactions (Ln = rare-earth metal; A = anion; M = alkali metal) under
conditions similar to those in eq 0.1 but with tris(silylamide) rare-earth metal complexes failed to
produce any isolable Ln?* species.’® These Ln(NR2)s/M reduction reactions under N, did provide
excellent routes to reduced dinitrogen complexes of (N=N)>", eq 0.2, and (N2)*",*® which
suggested intermediate Ln?* species. However, the same reactions under argon typically yielded

only Ln(NRy)s starting materials after work-up.&

These results were heavily probed with yttrium, since the I = %2 nucleus could provide

EPR evidence for Y?*. An EPR spectrum consistent with Y?* was observed in solution from

* Portions of this chapter have been published: Ryan, A. J.; Darago, L. E.; Balasubramani, S. G.; Chen, G.P.;
Ziller, J. W.; Furche, F.; Long, J. R.; Evans, W. J. Chemistry—A European Journal 2018, 24, 7702-77009.
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Y(NR2)3/M reactions, but no isolable complexes were obtained.*® This led to the generalization
that ligands like (NR2)!~ form (N=N)>" complexes in LnAs/M reactions, eq 0.2, but not isolable
Ln?* complexes, whereas cyclopentadienyl ligands like (CsHsSiMes)'™ and [CsH3(SiMes)2]'™

give crystallographically-characterizable Ln?* complexes, eq 0.1.17

Reductions of the tris(silylamide) scandium complex, Sc(NR2)s, (R = SiMes) with K and
Cs in the presence of a chelating ligand were found to form crystallographically-characterizable
Sc2* complexes, eq 0.3.2 Although Sc is much smaller than the other rare-earth metals, this
result was surprising considering the results with congeneric yttrium and the generalization
stated above. Since Sc and Y reactions did not appear to be similar, it was of interest to
determine if the assumption that Y was similar to the late lanthanides was valid in reactions of
this type. Consequently, re-examination of Ln(NR2)3/M reductions with the lanthanides and this

led to a new series of Ln?* complexes for Nd, Gd, Th, Dy, Ho, Er, and Tm as reported here.
Results

Gd, Tb, Dy. Addition of pre-chilled (—35 °C) THF solutions containing Ln(NR2)s, 1-
Ln,?! for Ln = Gd, Tb, Dy and 2.2.2-cryptand to a pre-chilled vial containing a potassium smear
resulted in the formation of intensely-colored solutions, as previously observed for the
(Cp'sLn)!'~ and (Cp"sLn)'~ complexes in eq 0.1.1" The Th and Dy reactions formed dark blue
solutions, while the Gd reaction mixture appeared dark purple. After a reaction time of about 1 h
at —35 °C, the solutions were filtered to remove excess potassium metal. Layering hexanes on the
THF solution produced crystals of [K(2.2.2-cryptand)][Ln(NRz2)3], 2-Ln (Ln = Gd, Th, Dy),
within 2 days at —35 °C, eq 1.1. This differed from reductions of 1-Y, which typically gave 1-Y

as the only isolable product.’® Each complex was identified by single-crystal X-ray diffraction,
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Figure 1.1.

M=K _ L _
g Ry
2.2.2-cryptand Ln = Gd, Tb, Dy (\N(')/ﬁ
M 0. {920 Ln"..NR
Ln(NR,), [ MO J RN~ QR
RN 2
THF o o NR,
M =Rb _ k/N.,” ]
R = SiMej; Ln=Nd, Ho,Er - - -

7 Y

I b’
I;fﬁ\ = \

Figure 1.1. ORTEP representation of 2-Gd with thermal ellipsoids drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity. Compounds 2-Tb and 2-Dy are isomorphous. In

each complex, the Ln ion is disordered over two positions; both are shown here.
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Ho and Er. Reductions of 1-Ho and 1-Er at —35 °C in reactions analogous to those that
produced 2-Gd, 2-Tb, and 2-Dy failed to give crystalline products. However, when rubidium
metal was used as the reducing agent, single crystals of [Rb(2.2.2-cryptand)][Ln(NR2)3], 3-Ln,

were isolated for both metals and crystallographically characterized, Figure 1.2.

Figure 1.2. ORTEP representation of 3-Ho with thermal ellipsoids drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity. Compounds 3-Nd, 3-Er, and 3-Tm are

isomorphous. In each complex, the Ln ion is disordered over two positions; both are shown here.

Interestingly, the crystals of 3-Ln were isomorphous with those of 2-L.n. Both 3-Ho and
3-Er decomposed rapidly at room temperature in solution. The origin of the success of the Rb
reaction was not clear since K and Rb have such similar reduction potentials, —2.93 and —2.98 V

vs SHE, respectively.??
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Nd. Although the analogous reduction with 1-Nd gave an intense dark blue color like that
found for 2-Tb, 2-Dy, 3-Ho, and 3-Er, the color faded to brown at —35 °C and no crystalline
products were isolated from the reactions. To isolate 3-Nd, a solution of 1-Nd in THF was
reduced with Rb metal in the cold well of an argon-filled glovebox at —78 °C for 5 min and
passed through a pre-chilled pipette filter. By layering with hexanes and storing at —35 °C, single
crystals of 3-Nd were isolated and found to be isomorphous with the other 2-Ln and 3-Ln
complexes. Although the crystal data confirmed composition, the quality of the data for 3-Nd

and 3-Er was not sufficient to discuss metrical parameters.

Tm. Reduction of colorless 1-Tm with Rb metal at —35 °C resulted in a color change
similar to those observed for 2-Ln and 3-Ln, but the blue-green color was noticeably less intense
than that of 2-L.n and 3-Ln. Single crystals of 3-Tm were grown by layering a THF solution with

hexanes and storing at —35 °C.

Structural Studies. Each of the isomorphous structures of 2-Ln (Ln = Gd, Th, and Dy)
and 3-Ho had a [M(2.2.2-cryptand)]** cation well separated from the [Ln(NR2)s]'~ anion. In each
complex, the lanthanide metal was disordered by 0.5 — 0.6 A above and below the plane of the
three nitrogen donor atoms. The structures with this disorder were similar to those of the
Ln(NR2)s, 1-Ln, precursors (Ln = Nd,? Eu,?* Tb,?® Dy,? Er, % Yb,?" Lu'?) which exhibit similar

metal disorder in the range of 0.34 — 0.58 A.

The Ln—-N bond distances in 2-Ln were 0.04 — 0.06 A longer than those in the
corresponding 1-Ln compounds, Table 1.1. This difference is similar to the 0.03 A average
difference in Ln-(cyclopentadienyl ring centroid) distances observed between complexes of the
4f"5d' Ln?* ions in eq 0.1 and their 4f" Ln®* precursors. In contrast, complexes of the traditional
4™ Ln?* jons have differences ranging from 0.1 — 0.2 A.+7
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Table 1.1. Metrical parameters of the [Ln(NR2)s]'~ anions.

Metal Ln—N distance (Avg) Change in Ln-N (A) Ln—Npiane (Avg) (A)
® L La
Gdl 2.307 0.06 0.523
Tb 2.282 0.05 0.503
Dy 2.270 0.06 0.523
Holal 2.256 0.04 0.509
Tmlal 2.320 0.12 0.232

[a] These two Ln®* complexes do not have reported crystal structures, so expected Ln—N

distances were interpolated from analogous complexes of metals with similar ionic radii.

X-ray crystallographic studies of single crystals of [Rb(2.2.2-cryptand)][Tm(NR2)s], 3-
Tm, revealed a trigonal pyramidal arrangement of (NR2)!™ anions around thulium, but with
noticeable differences from 2-Ln and 3-Ln. The displacement of the disordered Tm atom from
the plane of the three N atoms was smaller, 0.232 A, versus the range of 0.503 — 0.523 A for 2-
Ln and 3-Ln, (Table 1.1). The Ln—N bond distances also did not match the trend observed with
the other examples in the table. On the basis of the lanthanide contraction, a Tm—N average
distance of about 2.26 A would be expected if the complex were analogous to the others. The
2.320 A Ln-N average is significantly longer. The difference between Tm(NR2)s and 3-Tm is
also estimated to be longer than the other entries in Table 1.1. The structure of Tm(NR2)3 has not
been reported, but, based on interpolation of data on 1-Er?® and 1-Yb,?® a Tm-N distance in 1-
Tm of 2.20 A would be expected. The 2.32 A Tm-N distance observed in 3-Tm is 0.12 A

longer. This value was consistent with the larger bond distance differences observed between
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complexes of 4f"*! Ln?" and 4f" Ln®" ions of the traditional divalent lanthanides, Sm, Eu, Yb, and

Tm.>7 As such, 3-Tm was also assigned to the traditional divalent category.

Electronic Structure Calculations. The anion in 2-Gd was further investigated by
electronic structure calculations in collaboration with Sreeganesh Balasubramini of the Furche
group at UCI using the TPSSh meta-generalized gradient hybrid functional®® and polarized
valence triple-{ basis sets® with Stuttgart-Dresden small-core  scalar-relativistic
pseudopotentials®:. Upon optimization starting from the X-ray diffraction data, a D3 symmetric
minimum was obtained. The highest occupied spin-unrestricted molecular orbital (HOMO) of
the resulting nonet ground state has 5d,? character, Figure 1.3, supporting the notion of a 4f'5d*
configuration of Gd?* in [Gd(NR2)s]'". The lowest unoccupied molecular orbital (LUMO), on the
other hand, is diffuse, and may be characterized as a mixture of a metal 6p orbital and a bound p-

type Rydberg state.

Figure 1.3. Left: [Gd(NR2)s]'" HOMO (156a contour value 0.05). Right: LUMO+4 (159

contour value 0.017) with the hydrogen atoms excluded for clarity.
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Optical Spectroscopy/Time-Dependent-DFT. The UV-Visible spectra of 2-Gd, 2-Tb,
and 2-Dy, Figure 1.4, showed broad absorption bands in the visible region with high extinction
coefficients, €, consistent with those of the 4f"5d' Ln?* complexes in eq 0.1.%7" The UV-Vis
spectrum of 3-Tm, Figure 1.4, displayed a significantly lower extinction coefficient, 80 M™
cm™, in the 550 — 600 nm region compared with those of 2-Ln. The (Cp’sLn)'~ complexes of the

traditional 4f" Ln?* ions, Eu, Yb, Sm, and Tm, also had lower extinction coefficients.®

4000 ¢
—2-Gd
3000
—2-Th
IE _E'Dy
- 2000 | —3-Tm
=
-

1000 F

300 400 500 600 700 800 9200 1000
Wavelength / nm

Figure 1.4. Experimental UV-Vis spectra of 2-Gd, 2-Th, 2-Dy, and 3-Tm in THF at 293 K.

Time-dependent DFT (TDDFT) was used to simulate the UV-visible spectrum of [Gd(NR2)3]'".
To account for the diffuse character of the low-lying unoccupied molecular orbitals, the metal
basis sets were augmented by small-exponent primitive p-type Gaussians obtained from

downward extrapolation.
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Figure 1.5. UV-Visible spectra of [Gd(NR2)s]'~ computed using TDDFT(solid line) and the

experimental spectra (crosses) in THF solvent for reference.

The simulated TDDFT absorption spectrum of 2-Gd reproduced the position and
intensity of the strong absorption band in the visible experimental spectrum, Figure 1.5. Analysis
of the transition density matrices revealed that this band was predominantly a HOMO to LUMO
transition. The considerable metal 5d to 6p character of the transition explains the high intensity
of the absorption. This may be compared to the visible absorption spectra of the (Cp'sLn)'~
complexes,® which are also dominated by transitions out of metal 5d orbitals, but the final states
have ligand n* character. Thus, even in the absence of low-lying n* ligand acceptor orbitals,

strong visible absorption was possible with amides as ligands supporting divalent lanthanide ion

Magnetic Measurements. Variable-temperature magnetic susceptibility measurements
were performed by Lucy Darago in collaboration with the Long Group at UC Berkeley in order
to confirm the electronic configurations of 2-Gd, 2-Tb, and 2-Dy and investigate the nature of
the f-d spin interaction in these complexes. Considering a 4f"5d* configuration, two models have
been proposed to describe the magnetic interaction of the 4f and 5d electrons.®® 3 The first, the
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coupled model, assumes that spin-spin coupling is stronger than L-S coupling, producing an
overall spin of StoraL = Ssf + 1/2, which then is coupled to the orbital angular momentum, L, of
the 4f electrons, yielding a new J value for which a predicted ymT can be calculated. The second,
the uncoupled model, assumes that L-S coupling of the 4f electrons is much stronger than
coupling of the 5d and 4f electrons, such that the 5d electron precesses with the magnetic field
independently of the 4f electrons. This model sums the ymT value expected for the 5d electron (S
= 1/2) with that of the J value determined from L-S coupling of the 4f electrons in order to
predict a ymT product. Table 1.2 compares the experimental room temperature ymT products
with those predicted by the 4f"5d® and traditional 4f"*! models.®* In the case of the 4f"5d*
models, the 5d electron was assumed to have zero orbital angular momentum. Indeed, it is likely
that 5d orbital degeneracy is broken by the ligand field of the amide ligands, similar to the
(Cp'sLn)!~ series, reducing or eliminating the orbital angular momentum of the 5d electron. This
assumption is supported by computational study of 2-Gd described above as well as
computations performed on the as-yet-unisolated [Y(NR2)s]*~ complex® and on the reported
[Sc(NR2)s]* complex,? for which the populated d orbital was predicted to be primarily d;? in

character.20:

Table 1.2. Experimental and predicted (as described in text) ymT products at 298 K for 2-Ln.

omT (4F75dD) T (4F500)

EXp. el Exp. T coupled T (45 uncoupled
2-Gd 9.03 10.20 10 11.82 8.26
2-Tbh 10.89 14.83 14.42 14.13 12.20
2-Dy 11.67 17.03 17.01 14.07 1451

[a] Units of ps

[b] All ymT data are reported in units of emu-K/mol and were collected under a field of 0.1 T for
Thand Dy and 7 T for Gd
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The magnetic moments of the 2-L.n compounds (Figures 1.6, 1.9, 1.10) were in good
agreement with a coupled 4f"5d* assignment, consistent with the magnetic behavior observed for
their analogous (Cp'sLn)'~ complexes.®* Magnetization versus field data collected from 2 to 10 K
for 2-Gd could be modeled well using an S = 4 Brillouin function, which confirms a coupled
4f'5d! configuration (Figure 1.9). The room-temperature ymT products of 2-Ln were in slightly
better agreement with the coupled 4f"5d* model than those of the (Cp'sLn)!~ (Ln = Gd, Tb, Dy)
series, which exhibit lower ymT products than expected for the coupled 4f'5d* configuration.

This observation may suggest that ligand field splitting was stronger in the (Cp'sLn)!™ (Ln = Gd,

18 - coupled 4f’5d" 6
ol TR _
] 4
14 4 ]
T 42 25
g — )
< 10 4 £ 0-
g 8 1 a3 ]
~ 6 “
3 ]
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S o 01T =
24 05T 1
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01—y —1 r 117 17T 71 Q5T
0 50 100 150 200 250 300 6 -4 2 0 2 4 6
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Th,

Figure 1.6. Left: Product of magnetic susceptibility times temperature versus temperature data
for 2-Dy, collected under applied fields of 0.1 T, 0.5 T, and 1 T. Right: Magnetization versus
field data for 2-Dy, collected at 2 K with a field sweep rate of 2 mT s, are represented by a

solid line.

Dy) complexes, which thereby have reduced ymT products compared to the [Ln(NR2)s]t

complexes in 2-Ln. Finally, the 11.67 pg magnetic moment of 2-Dy exceeds the record-high
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single-ion values of 11.20, 11.35, and 11.41 ug observed for [CsH3(CMes)s-1,3,5].Dy,*

[K(2.2.2-cryptand)][Cp'sDy], and [K(2.2.2-cryptand)][Cp'sHo],*® respectively.

Waist-restricted magnetic hysteresis was observed for 2-Dy at 2 K. However, ac magnetic
susceptibility measurements collected at 2 K and 4 K from 1 — 1500 Hz, under applied dc
magnetic fields of 0 — 0.4 T, revealed only high-frequency out-of-phase signals without peak
maxima, which indicates an absence of single-molecule magnet behavior at 2 K or above. The
waist-restricted hysteresis of 2-Dy may be attributed to intermolecular magnetic interactions that

possibly prompt long-range magnetic order at even lower temperatures.
Discussion

Although it appeared for years that Ln?* complexes of (NR2)!" ligands could only be
isolated for Sm,%® Eu,%" Yb, 3" and Tm®, these results indicated that amide ligands are capable of
supporting the +2 oxidation state in crystalline molecular complexes for rare-earth ions across
the series. The origin of the interesting differences in stability of the [K(2.2.2-
cryptand)][Ln(NRz2)s], 2-Ln and [Rb(2.2.2-cryptand)][Ln(NR2)s], 3-Ln, complexes as a function
of both the lanthanide and the alkali metal was not clear. Since K and Rb have very similar
reduction potentials and since 2-Ln and 3-Ln are isomorphous, it was not obvious why Rb gives
isolable crystals for Ho and Er and K does not. The order of thermal stability, Nd << Gd > Th >
Dy > Ho, Er is not periodic and suggests there are two competing factors that allow the metals in
the middle of the series to be most stable. In the (Cp'sLn)! series, stability decreases regularly
from La to Lu as the metals get smaller.® The complex of the traditional Tm?*ion, 3-Tm, appears

to be more stable than any of the non-traditional ions.
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This series of Ln?* tris(amide) complexes provided a new set of data on the physical
properties of non-traditional Ln?* ions and was shown to follow the electron configuration model
previously used to analyze the Ln?* complexes in a (Cp)* ligand environment, eq 0.1.1" The
tris(amide) series of complexes has properties consistent with 4f"5d* electron configurations for
the non-traditional divalent ions versus a 4f™* configuration for the traditional Tm?* ion. These
assignments are supported by small Ln—N bond length changes consistent with a population of a
d orbital,’”” as well as intense UV-Vis spectra for the non-traditional divalent ions. TDDFT
calculations indicated that the spectra arise from a transition originating from a d;* orbital.
However, unlike in the (Cp’sLn)!~ complexes, the accepting LUMO has metal 6p character with
Rydberg admixture. In contrast, a larger change in Ln—N bond length and a less strongly-
absorbing UV-Vis spectrum for Tm (Table 1.1) were supportive of a 4f"*! configuration. The
tris(amide) complexes also provided rare opportunities for magnetic characterization of 4f"5d!

ions, producing a new record-high single-ion magnetic moment of 11.67 pg for 2-Dy.
Conclusions

The previously held assumption that amide ligands could not support non-traditional Ln?*
compounds was largely founded on the inability to isolate [Y(NR2)s]'~.1° The results suggest that
comparison of Y2* with late lanthanide Ln?* ions may not be as valid as previous comparisons of
Y3 and late lanthanide Ln®* ions of similar size. The lanthanide amide complexes reported here,
along with the recent isolation of [K(crypt)][Sc(NR2)s] which instigated this study,? surprisingly
show similarity between the smallest rare-earth metal, scandium, and the lanthanides, but not the
intermediate-sized rare-earth metal, yttrium. The subtleties in these comparisons remain to be
explained. Similarly, the origin of the efficacy of Rb versus K to provide crystalline samples of

the Ho?* and Er?* complexes, though the crystal structures of 2-Ln and 3-Ln are isomorphous,

26



remains unknown. Clearly, the foregoing results demonstrate that a wider range of strongly-
donating ligands should be explored for the isolation of +2 ions of all the lanthanides, and that a

variety of reduction methods should be surveyed with each ligand type.
Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
atmosphere. Solvents were sparged with UHP argon and dried by passage through columns
containing Q-5 and molecular sieves prior to use. IR samples were prepared as KBr pellets, and
the spectra were obtained on a Jasco FT/IR-4700 - ATR-PRO ONE system. Elemental analyses
were performed on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. UV—vis spectra
were collected in THF at 298 K using a Varian Cary 50 Scan UV-—vis spectrophotometer.
Potassium and rubidium metal (Aldrich) were used as received. Anhydrous LnCls (Ln = Nd, Gd,
Th, Dy, Ho, Er, Tm)¥®, and Ln(NR2)s (R = SiMes)*® were prepared according to literature
procedures.  2.2.2-cryptand  (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane,

Aldrich) was placed under vacuum (10~* Torr) for 12 h before use.

[K(2.2.2-cryptand)][Gd(NR2)3], 2-Gd. In an argon-filled glovebox, Gd(NR2)s (60 mg,
0.094 mmol) was combined with 2.2.2-cryptand (35 mg 0.094 mmol) in THF (4 mL) and cooled
to —35 °C in the glovebox freezer. The cold solution was added to a vial containing a potassium
smear (20 mg, 0.51 mmol) that had also been cooled to —35 °C and the mixture was allowed to
for 1 h in the glovebox freezer. The solution was removed from the vial containing potassium
and layered with cold hexanes before storing in the freezer. After 48 h, dark purple crystals were
obtained (83 mg, 84 % vyield). IR: 2942s, 2890s, 2819m, 2762w, 2729w, 2697w, 1478m, 1459m,
1446m, 13565, 1298m, 1260s 1236s, 1135s, 1107s, 1078s, 1060s, 996s, 952s, 934m, 869s, 825s,
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769m, 751m, 711m, 690m, 662s, 599m cm. Anal. Calcd for C3ssHgoNsQsSisKGd: C, 41.02; H,
8.61; N, 6.64. Found: C, 41.35; H, 8.91; N, 6.51. UV—vis (THF) Amax, nm (g, M* cm™?): 285

(1460 shoulder), 470 (1320 shoulder), 597 (3500)

[K(2.2.2-cryptand)][Tb(NR2)s], 2-Th. As described for 2-Gd, Tb(NR2)s (77 mg, 0.12
mmol) and 2.2.2-cryptand (45 mg, 0.12 mmol) in THF (1 mL) were reduced with K (20 mg, 0.51
mmol) to afford 2-Tb as a dark blue crystalline solid. Single crystals suitable for X-ray
diffraction were grown by layering a concentrated THF solution with hexanes (60 mg 61%
yield). IR: 2942s, 2889s, 2817m, 2762w, 2730w, 2698w, 1478m, 1458m, 1446m, 1356s, 1299m,
1260s 1237s, 1135s, 1107s, 1078s, 1059s, 992s, 952s, 933m, 869s, 827s, 770m, 752m, 713m,
691m, 663s, 600m cm™. Anal. Calcd for C3sHaoNsOsSisKTh: C, 40.96; H, 8.59; N, 6.63. Found:
C, 40.81; H, 8.53; N, 6.23. UV—vis (THF) Amax, nm (g, M* cm™): 285 (2000 shoulder), 480

(1000 shoulder), 600 (2630)

[K(2.2.2-cryptand)][Dy(NRz2)s], 2-Dy. As described for 2-Gd, Dy(NR2)3 (60 mg, 0.093
mmol) and 2.2.2-cryptand (35 mg, 0.093 mmol) in THF (1 mL) were treated with K (20 mg, 0.51
mmol) to afford 2-Dy as a dark blue crystalline solid. Single crystals suitable for X-ray
diffraction were grown by layering a concentrated THF solution with hexanes (90 mg, 91%
yield). IR: 2945s, 2889s, 2817m, 2761w, 2730w, 2702w, 1958w, 1478m, 1458m, 1446m, 1390w
1355s, 1298m, 1260s 1238s, 1135s, 1107s, 1079s, 1041s, 987s, 951s, 933m, 870s, 827s, 770m,
751m, 712m, 693m, 663s, 600m cm . Anal. Calcd for CssHgoNsOsSisKDy: C, 40.82; H, 8.56; N,
6.61. Found: C, 40.40; H, 8.37; N, 6.30. UV-vis (THF) Amax, nm (¢, Mt cm™): 275 (3380

shoulder), 607 (1130)

[Rb(2.2.2-cryptand)][Ho(NR2)3], 3-Ho. As described for 2-Gd, of Ho(NR2)s (60 mg, 0.093
mmol) and 2.2.2-cryptand (35 mg, 0.093 mmol) in THF (1 mL) were reduced with Rb (30 mg
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0.35 mmol) to afford 3-Ho as a dark blue crystalline solid. Single crystals suitable for X-ray
diffraction were grown by layering a concentrated THF solution with hexanes (80 mg, 78 %
yield). IR: 2942s, 2887s, 2817m, 2758w, 2728w, 2700w, 1954w, 1477m, 1458m, 1445m, 1385w
1353s, 1298m, 1258s, 1237s, 1132s, 1106s, 1073s, 994s, 949s, 926m, 870s, 830s, 772m, 751m,
713m, 697m, 664s, 605m cm*. Anal. Calcd for C3sHgoNsOsSisRbHo: C, 39.02; H, 8.19; N, 6.32.

Found: C, 39.46; H, 8.47; N, 6.05.

[Rb(2.2.2-cryptand)][Er(NR2)s], 3-Er. As described for 2-Gd, Er(NR2)3 (60 mg, 0.093
mmol) and 2.2.2-cryptand (35 mg, 0.093 mmol) in THF (1 mL) reduced with Rb (30 mg 0.35
mmol) affording 3-Er as a dark blue crystalline solid. Single crystals suitable for X-ray
diffraction were grown by layering a concentrated THF solution with hexanes (98 mg, 95 %
yield). IR: 2943s, 2886s, 2816m, 2758w, 2727w, 2700w, 1954w, 1477m, 1459m, 1445m, 1384w
1354s, 1298m, 1258s, 1238s, 1132s, 1106s, 1074s, 996s, 948s, 926m, 870s, 830s, 772m, 751m,
714m, 697m, 663s, 605m cm ™. Anal. Calcd for CssHooNsOsSisRbEr C, 38.94; H, 8.17; N, 6.31.

Found: C, 39.33; H, 8.02; N, 6.00.

[Rb(2.2.2-cryptand)][ Tm(NR2)3], 3-Tm. As described for 2-Gd Tm(NR2)z (60 mg,
0.093 mmol) and 2.2.2-cryptand (35 mg, 0.093 mmol) in THF (1 mL) were reduced with Rb (30
mg 0.35 mmol) to afford 3-Tm as a blue crystalline solid. Single crystals suitable for X-ray
diffraction were grown by layering a concentrated THF solution with hexanes. IR: 2943s, 2885s,
2817m, 2757w, 2726w, 2700w, 1477m, 1459m, 1445m, 1354s, 1299m, 1258s, 1239s, 1132s,
1106s, 1073s, 977s, 948s, 926m, 870s, 830s, 773m, 750m, 715m, 100m, 663s, 606m cm™*. Anal.
Calcd for C3sHaoN5OsSisRbTm: C, 38.88; H, 8.16; N, 6.30. Found: C, 38.45; H, 7.99; N, 5.92.

UV—vis (THF) Amax, nm (g, M cm™1): 245 (130 shoulder), 415 (140), 572 (80)
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[Rb(2.2.2-cryptand)][Nd(NR2)3], 3-Nd. As described for 2-Gd Nd(NR2)s (60 mg, 0.093
mmol) and 2.2.2-cryptand (35 mg, 0.093 mmol) in THF (1 mL) were reduced with Rb (25 mg
0.14 mmol) at =78 °C to afford 3-Nd as a blue crystalline solid. Single crystals suitable for X-ray

diffraction were grown by layering a concentrated THF solution with hexanes.
Computational details.

Density functional theory (DFT) calculations were performed in collaboration with
Sreeganesh Balasubramini of Filipp Furche’s group at UC Irvine using the hybrid meta-
generalized gradient approximation (hybrid meta-GGA) functional TPSSh* with Grimme’s D3
dispersion correction*?#® and the polarized triple-Zvalence (def2-TZVP* ) basis sets for Gd and
polarized split valence (def2-SVP*) basis sets for H, C, N and Si. For the TDDFT calculations
an additional diffuse p function (with Gaussian exponent of 0.10241120895 x 10~1) was added
to the Gd basis set by downward extrapolation. Numerical integration grids of size m44® were
used for evaluating exchange correlation contributions. To account for the THF solvent, the
COSMO* continuum solvation model was employed with a dielectric constant of 7.52%%, A
convergence threshold of 108 H was used for self consistent field calculations. Structures were

converged to a maximum gradient norm of <10~* a.u.

The initial structure was taken from X-ray diffraction data with C1 molecular symmetry.
Upon optimization a D3 symmetric structure was obtained. To confirm that the optimized
structure corresponds to the minimum in the potential energy surface, numerical vibrational

normal mode analysis was carried out.

Time-dependent DFT (TDDFT) using a nonorthonormal Krylov subspace algorithm??

were used to simulate the UV-visible spectrum of [Gd{N(SiMes).}s]'". The gauge invariant
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implementation of the TPSSh functional*® was employed. The resulting line spectrum was blue
shifted by 0.01 eV and broadened by superimposing Gaussian functions with an RMS line width

of 0.17 eV.

The strong absorption at 588 nm mainly corresponds to a transition from the 156a
HOMO, which is predominantly a Gd 5d orbital, to 1590, a metal p-type orbital with Rydberg
admixture, see Table S8 and Fig. S10. This transition is strongly dipole allowed. The metal p

character of the 157-159a orbitals was ascertained by population analysis.

All calculations were performed using TURBOMOLE 7.2%7,

Figure 1.7: LUMO (157«,contour value 0.017) with the hydrogen atoms excluded for clarity

Figure 1.8: Lumo+1 (158a,contour value 0.017)
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Table 1.3: Lowest electronic excitations of [Gd{N(SiMes).}s]'~ computed using TPSSh

functional. Oscillator strengths are in length representation.

Oscillator Dominant contributions
Wavelength |strength (1072
(nm) a.u.) Occupied Unoccupied %contribution |[Assignment
588.14 1.28 HOMO LUMO+4 99.6 5d to 6p
583.52 0.57 HOMO LUMO 99.8 5d to 6p
583.48 0.57 HOMO LUMO+1 99.7 5d to 6p

Magnetic Susceptibility.

Magnetic Measurements. Samples were prepared in collaboration with Lucy Darago of
Jeff Long’s laboratory at UC Berkeley by adding crystalline powder of 2-Gd, 2-Th, and 2-Dy
(15.2 mg, 8.5 mg, and 8.6 mg) to a 5-mm inner diameter quartz tube containing a raised quartz
platform. Solid eicosane was added to cover the sample to prevent crystallite torqueing and
provide good thermal contact between the sample and the cryostat. The tubes were fitted with
Teflon sealable adapters, evacuated on a Schlenk line, and flame-sealed under static vacuum.
Following flame sealing, the solid eicosane was melted in a water bath held at 40 °C. Magnetic
susceptibility measurements were performed using a Quantum Design MPMS-XL SQUID
magnetometer. Dc magnetic susceptibility measurements were collected in the temperature range
2 — 300 K. Diamagnetic corrections were applied to the data using Pascal’s constants to give yp =
—0.00064615 emu/mol (2-Gd), yp = —0.00064515 emu/mol (2-Tb), ypo = —0.00064515 emu/mol

(2-Dy), and yp = —0.00024036 emu/mol (eicosane).
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Magnetism of 2-Gd. 2-Gd shows a room temperature ymT product of 11.29 emu K-mol~

! under an applied dc magnetic field of 0.1 T, which then decreases to a value of 10.20 emu
K-mol* under an applied dc magnetic field of 7 T. The slightly higher than expected ymT
product at lower fields may indicate thermal population of excited states in which the 5d electron
has some orbital angular momentum. The experimental room temperature ymT products are in
good agreement with the expected value of 10 emu K-mol for a Gd?* ion with a coupled 4f'5d*
electronic configuration. The low temperature saturation magnetization at 2 K and 7 T is 8.0 us,
in excellent agreement with the expected magnetization of 8 ug for a 4f’5d! configuration.
Magnetization versus field data collected from 2 — 10 K could be modeled with an S = 4
Brillouin function, for which it was assumed that g = 2.00, again supporting a coupled

4f'sd'electronic configuration.

Ac magnetic susceptibility measurements collected at 2 K from 1 — 1500 Hz and under
applied dc magnetic fields of 0 — 0.25 T did not reveal any out out-of-phase peaks, indicating an

absence of slow magnetic relaxation behaviors.
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Figure 1.9 (left): Product of magnetic susceptibility times temperature versus temperature data
for 2-Gd, collected under applied fields of 0.1 T, 1 T, and 7 T. (right): Magnetization versus
field data for 2-Gd are represented by colored circles. Solid lines represent the Brilloin function

for an S = 4 system with g = 2.00.

Magnetism of 2-Tb. 2-Tb shows a room temperature ymT product of 14.83 emu K-mol~
! under an applied dc magnetic field of 0.1 T, which then decreases to a value of 14.38 emu

K-mol under an applied dc magnetic field of 1 T. The experimental room temperature ymT
products are in excellent agreement with the expected value of 14.42 emu K-mol for a Tb? ion

with a coupled 4f85d* electronic configuration. The slightly higher than expected ymT product at
fields below 1 T may indicate thermal population of excited states in which the 5d electron has
some orbital angular momentum. Finally, while the observed magnetic moment strongly agrees
with a coupled 4f85d* configuration, the room temperature ymT product is also reasonably close

to that expected for a 4f° electronic configuration, 14.13 emu K-mol™?. However, UV-Vis

spectroscopy of 2-Tb (as described in the main text) supports population of a d orbital in this

complex, allowing a definitive assignment of 2-Tb to a coupled 4f35d* configuration.

The low temperature saturation magnetization at 2 K and 7 T was 5.9 ug. Open magnetic
hysteresis was not observed. Ac magnetic susceptibility measurements collected at 2 K from 1 —
1500 Hz and under applied dc magnetic fields of 0 — 0.4 T did not reveal any out out-of-phase

peaks, indicating an absence of slow magnetic relaxation behaviors.
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Figure 1.10 (left): Product of magnetic susceptibility times temperature versus
temperature data for 2-Tb, collected under applied fields of 0.1 T, 0.5 T, and 1 T. (right):
Magnetization versus field data for 2-Tb, collected at 2 K with a field sweep rate of 5 mT s2, are

represented by a solid line.

Magnetism of 2-Dy. 2-Dy shows a room temperature ymT product of 17.03 emu K-mol~

1 under an applied dc magnetic field of 0.1 T, which then decreases to a value of 16.73 emu

K-mol under an applied dc magnetic field of 1 T. The experimental room temperature ymT
products are in excellent agreement with the expected value of 17.01 emu K-mol for a Dy?* ion

with a coupled 4f°5d* electronic configuration. The low temperature saturation magnetization at
2 Kand 7 T was 6.4 us. Waist-restricted magnetic hysteresis was observed at 2 K. However, ac
magnetic susceptibility measurements collected at 2 K and 4 K from 1 — 1500 Hz, under applied
dc magnetic fields of 0 — 0.4 T, revealed only high-frequency out-of-phase signals, without peak
maxima, indicating an absence of single-molecule magnet behavior at 2 K or above. The waist-
restricted hysteresis of 2-Dy may be attributed to intermolecular magnetic interactions that

possibly prompt long-range magnetic order at even lower temperatures. See Figure 1.6.
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X-ray Data Collection, Structure, Solution, Refinement

For 2-Gd a purple crystal of approximate dimensions 0.521 x 0.586 x 0.633 mm was
mounted on a glass fiber and transferred to a Bruker SMART APEX Il diffractometer. The
APEX2% program package was used to determine the unit-cell parameters and for data
collection (10 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT®! and SADABS® to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL®® program. There were no systematic absences

nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic

space group P1 was assigned and later determined to be correct. The structure was solved by
direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. The gadolinium atom was disordered over two positions
(approximately 75:25). C(10) and C(11) were disordered (50:50) and included using multiple
components with partial site-occupancy-factors. At convergence, wR2 = 0.0816 and Goof =
1.069 for 543 variables refined against 13751 data (0.74A), R1 = 0.0339 for those 12612 data
with | > 2.0c(1I). There were several high residuals present in the final difference-Fourier map. It
was not possible to determine the nature of the residuals although it was probable that hexanes
and/or tetrahydrofuran solvents were present. The SQUEEZE®® routine in the PLATON®!

program package was used to account for the electrons in the solvent accessible voids.

For 2-Tb a purple crystal of approximate dimensions 0.108 x 0.111 x 0.184 mm was

mounted in a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The
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APEX2% program package was used to determine the unit-cell parameters and for data
collection (90 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT®' and SADABS® to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL®3 program. There were no systematic absences

nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic

space group P1 was assigned and later determined to be correct. The structure was solved by
direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. The terbium atom was disordered over two positions
(approximately 70:30). C(10) and C(11) were disordered and included using multiple
components with partial site-occupancy-factors. Least-squares analysis yielded wR2 = 0.1777
and Goof = 1.017 for 523 variables refined against 11917 data (0.80A), R1 = 0.0737 for those
6847 data with 1 > 2.0c(l). There were several high residuals present in the final difference-
Fourier map. It was not possible to determine the nature of the residuals although it was probable
that hexanes and/or tetrahydrofuran solvents were present. The SQUEEZE®® routine in the
PLATON®®! program package was used to account for the electrons in the solvent accessible

voids.

For 2-Dy a blue crystal of approximate dimensions 0.285 x 0.319 x 0.347 mm was
mounted on a glass fiber and transferred to a Bruker SMART APEX Il diffractometer. The
APEX2% program package was used to determine the unit-cell parameters and for data
collection (5 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT®! and SADABS® to yield the reflection data file. Subsequent

calculations were carried out using the SHELXTL®® program. There were no systematic absences
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nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic

space group pl was assigned and later determined to be correct. The structure was solved by
direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. The dysprosium atom was disordered over two positions
(approximately 72:28). C(10) and C(11) were disordered and included using multiple
components with partial site-occupancy-factors. At convergence, wR2 = 0.0979 and Goof =
1.045 for 543 variables refined against 13698 data (0.74A), R1 = 0.0399 for those 11542 data
with I > 2.0c(1). There were several high residuals present in the final difference-Fourier map. It
was not possible to determine the nature of the residuals although it was probable that hexanes
and/or tetrahydrofuran solvents were present. The SQUEEZE®? routine in the PLATON®!

program package was used to account for the electrons in the solvent accessible voids.

For 2-Ho a purple crystal of approximate dimensions 0.124 x 0.194 x 0.220 mm was
mounted in a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The
APEX2% program package was used to determine the unit-cell parameters and for data
collection (90 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT®! and SADABS® to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL®® program. There were no systematic absences

nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic

space group P1 was assigned and later determined to be correct. The structure was solved by
direct methods and refined on F? by full-matrix least-squares techniques. The analytical

scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
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included using a riding model. The holmium atom was disordered over two positions
(approximately 74:26). C(10) and C(11) were disordered and included using multiple
components with partial site-occupancy-factors. Least-squares analysis yielded wR2 = 0.1417
and Goof = 1.024 for 523 variables refined against 11796 data (0.80A), R1 = 0.0568 for those
8232 data with 1 > 2.0c(l). There were several high residuals present in the final difference-
Fourier map. It was not possible to determine the nature of the residuals although it was probable
that hexanes and/or tetrahydrofuran solvents were present. The SQUEEZES® routine in the
PLATON®®! program package was used to account for the electrons in the solvent accessible

voids.

For Er-2 A purple crystal of approximate dimensions 0.232 x 0.307 x 0.327 mm was
mounted in a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The
APEX2%® program package was used to determine the unit-cell parameters and for data
collection (60 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT®! and SADABS® to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL®® program. There were no systematic absences

nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic

space group P1 was assigned and later determined to be correct. The structure was solved by
dual space methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. The erbium atom was disordered. Due to the poor data quality it
was not possible to refine all atoms anisotropically. Least-squares analysis yielded wR2 = 0.2016

and Goof = 1.164 for 434 variables refined against 10653 data (0.83A), R1 = 0.0974 for those
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7844 data with 1 > 2.0c(l). There were several high residuals present in the final difference-
Fourier map. It was not possible to determine the nature of the residuals although it was probable
that tetrahydrofuran and/or hexane solvents were present. The SQUEEZE®? routine in the
PLATONS®! program package was used to account for the electrons in the solvent accessible

voids.

For 2-Tm a green crystal of approximate dimensions 0.190 x 0.231 x 0.332 mm was
mounted on a glass fiber and transferred to a Bruker SMART APEX Il diffractometer. The
APEX2% program package was used to determine the unit-cell parameters and for data
collection (30 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT® and SADABS® to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL®® program. There were no systematic absences

nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic

space group PL was assigned and later determined to be correct. The structure was solved by
direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. The thulium atom was disordered over two positions
(approximately 35% Tm(1), 65% Tm(2)). C(12) was disordered (56:44) and included using
multiple components with partial site-occupancy-factors. There was one-half molecule of
cyclohexane solvent present. The solvent was located about an inversion center.At convergence,
WR2 = 0.1058 and Goof = 1.017 for 545 variables refined against 11934 data (0.80A), R1 =

0.0429 for those 8484 data with | > 2.0c(1).
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Table 1.4. Crystal data and structure refinement for 2-Gd.

Identification code ajrl0 (Austin Ryan)

Empirical formula Czs Hoo Gd K N5 Og Sis

Formula weight 1054.01

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=11.5089(8) A o = 83.9480(8)°.
b =15.6793(11) A B =76.5924(8)°.
c=16.7864(12) A v = 89.6086(8)°.

Volume 2929.7(4) A3

Z 2

Density (calculated) 1.195 Mg/m3

Absorption coefficient 1.364 mm-1

F(000) 1112

Crystal color purple

Crystal size 0.633 x 0.586 x 0.521 mm3

Theta range for data collection 1.254 to 28.705°

Index ranges -15<h<15,-20<k<20,-22<1<22

Reflections collected 33829

Independent reflections 13751 [R(int) = 0.0154]

Completeness to theta = 25.500° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7458 and 0.6483

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 13751/0/543

Goodness-of-fit on F2 1.069

Final R indices [1>2sigma(l) = 12612 data] R1 = 0.0339, wR2 = 0.0794

R indices (all data, 0.74 A) R1=0.0383, wR2 = 0.0816

Largest diff. peak and hole 1.945 and -1.146 e.A-3
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Table 1.5. Crystal data and structure refinement for 2-Th.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 6847 data]
R indices (all data, 0.80 A)

Largest diff. peak and hole

ajr5 (Austin Ryan)
Cas Hoo K N5 Og Sie Th

1055.68

133(2) K
0.71073 A
Triclinic

P1
a=11.482(2) A
b =15.704(3) A
c=16.7133) A

a = 83.7837(19)°.
B = 77.0788(19)°.
v = 89.4985(19)°.

2919.8(9) A3
2

1.201 Mg/m3

1.443 mm-1

1114

purple

0.184 x 0.111 x 0.108 mm3
1.258 to 26.451°
-14<h<14,-19<k<19,-20<1<20
26446

11917 [R(int) = 0.0940]

99.4 %

Semi-empirical from equivalents
0.7454 and 0.6334

Full-matrix least-squares on F2
11917/0/523

1.017
R1=0.0737, wR2 = 0.1501
R1=0.1454, wR2 = 0.1777

1.528 and -1.287 e.A-3
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Table 1.6. Crystal data and structure refinement for 2-Dy.

Identification code ajr2 (Austin Ryan)

Empirical formula Css Hoo Dy K Ns Og Sis

Formula weight 1059.26

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=11.4843(7) A o = 83.9604(8)°.
b = 15.6509(10) A B=76.7399(8)".
¢ =16.7396(10) A v = 89.5540(8)°.

Volume 2911.9(3) A3

Z 2

Density (calculated) 1.208 Mg/m3

Absorption coefficient 1.516 mm-1

F(000) 1116

Crystal color blue

Crystal size 0.347 x 0.319 x 0.285 mm3

Theta range for data collection 1.257 to 28.772°

Index ranges -15<h<15,-20<k<21,-22<1<22

Reflections collected 34876

Independent reflections 13698 [R(int) = 0.0283]

Completeness to theta = 25.500° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7458 and 0.6634

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 13698 /0/543

Goodness-of-fit on F2 1.045

Final R indices [1>2sigma(l) = 11542 data] R1 = 0.0399, wR2 = 0.0922

R indices (all data, 0.74 A) R1 =0.0505, wR2 = 0.0979

Largest diff. peak and hole 1.890 and -1.331 e.A-3
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Table 1.7. Crystal data and structure refinement for 2-Ho.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 8232 data]
R indices (all data, 0.80 A)

Largest diff. peak and hole

ajré (Austin Ryan)
Cs6 Hoo Ho N5 Og Rb Sis

1108.06

133(2) K
0.71073 A
Triclinic

P1
a=11.432(4) A
b=15.711(5) A
c=16.722(5 A

a=83.815(3)°.
B = 77.564(4)°,
v = 89.406(4)°.

2915.6(16) A3
2

1.262 Mg/m3

2.348 mm-1

1154

purple

0.220 x 0.194 x 0.124 mm3
1.254 to 26.429°
-14<h<14,-19<k<19,-20<1<20
23017

11796 [R(int) = 0.0452]

98.8 %

Semi-empirical from equivalents
0.7454 and 0.5526

Full-matrix least-squares on F2
11796 /0/523

1.024
R1=0.0568, wR2 = 0.1260
R1=0.0939, wR2 = 0.1417

1.677 and -1.282 e.A-3
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Table 1.8. Crystal data and structure refinement for 2-Er.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.458°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l) = 7844 data]
R indices (all data, 0.83 A)

Largest diff. peak and hole

ajrl4 (Austin Ryan)
C36 Hoo Er N5 Os Rb Sis

1110.39

133(2) K
0.71073 A
Triclinic

P1
a=11371(3) A
b =15.924(4) A
c=16.622(4) A

a=95.918(3)°.
B=101.105(3)°.
v=90.810(3)°.

2935.9(13) A3
2

1.256 Mg/m3

2.413 mm-1

1156

purple

0.327 x 0.307 x 0.232 mm3
1.286 to 25.458°
-13<h<13,-19<k<19,-19<1<19
22048

10653 [R(int) = 0.0425]
97.9 %

Numerical or multi-scan
0.7452 and 0.5981

Full-matrix least-squares on F2
10653 /0/ 434

1.164
R1=0.0974, wR2 = 0.1906
R1=0.1284, wR2 = 0.2016

1.242 and -1.440 e.A-3
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Table 1.9. Crystal data and structure refinement for 2-Tm.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 8484 data]
R indices (all data, 0.80 A)

Extinction coefficient

Largest diff. peak and hole

ajr9 (Austin Ryan)

Cs6 Hoo N5 Og Rb Sig Tm « %2 (CsH12)
1154.14

88(2) K

0.71073 A
Triclinic

P1
a=11.5334(12) A
b =15.9884(17) A
¢ =16.4645(17) A
2944.5(5) A3

2

1.302 Mg/m3

2.490 mm-1
1206
green

0.332 x 0.231 x 0.190 mm3

1.679 to 26.381°
-14<h<14,-19<k<19,-20<1<20
24277

11934 [R(int) = 0.0360]

99.3 %

Semi-empirical from equivalents
0.6939 and 0.5554

Full-matrix least-squares on F2
11934 /0/545

1.017

R1=10.0429, wR2 = 0.0943
R1=0.0747, wR2 = 0.1058
n/a

1.441 and -0.784 e.A-3

a = 82.2086(12)°.
B = 78.4416(13)°.
vy =90.7332(12)°.
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Table 1.10. Crystal data and structure refinement for 2-Nd.

Identification code ajr7 (Austin Ryan)

Empirical formula Cas Hoo N5 Nd Og Rb Sis

Formula weight 1087.37

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=11.481(3) A o= 83.513(3)°.
b =15.869(3) A B =78.216(3)°.
c=16.607(4) A v =90.232(3)°.

Volume 2941.9(11) A3

z 2

Density (calculated) 1.228 Mg/m3

Absorption coefficient 1.864 mm-1

F(000) 1140

Crystal color blue

Crystal size 0.286 x 0.158 x 0.115 mm3

Theta range for data collection 1.261 to 26.444°

Index ranges -12<h<14,-19<k<19,-20<1<20

Reflections collected 20711

Independent reflections 11960 [R(int) = 0.0521]

Completeness to theta = 25.500° 99.3 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7454 and 0.5911

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 11960/0/ 438

Goodness-of-fit on F2 1.034

Final R indices [I>2sigma(l) = 6097 data] R1=0.0784, wR2 =0.1772

R indices (all data, 0.80 A) R1=0.1646, wR2 = 0.2146

Largest diff. peak and hole 1.526 and -0.931 e.A-3

Definitions:

WR2 = [S[w(Fo 2 -Fc 2) 2]/ [w(Fo2)2]] 1/2

R1 = X||Fo|-|Fc|| / Z|Fo|
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Goof =S = [Z[w(Fo 2 -Fc 2) 2 ]/ (n-p)]1/2 where n is the number of reflections and p is the
total number of parameters refined

Selected Bond lengths

For 2-Gd (A)

Gd(1)-Gd(2) 1.0468(4)
Gd(1)-N(1) 2.289(2)
Gd(1)-N(2) 2.2919(19)
Gd(1)-N(3) 2.3424(18)
Gd(2)-N(3) 2.2921(18)
Gd(2)-N(2) 2.3047(19)
Gd(2)-N(1) 2.326(2)
Si(1)-N(1) 1.726(2)
Si(2)-N(1) 1.698(2)
Si(3)-N(2) 1.7045(19)
Si(4)-N(2) 1.7060(19)
Si(5)-N(3) 1.7011(19)
Si(6)-N(3) 1.708(2)
K(1)-0(2) 2.8083(16)
K(1)-O(3) 2.8107(17)
K(1)-0(1) 2.8203(17)
K(1)-O(6) 2.8248(15)
K(1)-O(4) 2.8397(17)
K(1)-0O(5) 2.8748(18)
K(1)-N(5) 3.0189(18)
K(1)-N(4) 3.038(2)
N(1)-Gd(1)-N(2) 116.26(7)
N(1)-Gd(1)-N(3) 111.20(7)
N(2)-Gd(1)-N(3) 117.52(7)
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For 2-Tb (A)

Th(1)-Th(2) 1.0036(12)
Th(1)-N(2) 2.251(6)
Th(1)-N(1) 2.286(6)
Th(1)-N(3) 2.319(5)
Th(2)-N(1) 2.274(6)
Th(2)-N(3) 2.279(5)
Th(2)-N(2) 2.284(6)
Si(1)-N(1) 1.722(6)
Si(2)-N(1) 1.690(6)
Si(3)-N(2) 1.708(6)
Si(3)-C(9) 1.865(8)
Si(4)-N(2) 1.705(6)
Si(5)-N(3) 1.705(6)
Si(6)-N(3) 1.699(6)
K(1)-0(2) 2.803(4)
K(1)-0(3) 2.811(5)
K(1)-0(1) 2.817(5)
K(1)-0(6) 2.827(4)
K(1)-O(4) 2.837(5)
K(1)-0(5) 2.868(5)
K(1)-N(5) 3.026(5)
K(1)-N(4) 3.031(6)
N(2)-Th(1)-N(1) 116.4(2)
N(2)-Th(1)-N(3) 118.0(2)

N(1)-Th(1)-N(3) 110.95(19)



For 2-Dy (A)
Dy(1)-Dy(2)
Dy(1)-N(2)
Dy(1)-N(2)
Dy(1)-N(3)
Dy(2)-N(3)
Dy(2)-N(2)
Dy(2)-N(1)
Si(1)-N(1)
Si(2)-N(1)
Si(3)-N(2)
Si(4)-N(2)
Si(5)-N(3)
Si(6)-N(3)
K(1)-0(2)
K(1)-0(3)
K(1)-0(1)
K(1)-O(6)
K(1)-0(4)
K(1)-O(5)
K(1)-N(5)
K(1)-N(4)
N(2)-Dy(1)-N(1)
N(2)-Dy(1)-N(3)
N(1)-Dy(1)-N(3)

For 3-Ho (A)
Ho(1)-Ho(2)

1.0460(5)
2.255(2)
2.256(2)
2.303(2)
2.245(2)
2.268(2)
2.296(2)
1.726(2)
1.699(2)
1.705(2)
1.706(2)
1.704(2)
1.711(2)
2.8045(19)
2.8078(19)
2.816(2)
2.8229(18)
2.837(2)
2.874(2)
3.016(2)
3.036(2)
116.10(8)
117.41(8)
110.84(8)

1.0193(11)
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Ho(1)-N(2)
Ho(1)-N(1)
Ho(1)-N(3)
Ho(2)-N(1)
Ho(2)-N(3)
Ho(2)-N(2)
Si(1)-N(1)

Si(2)-N(1)

Si(3)-N(2)

Si(4)-N(2)

Si(5)-N(3)

Si(6)-N(3)

Rb(1)-0(2)
Rb(1)-0(3)
Rb(1)-0(1)
Rb(1)-O(6)
Rb(1)-0(4)
Rb(1)-O(5)
Rb(1)-N(5)
Rb(1)-N(4)

N(2)-Ho(1)-N(1)
N(2)-Ho(1)-N(3)
N(L)-Ho(1)-N(3)

For 2-Tm (A)
Tm(1)-Tm(2)

Tm(1)-N(2)

2.241(5)
2.253(5)
2.282(4)
2.242(5)
2.256(5)
2.266(5)
1.721(5)
1.699(5)
1.696(5)
1.713(5)
1.710(5)
1.706(5)
2.857(4)
2.870(4)
2.871(4)
2.878(3)
2.889(4)
2.914(4)
3.025(4)
3.030(5)
116.46(16)
117.64(17)
110.63(17)

0.464(3)
2.290(5)



Tm(1)-N(3) 2.331(4)

Tm(1)-N(1) 2.356(5)
Tm(2)-N(1) 2.288(4)
Tm(2)-N(3) 2.325(4)
Tm(2)-N(2) 2.334(4)
Si(1)-N(1) 1.694(4)
Si(2)-N(1) 1.686(4)
Si(3)-N(2) 1.692(4)
Si(4)-N(2) 1.687(3)
Si(5)-N(3) 1.693(3)
Si(6)-N(3) 1.686(4)
Rb(1)-0(1) 2.868(3)
Rb(1)-O(6) 2.872(3)
Rb(1)-0(3) 2.874(3)
Rb(1)-0(2) 2.876(3)
Rb(1)-0(4) 2.886(3)
Rb(1)-0(5) 2.920(3)
Rb(1)-N(4) 3.012(3)
Rb(1)-N(5) 3.023(3)
N(2)-Tm(1)-N(3) 122.98(19)
N(2)-Tm(1)-N(1) 120.38(18)

N(3)-Tm(1)-N(1) 112.57(17)



Figure 1.11. Thermal ellipsoid plot of 2-Tb drawn at 50% probability level. Hydrogen atoms

and disordered atoms are omitted for clarity.

Figure 1.12. Thermal ellipsoid plot of 2-Dy drawn at 50% probability level. Hydrogen atoms

and disordered atoms are omitted for clarity.
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Figure 1.13. Ball-and-stick figure of 3-Er

Figure 1.14. Thermal ellipsoid plot of 2-Tb drawn at 50% probability level. Hydrogen atoms

and disordered atoms are omitted for clarity.
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Figure 1.15. Ball-and-stick figure of 3-Nd
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Chapter 2

The Importance of the Counter-cation in Reductive Rare-Earth Metal

Chemistry: 18-Crown-6 Instead of 2,2,2-Cryptand Allows Isolation of

[Y'"(NR2)s]'and Ynediolate and Enediolate Complexes from CO Reactions

Introduction*

As described in the Introduction and Chapter 1, investigations of LnAs/M reactions (Ln =

rare-earth metal; A = anion; M = alkali metal) related to the reduction of dinitrogen which provided

(N2)* and (N2)*~ complexes,®** showed evidence for an Y(Il) ion in solution based on an EPR

spectrum of the product obtained from treatment of Y(NR2)3 (R = SiMe3) with K in THF at —35°C

under argon.® Although the two-line spectrum arising from the Y I = % nucleus indicated the

presence of Y(II), structural confirmation of an Y (1) amide complex was elusive. By switching

from bis(silyl)amide ancillary ligands to the silylcyclopentadienyl ligand, CsHaSiMes (Cp'), a

crystallographically characterizable Y(II) complex was isolated by reduction of Cp'3Y with KCg

in the presence of 18-crown-6 (18-¢-6), namely [K(18-c-6)][YCp's], eq 2.1.

SiMe;, +KCy
18-c-6

Et,0, Ar, -45 °C

Z

111
%Y
Me::,&

- graphite

SiME3

0'0
l\ fffff
> K=I1__
//|\\ / S=~a

Me3Si

2.1)

An explanation for the efficacy of the silylcyclopentadienyl ligands was possible from the

*Portions of this chapter have been published: Ryan, A. J; Ziller, ). W.; Evans, W. J. Chemical Science 2020,

Advance Artcle.
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hyperfine coupling constants of the EPR spectra of the yttrium complexes. The hyperfine coupling
constant of the Y(NR2)s/K reduction product, 110 Gauss,*® was considerably larger than the 36.6
Gauss coupling constant of (Cp'3Y)'® and suggested that more of the unpaired electron density
was located on the metal in the amide complex. It was reasoned that this was the cause of its
limited stability and made it too reactive to isolate. Since trivalent complexes of yttrium and
lanthanides of similar size, particularly Ho and Er, have always displayed similar chemistry, it was

assumed the [Ln(NR2)3]'~ complexes could not be isolated either.

It was therefore surprising that alkali metal reduction of Sc(NR2)s in the presence of both
18-¢c-6 and crypt generated crystallographically-characterizable Sc(ll) complexes, [Sc(NR2)s]'",
eq 2.2.%® This indicated that scandium displayed different chemistry from the yttrium congener

directly below it in the periodic table.

chelate
Ln(NRy); + M — > [M(chelate)][Ln (NRy);] 2.2)
R = SiMe;
Ln=Sc M(chelate) = K(crypt), K(18-c-6), Cs(Crypt)
Ln = Gd, Tb, Dy; M(chelate) = K(crypt)
Ln =Nd, Ho, Er; M(chelate) = Rb(crypt)

This suggested that the yttrium / late lanthanide comparison should be re-evaluated. As
described in Chapter 1, it was found that reduction of the Ln(NR2)s complexes of Gd, Th, and Dy
with K in the presence of crypt generated crystallographically-characterizable Ln(11) complexes,
[K(crypt)][Ln(NR2)s], 1-Ln, like Sc.*® Hence, these rare-earth metals also differed from yttrium.
For Ln = Nd, Ho and Er, however, it was necessary to use Rb as the reductant in the presence of
crypt to obtain crystals of the [Ln(NR2)s]'~ anions as [Rb(crypt)][Ln(NR2)s]. Attempts to isolate

either salt of the yttrium anion, [Y(NR2)s]'~, were unsuccessful.

60



Although an Y(II) complex was not yet isolated with amide ligands, the reactivity of the

Y(NRy) 3/K system was explored with CO and led to complexes of (CO)!~ and (OC=CO)* -, eq

23 20
1 atm CO
+KCg -78 °C, THF
Ar, THF
1 > w1l —n 18-c-6 2.3)
Y (NRy); ——> [Y (NRy);] »
- 35°C
R = SiMe,
NRZ [K2(18'0'6)3] RZN NR2
11 11 / 11
CO —Y—0C —(Ky(18-¢-6),] + Y—0C=Cco—Y
$ N “,
3 RN NR
R,N NR 2 \ 2
2 2 n R,N NR,

This chapter describes the results of switching from crypt as the potassium chelator to two
equivalents of 18-c-6 in the reduction protocol for rare earth Ln(NR2)3 complexes. By switching
from crypt to 18-c-6 not only could Ln(Il) complexes of Ho and Er be isolated with K as the
reductant, but the [Y(NR2)s]'~ anion, elusive since 2011, could be isolated and crystallographically
characterized. These results were unexpected since the (YCp’3)!~ anion was more stable with crypt
as a potassium chelate compared to 18-c-6 and in this study none of the cations were near the
anions in the solid state. ~Stability studies on the 18-c-6 complexes suggested that the speed of
crystallization was a critical factor. In addition, it is described how these [K(18-c-6)2]'* salts
enhanced the reaction chemistry of the Ln(Il) complexes by allowing isolation of CO reduction
products not obtainable from the [K(crypt)]** analogs. New ynediolate complexes and an unusual
enediolate complex derived from CO reduction and homologation are presented as further
examples of the importance of the potassium chelating agent in these rare-earth metal reduction

systems.
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RESULTS

Synthesis. Gd, Tb, Dy. Initially, potassium graphite reduction of Th(NR2)3 (R = SiMe3)

was performed with a 1:1 ratio of Th(NR2)s to 18-crown-6 (18-c-6) to evaluate the necessity of the

2.2.2-cryptand (crypt) chelate in isolating the Ln(l1) species. Upon reduction, a deep blue solution

was produced similar to that of [K(crypt)][Tb(NR2)s], 1-Th. Layering with hexanes yielded dark

blue crystals. X-ray diffraction indicated that the [Th(NR2)s]' ™ anion had formed, but, surprisingly,

there were two 18-c-6 units per potassium in the counter-cation: [K(18-c-6)2][Tb(NR2)3], 2-Th,

Figure 2.1. Subsequent reductions were then performed with a 1:2 ratio of Ln(NR2)3 to 18-c-6

which led to an increased yield, 75%. The same reaction conditions were applied to Gd(NR2)z and

Dy(NR2)s and the analogous complexes, 2-Gd and 2-Dy, were isolated in similar yields, eq 2.4.

2(18-¢-6)

KCq
_—

Et,0

Ln'[N(SiMe3),]5

Ln = Gd, Tb, Dy, Ho, Er, Y

7%
0.
NP
Oy - )
—__::: .“/O (7
Lo
(07
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(ME3Si)2N

11
_-Ln21iN(SiMe;),

2-Ln
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Figure 2.1. Thermal ellipsoid plot of 2-Tb drawn at the 50% probability level. Hydrogen atoms
and disordered 18-c-6 atoms are excluded for clarity. The other 2-L.n complexes (Ln = Gd, Tb,

Dy, Ho, Y, Er) are all isomorphous.

Ho, Er, Tm. Given the success of the reaction above, the protocol was extended to Er and
Ho which had previously produced crystals of the [Ln(NR2)s]'~ anions only with the [Rb(crypt)]**
cation. Crystallographically-characterizable complexes of Ho and Er were also obtainable with K
as the reductant using 18-c-6 according to eq 2.4. This synthesis was also examined with Tm, a
metal that forms Ln(11) complexes with traditional 4f"* electron configurations in contrast to the
metals above that form 4f"5d* jons.>* 7816 This reaction was also successful and provided [K (18-
c-6)2][TM(NR2)s], 2-Tm.

Yttrium. Given the success of the 18-c-6 protocol observed with the lanthanides, attempts

were again made using this chelate in the reduction of Y(NR2)s. Initial reductions were performed
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as shown in eq 2.4 leading to the crystallization of the complex [K(18-c-6)2][Y(NR2)3], 2-Y, as
determined by X-ray diffraction. Subsequent attempts to synthesize 2-Y revealed that a
temperature of —78 °C helped to avoid significant decomposition of 2-Y during the synthesis. The
EPR spectrum of 2-Y is indistinguishable from that of the Y(NR2)s/K reduction product reported
in 2011.

Structure. The 2-Ln complexes of Ln = Gd, Tb, Dy, Ho, Er, and Y, Figure 2.1, are
isomorphous and crystallize in the P2i/n space group. The crypt analogs also formed an
isomorphous series, 1-Ln, for Ln = Gd, Th, and Dy, and these were also isomorphous with the
analogs containing Rb cations, [Rb(crypt)][Ln(NR2)s], 1-Ln(Rb) for Ln = Ho, Er. These all
crystallized in the space group P-1. The 2-Tm complex is not isomorphous with the other 2-L.n
structures and crystallizes with two formula units per unit cell in the space group P212:2;.

Ln(NR2); and [Ln(NR2)s]'~ complexes often show disorder in the position of the metal
with respect to the plane of the three nitrogen donor atoms. The Ln(NR2)s complexes of Nd,!
Eu,?? Th,2 Dy,?* Er,?* Yb,? and Lu?® exhibit disorder of the metal about an inversion center such
that the metal is located above and below the N3 plane in the range of 0.34 - 0.58 A. In 1-Gd, 1-
Tb, 1-Dy, and 1-Ho(Rb), the metals are disordered 0.5 - 0.6 A above and below the plane with
disorder in the 65 - 75% range.*® It should be noted that this disorder depends on reaction and
crystallization conditions. For example, 1-Gd, synthesized in THF and crystallized from
THF/hexane formed crystals in the P-1 space group and showed the disorder mentioned above.’
However, a sample synthesized for this study in EtoO/toluene and crystallized by layering with
hexanes formed crystals in the trigonal space group R32 with no disorder. The structure had an

asymmetric unit consisting of one amide ligand on Gd and a potassium cation with one third of
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crypt chelate. The disorder in the structures of both Sc(NR2)s and [Sc(NR2)s]!~ was found to be
highly dependent on the crystallization conditions.®

In comparison, the crystallographic data on 2-Gd, 2-Tb, and 2-Tm were successfully
modeled without a disordered metal center. These complexes had trigonal pyramidal structures
with the metal out of the plane by 0.055 - 0.201 A (see below). The data on 2-Dy, 2-Ho, 2-Er,
and 2-Y were best modeled with only minor disorder of the metal where 97% of the metal lies
above and close to the N3 plane (within 0.283 A) and 3% lies below the plane by 0.554 A.

Metrical data on 1-Ln and 2-Ln are presented in Table 2.1. As shown, the structures of
the [Ln(NR2)3]!™ anions in 2-Ln are identical within experimental error to the anions in 1-Ln and
1-Ln(Rb). The parallels also apply to 1-Tm and 2-Tm which are assigned traditional 4f"** electron
configurations. As has been found in other series of Ln(11) complexes,* #1619 different structural
parameters are observed for complexes of 4f™*and 4f"5d* Ln(11) ions. Specifically, the metrical
parameters of [TmM(NR2)s]'™ in 1-Tm and 2-Tm have Tm—N distances longer than those in the
Tm(NR2)s starting material by 0.2 A. For Gd, Tb, Dy, and Ho, the Ln—N distances are only 0.05
A longer than in the Ln(NR2)s starting materials suggesting that 2-L.n for Ln = Gd, Th, Dy and
Ho, like those of 1-Ln, are 4f"5d!. Comparisons cannot be made for 1-Er(Rb) since the reported
structure was of low quality and provided connectivity only. Hence the structure of 2-Er provided
the first opportunity to evaluate this parameter with the [Er(NR2)s]'™ anion. The data show a
change in bond distance of 0.05 A from Er(111)? to Er(ll) consistent with a 4f*'5d* electron

configuration.
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Table 2.1. Comparison of metal ligand distances (A) of [K(crypt)][Ln(NR2)s], 1-Ln,

[Rb(crypt)][Ln(NR2)s], 1-Ln(Rb), [K(18-¢c-6)2][LN(NR2)3], 2-Ln, and Ln(NR2)s.

Metal 1-Ln 2-Ln Ln(NRz2)s  1-Ln 2-Ln
Ln—N avg Ln—N avg Ln—-Navg  Ln—Npiane avg Ln—Npiane avg
Gd 2.307 2.309 2.247* 0.523 0.158
Th 2.282 2.293 2.233 0.503 0.201
Dy 2.270 2.280 2.213 0.523 0.436
Ho 2.256 2.267 2.211* 0.509 0.395
Er - 2.249 2.210 NA 0.426
m 2.320 2.348 2.200* 0.023 0.055
Y - 2.268 2.224 NA 0.418

* These three Ln(Ill) complexes do not have reported crystal structures, so expected Ln—N

distances were interpolated from analogous complexes of metals with similar ionic radii

Spectroscopy. The UV-visible spectra of 2-Gd and 2-Dy are indistinguishable from those
of 1-Gd and 1-Dy with strong, broad absorbances at 598 nm (¢ = 3500 cm ™t M™1) and 608 nm (e
=1200 cmt M1). Spectra were also obtained for 2-Ho and 2-Er since [Ln(NR2)s]'™ anions of
these metals with crypt-based counter-cations were too unstable to provide optical data. These
spectra also show strong absorbances around 600 nm (g = 3000, 1800) similar to those reported
for 1-Gd, 1-Dy, and 1-Tb.1® Interestingly, the spectrum for 2-Y shows a strong absorbance at a
longer wavelength, 650 nm (¢ = 3800), than those of 1-Ln and 2-Ln. All of the spectra of the
[Ln(NR2)3]'" complexes are shown in Figure 2.2 (individual spectra are shown in the SI). The
UV-visible spectra of 1-Tm and 2-Tm are not as intense, which is typical of 4f"** Ln(l1) ions vs

4f"5d! Ln(II) ions as seen previously with (Cp'sLn)!~ complexes.
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Figure 2.2. UV-visible spectra of 1-Ln?° and 2-Ln in THF and Et,0 respectively

Stability. The [K(crypt)]** complexes, [K(crypt)][Ln(NR2)s], 1-Ln, showed a trend in
solution stability of Tm ~ Gd >> Tb > Dy >> Ho, Er >> Nd.?® The 2-Ln complexes have similar
stability to those of 1-Ln and display a similar trend. For 2-Tm, a half-life of one week was
observed, whereas 2-Gd had a half-life of about 2 days. For 2-Dy, a compound with moderate
stability in the series, the half-life is approximately 5 minutes in a solution of diethyl ether, whereas
1-Dy, which is not very soluble in Et20, shows a 5-minute half-life in THF (SI). The 2-Y complex
is even less stable than the other 2-Ln compounds showing complete decomposition within 10
seconds at room temperature, which is consistent with the difficulty in isolating it previously.
Decomposition products were not isolated, but C-H bond activation of the methyl ligands of
[N(SiMes)2]* ligands to form cyclometalates involving [N(SiMes)(SiMe2CH2)]*" ligands is a

frequent degradation route for rare earth amide complexes.
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The stability data indicate that although the 18-c-6 chelate is better than crypt for
crystallizing the [Ln(NR2)s]'~ anions, it does not provide measurably more stable complexes in
solution. The advantage of the [K(18-c-6)2]** complexes over the [K(crypt)]** analogs is in the
rate of crystallization. The 1-Ln complexes typically require over 24 hours to crystallize, whereas
the 2-Ln compounds crystallize over the span of 2-3 hours. The more rapid crystallization is the
likely reason that these 2-L.n species of Ho, Er, and Y can be isolated. They are so reactive in
solution that prolonged crystallization times lead to decomposition.

Reactivity with CO. Ynediolate Formation. Previously, the Y(NR2)3s/K reaction
conducted in situ without an isolated Y (I1) complex under CO led to the CO reduction chemistry
shown in eq 2.3.2° Attempts to explore this CO reduction chemistry with isolated complexes of
the crypt chelate [K(crypt)][Ln(NRz2)z], 1-Ln, for Ln = Gd and Dy did not lead to any crystallizable
products. However, reactions of CO with the 18-c-6 chelate, [K(18-c-6)2][Ln(NR2)s], 2-Ln, for
Ln = Gd, Dy, and Ho did provide crystalline materials as described in the following paragraphs.

In situ Reactions. Due to the limited stability of 2-Ln in solution, the starting complexes
were generated in situ and used without isolation. Reductions of Ln(NRz2)3 (Ln = Gd, Dy, Ho)
were performed in EtO with KCg in an H-shaped tube equipped with greaseless high vacuum
stopcocks at =78 °C in the presence of 18-c-6. Introduction of CO gas at 1 atm to the system
caused the dark blue solution to turn pale yellow immediately upon thawing. After the solution
was allowed to warm to room temperature, pale yellow crystals of the CO-coupled ynediolate
complex, {K2(18-c-6)s}{[(R2N)zLn]2(u-OC=CO)}, 3-Ln (Ln = Gd, Dy, Ho), had formed and

could be isolated without further work-up, Figure 2.3, eq 2.5.
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These 3-L.n complexes were isomorphous with those previously reported for Y and Lu, eq
2.3.2% Hence, the ynediolate products generated in eq 2.3 before any Y(I1) and Lu(ll) complexes

had been identified, can also be formed from solutions containing established Ln(ll) ions.

+ KCs
7 ocyTHE
111 2(18-c-6 - >
Ln (NR,); ( ) > > 2.5)
—-35°C
Ln=Gd, Dy, H -c- B N
n Yy, Ho [K,(18-¢-6)3] R,N NR,
R = SiMe; \111 / 11
Ln—OC=CO—Ln
SO "/
RN \ NR,
RN NR,
3-Ln

Only the metrical parameters for 3-Dy and 3-Ho can be compared with other complexes,
since the crystal data on 3-Gd were not of high enough quality for detailed analysis. As expected
for isomorphous complexes, the 1.183(6) - 1.186(4) A C=C and 1.301(2) - 1.311(4) A C-O
distances in 3-Dy and 3-Ho are very similar to those in 3-Y and 3-Lu. These distances also match
other ynediolate complexes in the literature such as [(A)sU]2(u-OC=CO) (A = N(SiMes)2,
OCsH2BuU'-2,4,6%%), [U(Tren®™SB)],(4-OC=CO) [Tren®MSB = N(CH.CH:NSiMe;Bu%)s],?° and
[(U(CsH6>%)( CsMes)]2(u-OC=C0).%° The Ln-O distances vary as expected based on ionic radii:!

2.070(2) A, Dy; 2.0598(14) A, Ho; 2.057 A, Y%; 2.021 A, Lu®.
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Figure 2.3. Thermal ellipsoid plot of 3-Dy (3-Ln are isomorphous) drawn at the 50% probability

level. H atoms and lattice solvent molecules are excluded for clarity.

Reactions with Isolated Complexes. A Thulium Ynediolate. Interestingly, the Tm(ll)
complex, 2-Tm, can also form an isomorphous ynediolate product. In this case, since the 43 2-
Tm is more stable than the 4f"5d* 2-L.n complexes, the reaction was carried out with isolated 2-
Tm. When isolated [K(18-c-6)2][Tm(NRz2)z] is dissolved in Et>O at —78 °C, a dark solution forms.
Upon addition of CO, the solution quickly turns pale yellow. Upon warming to room temperature
overnight, the ynediolate complex, {K2(18-c-6)s}{[(R2N)3sTm]2(u-OC=CO)}, 3-Tm, crystallizes

and was found to have a structure isomorphous with those of 3-Gd, 3-Dy, and 3-Ho, eq 2.6.
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Cco - A
= K,(18-¢c-6
Et,0 K )3l R,N NR,
I 78 °C \m / 11
2[K(18-c-6),][Tm (NR,)5] - > Tm—OC= CO—Tm
~18-¢c-6 ¥ 2.6
c RN \/’NRZ (2.6)
R = SiMe; RyN NR,

3-Tm

A Gadolinium Enediolate. Since [K(18-c-6)2][LN(NR2)3], 2-Gd, was the most stable 4f"5d*
complex in the 2-Ln series, a CO reaction with this complex in its isolated form was also
examined. Solid 2-Gd was added to one side of an H-tube with Et20 stored at —78 °C on the other
side. CO was then introduced to the system and the Et,O was condensed onto 2-Gd using a liquid
nitrogen bath. The solution was then allowed to warm to —78 °C causing the solution to turn from
dark blue to colorless. Concentration of the colorless solution produced a small amount of
colorless crystals which were identified by X-ray diffraction as the enediolate complex [K(18-c-
6)]2{[(R2N)2Gd2(u-OCH=CHO).}, 4-Gd, eq 2.7, Figure 2.4. Hence, the CO reduction product
that crystallized from this reaction is not the ynediolate of eq 2.3, 2.5, and 2.6, but a derivative in
which two hydrogen atoms per two metal centers have been added to what was presumed to be an
ynediolate intermediate. In addition, one amide ligand has been lost per Gd metal center compared
to the 2-Ln precursor. The charge of the dianionic bimetallic complex is balanced by two [K(18-
c-6)]** units each of which is coordinated to an oxygen atom of an enediolate ligand. Although
the origin of the additional hydrogen atoms in the enediolate in eq 2.7 versus the 2-L.n ynediolates
is unknown and the yield is not synthetically useful, the reaction demonstrates the subtle

differences that occur based on the reduction protocols.
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[K(18-¢-6),][Gd (NRy);]

R = SiMe3

’
O\\(’)\ ) / \Oﬂl\ d \/(‘))
O-gzzll N 4 %
< NR
/10 R,N 2
O\SI))
4-Gd

(2.7)

Enediolate complexes of f-elements have previously been obtained from reactions of lanthanide

hydride®> 3 or tris(pentamethylcyclopentadienyl) lanthanide®* % complexes with CO.

Additionally, enediolate formation incorporating actinides has been observed by the reductive

insertion of CO into actinide alkyl bonds as well as by insertion of a bridging ynediolate into the

C—H bond of a silylmethyl group in the complex [(R2N)3U]2(u-OC=CO)} (R = SiMes).?’

Figure 2.4. Thermal ellipsoid plot of 4-Gd drawn at the 50% probability level. H atoms and second

molecule of 4-Gd are omitted for clarity.
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There are two independent anions in the unit cell of 4-Gd, but their metrical parameters are
similar. For example, the C=C distances in 4-Gd of 1.334(4) and 1.331(4) A are consistent with
the presence of a double bond.*® Average bond distances and angles of 4-Gd are summarized in
Figure 2.5 (full data are in the Experimental Details). The 1.372(5) A average C-O distance
involving the oxygen of the enediolate that bridges the two Gd centers (O2) is similar to the

1.352(1) A C-O distance for the oxygen of the enediolate that bridges Gd and K centers (O1).

Figure 2.5. Average bond distances (A) of the two independent molecules in the unit cell for the

core atoms of 4-Gd.

The 2.322(1) to 2.356(5) A range of Gd—N distances is only slightly larger than the 2.289(5) A
Dy—N average distance in 3-Dy although five coordinate Gd(I11) is estimated to be 0.09 A larger
than 4-coordinate Dy(l11) based on extrapolations of Shannon radii.3* The interior Gd2O; unit is
rhombohedral rather than square with 2.371(2) A Gd-02 and 2.276(2) A Gd-02’ average Gd-O

distances. The average 2.263(3) Gd—O1 distance is similar to the Gd-O2’ distance.
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The 2.778(2) and 2.745(2) A K—O(enediolate) distances are longer than the 2.669 A K-O
distances in [Ta(OOO)(THF)]2[Ta(OO0O)H],[OC=C(O)C(0)=C(0)-C(0)=CO] [K(DME)]:
where H3(00O0) is 2,6-bis(3-'Bu-5-Me-2-hydroxybenzyl)-4-‘Bu-phenol,® but the latter complex
has four coordinate potassium, whereas the potassium is formally eight coordinate in 4-Gd. The
3.271(3) and 3.282(3) A distances between the potassium cations and carbon atoms on the
enediolate are within the 3.046 to 3.305 A range of K...C distances found for [K(18-c-6)]** to
unsaturated carbon atoms found in molecules such as [K(18-c-6)][AI(NON”")(CsHs)]
(NONA=[O(SiMe2NAN)]*, Ar=2,6-"Pr,CeH3),* [K(18-c-6)(m>-PdI*)] (PdI* =
dimethylnopadienyl),3 and [K(18-c-6)][Ln*°2(CsHs)].*°
Discussion

Reductions of the trivalent Ln(NR2)s complexes with KCg in the presence of two
equivalents of 18-c-6 allowed for the crystallization of the divalent products, [K(18-c-
6)2][Ln(NR2)s], 2-Ln, in a matter of 2-4 hours, eq 2.4. In contrast, reductions of Ln(NR2)s with K
in the presence of crypt required over 24 h to crystallize to [K(crypt)][Ln(NR2)3], 1-Ln. It appears
that the faster crystallization times of 2-L.n allowed for +2 ions of Ho, Er, and Y to be isolated as
[K(18-¢-6)2]** salts. The analogous reactions with crypt did not give isolable products presumably
due to decomposition during the long crystallization process. While the 2-L.n complexes did not
appear to be any more stable in solution at room temperature than the 1-Ln series, the increased
crystallization speed of 2-L.n compared to 1-L.n was the determining factor in the isolation of the
more reactive 2-Y. Hence, this was an important way in which the counter-cation can affect the
chemistry.

The data to date on stability of the [Ln(NR2)3]'™ anions suggests that stability decreases

with decreasing size of the metal starting with Gd as the most stable non-traditional ion for both
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the 1-Ln and 2-L.n series. This may be one reason why the Y (II) derivative was so elusive for so
long. The trend of decreasing stability as the metal becomes smaller has also been observed for
the [(CsH4SiMes)sLn]' 26 and [(CsMesH)sLn]' ! series of anions, but in those cases the largest
lanthanides, La-Pr, form the most stable complexes. For the [Ln(NR2)s]'~ anions, Gd is the most
stable and examples with larger metals are less stable.

The presence of 18-c-6 chelated potassium counter-cations also proved crucial to isolating
CO reduction products in reactions of 2-Ln generated in situ according to eq 2.5 and 2.6.
Ynediolate products {K2(18-c-6)3}{[(R2N)sLn]2(x-OC=CO)} 3-Ln, were isolable starting from 2-
Ln that could not be isolated from reactions with the crypt-containing complexes
[K(crypt)][Ln(NR2)3], 1-Ln. This is not to say that CO does not form ynediolate products with 1-
Ln. Ynediolate formation could have occurred in 1-Ln reactions, but no products could be isolated
to confirm that result. Again, the identity of the counter-cation is important in obtaining isolable
crystals before other decomposition reactions occur.

The fact that 4f' 2-Tm made an ynediolate product like the 4f"5d* 2-Gd, 2-Dy, and 2-Ho
complexes indicates that this CO reductive homologation does not necessarily require a 4f"5d*
electron configuration. As described above, ynediolates have previously been made from 5f3
U(I1I) precursors, so d electron character is not a requirement for this reaction.

The isolation of the enediolate complex, [K(crown)]2{[(R2N)2Gd2(u-OCH=CHOQ).}, 4-Gd,
eq 2.7, from the reaction of CO with isolated 2-Gd highlights the importance of reaction conditions
in generating crystalline products that can be identified by X-ray crystallography. This is essential
for these highly paramagnetic complexes. The reaction of CO with 2-Gd generated in situ resulted
in the isolation of ynediolate, 3-Gd, but the reaction starting with isolated 2-Gd provided a

different crystalline product. Presumably the high reactivity of isolated 2-Gd allowed C—H bond
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activation reactions to occur during the CO reaction which led to the enediolate complexes
although the common by-product HN(SiMez). was not observed. C—H bond activation in Ln(II)
complexes has been previously observed.!’: 424 Clearly, the details of these rare earth reduction

reactions are critical to the isolation of crystalline products.

Conclusion

The importance of the counter-cation in isolating Ln(ll) complexes was shown by the fact
that the elusive [Y(NR2)s]'™ anion could be isolated by potassium reduction of Y(NR2)s in the
presence of 18-c-6, but not crypt. The [K(18-c-6)2][Ln(NR2)3], 2-Ln, complexes of Ho and Er
were also more readily isolable than their crypt analogs, [K(crypt)][Ln(NR2)3], 1-Ln, which could
only be isolated using Rb as a reductant as [Rb(crypt)][Ln(NR2)s], 1-Ln(Rb). Although the 2-Ln
species were not more stable in solution than 1-L.n complexes, the fact that they crystallized faster
allowed the isolation of the more reactive species in the series. Controlling the speed of
crystallization of highly reactive complexes is a major challenge in chemistry that is currently not
well understood. It is well known that this is important factor in studies of highly radioactive
actinide complexes,*¢*8 but it clearly is important for these highly reducing [Ln(NR2)s]'~ anions
as well.

The identity of the counter-cation also affects the ease of isolation of reaction products of
the reactive Ln(ll) complexes as demonstrated by the CO reactions. Reactions of CO with
[Ln(NR2)3]'" anions with [K(18-c-6)2]** cations gave isolable products not obtainable with
[K(crypt)]** salts. The 18-c-6 system has the additional advantage over crypt in that it can form
potassium chelates with a variety of sizes, charges, and potassium to 18-c-6 ratios, i.e. [K(18-c-

6)(solvent)x]** (x = 0, 1, 2), [K(18-c-6)2]**, and [K2(18-c-6)3]**.
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The difference in reactivity with isolated solids (eq 2.7) versus in situ generated Ln(1l) (eq
2.5) reflects the importance of minor details in channeling the Ln(ll) reactivity to crystalline
products allowing for crystallographic characterization, which is a primary method of
characterization for complexes of these highly paramagnetic lanthanide ions. Since the identity of
the counter-cation can determine if a complex is isolable or not, the choice of can be critical in
several ways for the reaction chemistry. It is clear that the counter-cations must be carefully

considered in future rare-earth reductive chemistry.

Experimental Details

All manipulations and syntheses described below were conducted with the rigorous exclusion
of air and water using standard Schlenk line and glovebox techniques under an argon or dinitrogen
atmosphere. Solvents were sparged with UHP argon and dried by passage through columns
containing Q-5 and molecular sieves prior to use. Elemental analyses were conducted on a Perkin-
Elmer 2400 Series 11 CHNS elemental analyzer. Infrared spectra were collected as thin films on
either a Thermo Scientific Nicolet iS5 spectrophotometer with an iD5 ATR attachment or an
Agilent Cary 630 equipped with a diamond ATR attachment. UV-visible spectra were collected
on either a Varian Cary 50 or Agilent Cary 60 UV-visible spectrometer. Evan Method
measurements were carried out on Bruker GN500 spectrometer.*® Anhydrous LnClz (Ln =Y, Gd,
Th, Dy, Ho, Er, Tm),>® Ln(NR2)s (R=SiMes),** and KCg>? were prepared according to literature
procedures. 18-Crown-6 (Alfa Aesar) was sublimed before use. CO (99.99%) was purchased
from Airgas and used without further purification.

[K(18-c-6)2][Y(NR2)z], 2-Y. In an argon-filled glovebox, Y(NR2)s (40 mg, 0.07 mmol) was

combined with 18-c-6 (37 mg, 0.14 mmol) in Et2O (2 mL) and cooled to —78 °C in the glovebox
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cold well. The cold solution was added to a vial containing KCg (14 mg, 0.11 mmol) that had also
been cooled to =78 °C and the mixture was allowed to sit for about 1 min in the glovebox cold
well. The solution was filtered through a pipette fit with a glass wool filter and layered with —78
°C hexanes before storing in the cold well. After 4 h, dark blue crystals 2-Y (42 mg, 52%) were
obtained. UV—vis (Et20) Amax, nm (g, M~ cm™): 600 (3300 shoulder), 650 (3800). Elemental
analysis was precluded by the instability of the complex at room temperature IR: 2940m 2888m,
1474w, 1453w, 1351m, 1236s, 1105s, 987s, 961s, 868m, 821s, 775m, 751m, 710w, 689w, 660m,
cmt . Anal. Calcd for CsH102N3012SisKY: C, 44.34; H, 9.04; N, 3.69;. Found: C, 43.80; H,
8.61; N, 3.25.

[K(18-c-6)2][GA(NR2)s], 2-Gd. In an argon-filled glovebox, Gd(NR2)3 (40 mg, 0.062
mmol) was combined with 2 equivalents of 18-c-6 (33 mg 0.1825 mmol) in Et,O (2 mL) and
cooled to —35 °C in the glovebox freezer. The cold solution was added to a vial containing
potassium graphite (12 mg, 0.094 mmol) that had also been cooled to —35 °C and the mixture was
allowed to react about one minute in the glovebox freezer. The solution was filtered through a
pipette fit with a glass wool filter and layered with —35 °C hexanes before being replaced in the
glovebox freezer affording crystals suitable for X-ray diffraction after about 2 h (57 mg, 75%).
UV-vis (Et20) Amax, nm (g, Mt cm™): 275 (3380 shoulder), 607 (1130). IR: 2945s, 2889s,
2817m, 2761w, 2730w, 2702w, 1958w, 1478m, 1458m, 1446m, 1390w 1355s, 1298m, 1260s
1238s, 1135s, 1107s, 1079s, 1041s, 987s, 951s, 933m, 870s, 827s, 770m, 751m, 712m, 693m,
663s, 600m cm ™. Anal. Calcd for Ca2H102N3012SisKGd: C, 41.82; H, 8.52; N, 3.48;. Found: C,
41.40; H, 8.37; N, 3.30.

[K(18-c-6)2][Tb(NR2)3], 2-Th. As described for 2-Gd, Th(NR2)3 (60 mg, 0.094 mmol)

and 18-c-6 (50 mg, 0.188 mmol) in Et2O (2 mL) were reacted with KCg (18 mg, 0.146 mmol) to
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afford 2-Tb as a dark blue crystalline solid. Single crystals suitable for X-ray diffraction were
grown by layering a concentrated Et2O solution with hexanes (71 mg, 63%). UV—vis (Et20) Amax,
nm (g, Mt cm™): 595 (2300). IR: 2942s, 2889s, 2817m, 2762w, 2730w, 2698w, 1478m,
1458m, 1446m, 1356s, 1299m, 1260s 1237s, 1135s, 1107s, 1078s, 1059s, 992s, 952s, 933m, 869s,
827s, 770m, 752m, 713m, 691m, 663s, 600m cm™ . Anal. Calcd for Ca2H102N301:SisKTh: C,
41.77; H, 8.51; N, 3.48. Found: C, 41.81; H, 8.53; N, 3.23.

[K(18-c-6)2][Dy(NR2)3], 2-Dy. As described for 2-Gd, Dy(NR2)s (60 mg, 0.094 mmol)
and 18-c-6 (50 mg, 0.188 mmol) in Et2O (2 mL) were treated with KCg (18 mg, 0.146 mmol) to
afford 2-Dy as a dark blue crystalline solid. Single crystals suitable for X-ray diffraction were
grown by layering a concentrated Et2O solution with hexanes (62 mg, 53%). UV—vis (Et20) Amax,
nm (e, Mt cm™): 607 (1130). IR: 2945m, 2887m, 1475w, 1455w, 1358m, 1241s, 1109s, 992s,
958m, 867s, 827s, 7767m, 753m, 712w, 687w, 670s, 607m cml. Anal. Calcd for
Ca2H102N3012SisKDy : C, 41.64; H, 8.49; N, 3.47. Found: C, 41.11; H, 8.98; N, 3.32.

[K(18-c-6)2][Ho(NR2)3], 2-Ho. As described for 2-Gd, Ho(NR2)3 (60 mg, 0.093 mmol)
and 18-c-6 (46 mg, 0.186) in Et,O (2 mL) were treated with KCg (18 mg, 0.146 mmol) to afford
2-Ho as a dark blue crystalline solid. Single crystals suitable for X-ray diffraction were grown by
layering a concentrated Et,O solution with hexanes (64 mg, 57%). UV-vis (Et20) Amax, nm (g,
M~tcm™): 600 (1745), 691 (1115 shoulder). IR: 2940m, 2876m, 1475w, 1452w, 1352m, 1297w,
1234m, 1103s, 980s, 864m, 825s, 778m, 752m, 690w, 660m cm™. Anal. Calcd for
Ca2H102N3012SisKHo: C, 41.56; H, 8.47; N, 3.46. Found: C, 41.33; H, 8.82; N, 3.53.

[K(18-c-6)2][Er(NRz2)3], 2-Er. As described for 2-Gd, Er(NR2)s (60 mg, 0.092 mmol) and
18-c-6 (49 mg, 0.185 mmol) in Et.O (2 mL) were reacted with KCg to afford 2-Er as a dark blue

crystalline solid. Single crystals suitable for X-ray diffraction were grown by layering a
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concentrated Et2O solution with hexanes (60 mg, 53%). UV—vis (Et20) Amax, nm (g, Mt cm™):
600 (1745), 691 (1115 shoulder). IR: 2938m 2893m, 1472w, 1450w, 1347m, 1238w, 1105s, 980s,
871m, 825s, 775m, 750m, 715w, 695w, 660m, 600m cm . Anal. Calcd for Ca2H102N3012SisKET:
C, 41.48; H, 8.45; N, 3.46. Found: C, 41.04; H, 8.39; N, 3.51.

[K(18-c-6)2][TmM(NR2)3], 2-Tm. As described for 2-Gd, Tm(NRz)3 and 18-c-6 in Et20 (2
mL) were reacted with KCg to afford 2-Tm as a blue-green crystalline solid. Single crystals
suitable for X-ray diffraction were grown by layering a concentrated Et,O solution with hexanes.
UV-vis (Et20) Amax, nm (g, Mt cm™): 415 (385), 565 (230). IR: 2937m, 2886m, 1472w, 1471w,
1452w, 1417w, 1351m, 1231m, 1106s, 1053s, 961m, 871m, 815s, 747m, 715w, 657m cm %, Anal.
Calcd for C42H102N3012SisKTm: C, 41.48; H, 8.45; N, 3.46. Found: C, 41.04; H, 8.39; N, 3.51

[K2(18-c-6)s][(R2N)sH0]2(p-OC=CO), 3-Ho. 3-Ho. In an argon filled glove box, an H-
shaped tube fitted with a filter frit in the middle (see SI) was loaded with Ho(NR2)3 (100 mg, 0.147
mmol), 18-c-6(59 mg, 0.221 mmol), and Et20 on one side and KCg (30 mg, 0.221 mmol) on the
other. The apparatus was brought outside of the glovebox and attached to a vacuum line. Both
sides of the H-tube were cooled to —78 °C and the Et,O solution was poured onto the KCg
generating a dark blue color. The mixture was allowed to react for about 10 min before the solution
was filtered away from any excess KCg. The solution was then frozen in liquid nitrogen and CO
gas was introduced. The solution was allowed to warm to —78 °C resulting in a color change to
pale yellow. The solution was then allowed to warm to room temp overnight producing crystals
of 3-Ho. (49 mg, 27%). IR: 2949m, 2894m, 1445w, 1398w, 1349w, 1239s, 1125m, 1065m, 971s,
860m, 823s, 770m, 751w, 673w, 656m cm L. Anal. Calcd for C7aH1s0H02K2NgO20Si12: C, 40.05;

H, 8.17; N, 3.79. Found: C, 40.49; H, 7.95; N, 3.67.
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[K2(18-c-6)3][(R2N)3sDy]2(n-OC=CO), 3-Dy. 3-Dy was synthesized in a manner
analogous to that of 3-Ho (53 mg 28%). IR: 2949m, 2894m, 1445w, 1398w, 1349w, 1239s,
1125m, 1065m, 971s, 860m, 823s, 770m, 751w, 673w, 656m cm 1,

[K2(18-c-6)3][(R2N)3Gd]2(n-OC=CO), 3-Gd. 3-Gd was synthesized in a manner
analogous to that of 3-Ho (50 mg, 27%). IR: 2947m, 2893m, 1493w, 1464w, 1444w, 1354w,
1332w, 1295w, 1238s, 1105s, 978s, 942m, 858m, 825s, 767m, 656m cm 1. Anal. Calcd for
C74H180Gd2K2N6sO20Si12: C, 40.33; H, 8.23; N, 3.81. Found: C, 40.37; H, 8.20; N, 3.53. peff =
14.5 uB (Evans method)

[K2(18-c-6)3][(R2N)sTm]2(n-OC=CO), 3-Tm. In an argon filled glovebox, 2-Tm (100
mg, 0.082 mmol) was loaded into one side of an H-shaped tube fitted with a glass frit in between
the two arms. Et,O was loaded into the other side and the apparatus was removed from the
glovebox and attached to a high vacuum line. Both sides were frozen in liquid nitrogen and CO
(1 atm) was introduced to the system. The Et.O was condensed onto the solid 2-Tm. The solution
was allowed to warm to —78 °C whereupon the solution turned yellow. The solution was allowed
to warm to room temperature overnight and crystals of 3-Tm suitable for X-ray diffraction grew
on the side (50 mg, 27%). IR: 2937m, 2872m, 1470w, 1452w, 1393w, 1351m, 1238m, 1104s,
975s, 866m, 821s, 772m, 751w, 698w, 660m cm™.

[K(18-c-6)]2[(R2N)Gd]2(OHC=CHO)2, 4-Gd. In an argon filled glovebox, an H-shaped
tube was loaded with solid [K(18-c-6)2][Gd(NR2)s] on one side and Et2O on the other. The H-tube
was removed from the glovebox and attached to a vacuum line. The Et.O was frozen with liquid
nitrogen and the H-tube was filled with CO gas. Et>O was then condensed onto the solid [K(18-

€-6)2][Gd(NR2)3] and allowed to warm to —78 °C causing the solution to turn from dark blue to

81



colorless. The solution was then allowed to warm to room temperature overnight and a small

amount of colorless crystals of 4-Gd were recovered.

X-ray Data Collection, Structure, Solution, Refinement

1-Gd in R32.

X-ray Data Collection, Structure Solution and Refinement for ajr46.

A blue crystal of approximate dimensions 0.283 x 0.106 x 0.103 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2% program
package was used to determine the unit-cell parameters and for data collection (240 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The systematic absences were consistent with the trigonal space group

R32. The non-centrosymmetric space group R32 was assigned and later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®’ for neutral atoms were used throughout the analysis.

Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0426 and Goof = 1.005 for 88 variables refined

against 2478 data (0.80 A), R1 = 0.0235 for those 2264 data with | > 2.05(1).
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There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that toluene solvent
was present. The SQUEEZES® routine in the PLATON® program package was used to account

for the electrons in the solvent accessible voids.

Figure 2.6. Ortep representation of 1-Gd in R32 space group. Thermal ellipsoids drawn at the

50% probability level. H atoms excluded for clarity.

2-Dy. X-ray Data Collection, Structure Solution and Refinement for ajrl19.

A dark blue crystal of approximate dimensions 0.140 x 0.145 x 0.192 mm was mounted in

a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2% program
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package was used to determine the unit-cell parameters and for data collection (60 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were

consistent with the monoclinic space group P2:/n that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®’ for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. Several atoms were disordered and
included using multiple components, partial site-occupancy factors and isotropic thermal
parameters. The Dy metal center was disordered over two positions and modeled with 95 and 5%
occupancy.At convergence, WR2 = 0.1025 and Goof = 1.023 for 553 variables refined against

16185 data (0.73A), R1 = 0.0426 for those 12098 data with | > 2.05(1).

Figure 2.7. Ortep representation of 2-Dy with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.
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2-Er X-ray Data Collection, Structure Solution and Refinement for ajr20.

A dark blue crystal of approximate dimensions 0.252 x 0.229 x 0.205 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2° program
package was used to determine the unit-cell parameters and for data collection (60 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS™ to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were

consistent with the monoclinic space group P21/n that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®” for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. Several atoms were disordered and
included using multiple components, partial site-occupancy factors and isotropic thermal
parameters. The Er metal center was disordered over two positions and modeled with 97 and 3%
occupancy. Least-squares analysis yielded wR2 = 0.1081 and Goof = 1.091 for 553 variables

refined against 15353 data (0.74, R1 = 0.0496 for those 12133 data with | > 2.0c(1).
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Figure 2.8. Ortep representation of 2-Er with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity
2-Th, X-ray Data Collection, Structure Solution and Refinement for ajr23.

A dark blue crystal of approximate dimensions 0.348 x 0.228 x 0.227 mm was in a cryoloop
and transferred to a Bruker SMART APEX Il diffractometer. The APEX25% program package was
used to determine the unit-cell parameters and for data collection (30 sec/frame scan time for a
sphere of diffraction data). The raw frame data was processed using SAINT>* and SADABS® to
yield the reflection data file. Subsequent calculations were carried out using the SHELXTL®S
program. The diffraction symmetry was 2/m and the systematic absences were consistent with the

monoclinic space group P21/n that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®’ for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. Several atoms were disordered and
included using multiple components, partial site-occupancy factors and isotropic thermal
parameters.
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Least-squares analysis yielded wR2 = 0.0855 and Goof = 1.024 for 544 variables refined

against 16174 data (0.73A), R1 = 0.0356 for those 13695 data with | > 2.05(1).

2-Y. X-ray Data Collection, Structure Solution and Refinement for ajr28.

A dark blue crystal of approximate dimensions 0.348 x 0.228 x 0.227 mm was mounted on
a in a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX253
program package was used to determine the unit-cell parameters and for data collection (90
sec/frame scan time for a sphere of diffraction data). The raw frame data was processed using
SAINT54 and SADABSD55 to yield the reflection data file. Subsequent calculations were carried
out using the SHELXTL56 program. The diffraction symmetry was 2/m and the systematic
absences were consistent with the monoclinic space group P2:/n that was later determined to be

correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors57 for neutral atoms were used throughout
the analysis. Hydrogen atoms were included using a riding model. Disorder in the 18-crown-6
units was modeled isotropically with multiple components. Disorder in the Y metal center was

modeled in two parts with 97% and 3% occupancies.

Least-squares analysis yielded wR2 = 0.1383 and Goof = 1.025 for 553 variables refined

against 15678 data (0.73 A), R1 = 0.0516 for those 12476 data with | > 2.05(l).
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Figure 2.9. Ortep representation of 2-Y with thermal ellipsoids drawn at the 50% probability level.

Hydrogen atoms excluded for clarity

2-Tm. X-ray Data Collection, Structure Solution and Refinement for ajr29.

A purple crystal of approximate dimensions 0.262 x 0.217 x 0.163 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX |1 diffractometer. The APEX2%® program
package was used to determine the unit-cell parameters and for data collection (90 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT** and
SADABS®™ to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was mmm and the systematic absences were

consistent with the orthorhombic space group P212:2; that was later determined to be correct.
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The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®’ for neutral atoms were used throughout the

analysis. Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.1048 and Goof = 1.009 for 1042 variables refined

against 26235 data (0.73A), R1 = 0.0522 for those 18684 with | > 2.05(l).

Figure 2.10. Ortep representation of 2-Tm with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.

2-Gd. X-ray Data Collection, Structure Solution and Refinement for ajr40.

A dark blue crystal of approximate dimensions 0.253 x 0.239 x 0.192 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2° program

package was used to determine the unit-cell parameters and for data collection (90 sec/frame scan

89



time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were

consistent with the monoclinic space group P2:/n that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®’ for neutral atoms were used throughout the

analysis. Hydrogen atoms were included using a riding model

Least-squares analysis yielded wR2 = 0.0953 and Goof = 1.100 for 544 variables refined

against 16163 data (0.73A), R1 = 0.0466 for those 13374 data with | > 2.05(1).

Figure 2.11. Ortep representation of 2-Gd with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.
2-Ho. X-ray Data Collection, Structure Solution and Refinement for ajr43.

A blue crystal of approximate dimensions 0.378 x 0.375 x 0.367 mm was mounted in a

cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2% program
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package was used to determine the unit-cell parameters and for data collection (20 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were

consistent with the monoclinic space group P2:/n that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®” for neutral atoms were used throughout the analysis.

Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0914 and Goof = 1.028 for 553 variables refined

against 156608 data (0.74A), R1 = 0.0368 for those 14019 data with | > 2.05(1).

Figure 2.12. Ortep representation of 2-Ho with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.
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3-Dy. X-ray Data Collection, Structure Solution and Refinement for ajri5.

A colorless crystal of approximate dimensions 0.048 x 0.141 x 0.264 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2°% program
package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space groups Cc and C2/c. It was later determined that space group

C2/c was correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®” for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. The molecule was dimeric. There
was a half-molecule located about an inversion center. Disorder in an Et20 solvent molecule was

modeled isotropically

Least-squares analysis yielded wR2 = 0.0846 and Goof = 1.113 for 567 variables refined

against 15305 data (0.73 A), R1 = 0.0373 for those 10683 data with | > 2.0c(l).
3-Ho. X-ray Data Collection, Structure Solution and Refinement for ajr26.

A yellow crystal of approximate dimensions 0.347 x 0.202 x 0.132 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2°® program
package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan

time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
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SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space groups Cc and C2/c. It was later determined that space group

C2/c was correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®’ for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. The molecule was dimeric. There
was a half-molecule located about an inversion center. Disorder in an Et20 solvent molecule was

modeled isotropically in multiple parts.

Least-squares analysis yielded wR2 = 0.0590 and Goof = 1.026 for 559 variables refined

against 14710 data (0.70 A), R1 = 0.0251 for those 12462 data with | > 2.0c(l).

Figure 2.13. Ortep representation of 3-Ho with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.
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3-Tm. X-ray Data Collection, Structure Solution and Refinement for ajr4l

A colorless crystal of approximate dimensions 0.214 x 0.200 x 0.196 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2% program
package was used to determine the unit-cell parameters and for data collection (60 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space groups Cc and C2/c. It was later determined that space group

C2/c was correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®” for neutral atoms were used throughout the
analysis. The molecule was dimeric. There was a half-molecules located about an inversion center.
Disorder in an Et20 solvent molecule was modeled isotropically. Hydrogen atoms were included

using a riding model.

Least-squares analysis yielded wR2 = 0.0554 and Goof = 1.011 for 559 variables refined

against 15214 data (0.73A), R1 = 0.0244 for those 12794 data with | > 2.0c(1).
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Figure 2.14. Ortep representation of 3-Tm with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.

Figure 2.15. Ball and stick representation of connectivity structure of 3-Gd. Hydrogen atoms

excluded for clarity.
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4- Gd. X-ray Data Collection, Structure Solution and Refinement for ajr32.

A colorless crystal of approximate dimensions 0.241 x 0.127 x 0.119 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2% program
package was used to determine the unit-cell parameters and for data collection (90 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT>* and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTL®® program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later

determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®” for neutral atoms were used throughout the

analysis. Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0672 and Goof = 0.989 for 769 variables refined

against 19003 data ( 0.70 A), R1 = 0.0332 for those 14746 data with | > 2.05(1).

Table 2.2. Crystal data and structure refinement for ajri9 (2-Dy).

Identification code ajrl9

Empirical formula C42 H102 Dy K N3 012 Si6

Formula weight 1211.40

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=11.0616(10) A o =90°.
b=27.199(2) A B = 103.8855(12)°.
c=21.7721(19) A y=90°.
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Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal color

Crystal size

Theta range for data collection

Index ranges
Reflections collected
Independent reflections

Completeness to theta = 25.500°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 12098 data]

R indices (all data, 0.73 A)
Extinction coefficient
Largest diff. peak and hole

6359.0(10) A3

4

1.265 Mg/m3

1.403 mm-1

2560

blue

0.348 x 0.228 x 0.227 mm3
1.781 to 29.158°
-14<=h<=15,-36 <=k <=37,-28 <=1<=28
78631

16185 [R(int) = 0.0587]

100.0 %

Semi-empirical from equivalents
0.4319 and 0.3886

Full-matrix least-squares on F2
16185/0/553

1.023

R1 =0.0426, wR2 = 0.0928
R1=0.0678, wR2 = 0.1025
n/a

1.467 and -0.704 e.A-3

Table 2.3. Bond lengths [A] for ajr19(2-Dy).

Dy(1)-N(3)
Dy(1)-N(2)
Dy(1)-N(1)
Dy(2)-N(1)
Dy(2)-N(3)
Dy(2)-N(2)

2.273(3)
2.278(3)
2.288(3)
2.257(5)
2.320(5)
2.337(5)
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Table 2.4. Crystal data and structure refinement for ajr20 (2-Er).

Identification code ajr20

Empirical formula C42 H102 Er K N3 O12 Si6

Formula weight 1216.16

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=11.064(3) A a = 90°.
b =27.080(6) A B =103.991(3)°.
c=21.797(5) A y=90°.

Volume 6337(2) A3

Z 4

Density (calculated) 1.275 Mg/m3

Absorption coefficient 1.553 mm-1

F(000) 2568

Crystal color blue

Crystal size 0.348 x 0.228 x 0.227 mm3

Theta range for data collection 1.222 to 28.872°

Index ranges -l4<=h<=14,-34<=k<=34,-28<=1<=28

Reflections collected 76237

Independent reflections 15353 [R(int) = 0.0511]

Completeness to theta = 25.500° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7458 and 0.6642

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15353/0/553

Goodness-of-fit on F2 1.091

Final R indices [1>2sigma(l) = 12133 data] R1 = 0.0496, wR2 = 0.1012

R indices (all data, 0.74 A) R1=0.0703, wR2 = 0.1081

Extinction coefficient n/a

Largest diff. peak and hole 1.060 and -0.957 e.A-3
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Table 2.5. Bond lengths [A] for ajr20(2-Er).

Er(1)-N(3) 2.246(3)
Er(1)-N(1) 2.249(3)
Er(1)-N(2) 2.249(3)
Er(1)-Si(3) 3.3812(13)
Er(2)-N(1) 2.256(8)
Er(2)-N(2) 2.289(8)
Er(2)-N(3) 2.354(8)

Table 2.6. Crystal data and structure refinement for ajr23(2-Tb).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges
Reflections collected
Independent reflections

ajr23

C42 H102 K N3 012 Si6 Tb
1207.82

133(2) K

0.71073 A

Monoclinic

P21/n

a=11.1324(18) A a = 90°.
b=27.081(4) A B =103.924(2)°.
c=21.775(4) A v =90°.
6372.0(18) A3

4

1.259 Mg/m3

1.337 mm-1

2556

blue

0.348 x 0.228 x 0.227 mm3

1.786 t0 29.178°

-15<=h <= 14, -36 <= k <= 35, -28 <= | <= 29
78537

16174 [R(int) = 0.0363]
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Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 13695 data]
R indices (all data, 0.73 A)

Extinction coefficient

Largest diff. peak and hole

100.0 %

Semi-empirical from equivalents
0.4318 and 0.3744

Full-matrix least-squares on F2
16174 /0/544

1.024

R1 =0.0356, wR2 = 0.0804
R1=0.0461, wR2 = 0.0855

n/a

1.489 and -0.680 e.A-3

Table 2.7. Bond lengths [A] for ajr23 (2-Th).

Th(1)-N(2) 2.291(2)
Th(1)-N(3)

Th(1)-N(1)

2.294(2)
2.295(2)

Table 2.8. Crystal data and structure refinement for ajr28 (2-Y).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal color

Crystal size

ajr28

C42 H102 K N3 012 Si6 Y
1137.81

133(2) K

0.71073 A
Monoclinic

P21/n
a=11.0774(7) A
b =27.0905(18) A
¢ =21.7959(14) A
6346.5(7) A3

4

1.191 Mg/m3
1.147 mm-1

2452

violet

0.348 x 0.228 x 0.227 mm3

o = 90°,
B = 104.0003(9)°.
v =90°.
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Theta range for data collection 1.221 to 28.909°

Index ranges
Reflections collected
Independent reflections

-14<=h<=14,-36 <=k <=35, -28 <=1<=29
76302
15678 [R(int) = 0.0364]

Completeness to theta = 25.500° 100.0 %

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)
R indices (all data, 0.73 A)
Extinction coefficient
Largest diff. peak and hole

Semi-empirical from equivalents
0.7458 and 0.6480
Full-matrix least-squares on F2
15678 /0 /553
1.026

= 12476 data] R1 =0.0516, wR2 =0.1294
R1=0.0690, wR2 = 0.1384
n/a
1.241 and -0.673 e.A-3

Table 2.9. Bond lengths [A] for ajr28 (2-Y).

Y(1)-N(3)
Y(1)-N(2)
Y(1)-N(1)
Y(2)-N(1)
Y(2)-N(2)
Y(2)-N(3)

2.264(2)
2.2667(19)
2.271(2)
2.263(8)
2.321(8)
2.368(8)

Table 2.10. Crystal data and structure refinement for ajr29 (2-Tm).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

ajr29

C42 H102 K N3 012 Si6 Tm
1217.83

133(2) K

0.71073 A

Orthorhombic

P212121

a=21.956(2) A a. = 90°.
b =22.554(2) A B =90°.
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Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal color

Crystal size

Theta range for data collection

Index ranges
Reflections collected
Independent reflections

Completeness to theta = 25.500°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 18684 data]

R indices (all data, 0.73 A)

Absolute structure parameter

Extinction coefficient
Largest diff. peak and hole

c=25.737(3) A v =90°.
12745(2) A3

8

1.269 Mg/m3

1.620 mm-1

5144

purple

0.262 x 0.217 x 0.163 mm3
1.200 to 26.481°

27 <=h<=27,-28<=k <=28,-32<=1<=32
139038

26235 [R(int) = 0.1045]

100.0 %

Semi-empirical from equivalents
0.4296 and 0.3637

Full-matrix least-squares on F2
26235/0/ 1042

1.009

R1 =0.0522, wR2 = 0.0910
R1=0.0941, wR2 = 0.1048
-0.006(3)

n/a

0.981 and -1.073 e.A-3

Table 2.11. Bond lengths [A] for ajr29 (2-Tm).

Tm(1)-N(2)
Tm(1)-N(1)
Tm(1)-N(3)
Tm(2)-N(5)
Tm(2)-N(4)
Tm(2)-N(6)

2.335(7)
2.353(7)
2.357(6)
2.338(7)
2.346(6)
2.348(7)
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Table 2.12. Crystal data and structure refinement for ajr40 (2-Gd).

Identification code ajrd0

Empirical formula C42 H102 Gd K N3 012 Si6

Formula weight 1206.15

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=11.1493(11) A a = 90°.
b =27.059(3) A B = 104.0069(13)°.
c=21.755(2) A y=90°.

Volume 6368.1(11) A3

Z 4

Density (calculated) 1.258 Mg/m3

Absorption coefficient 1.269 mm-1

F(000) 2552

Crystal color purple

Crystal size 0.253 x 0.239 x 0.192 mm3

Theta range for data collection 1.223 t0 29.134°

Index ranges -15<=h<=15,-35<=k <= 35, -28 <=1 <= 28

Reflections collected 78726

Independent reflections 16163 [R(int) = 0.0511]

Completeness to theta = 25.500° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4319 and 0.3744

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 16163 /0/544

Goodness-of-fit on F2 1.100

Final R indices [1>2sigma(l) = 13374 data] R1 = 0.0466, wR2 = 0.0904

R indices (all data, 0.73 A) R1=0.0623, wR2 = 0.0953

Extinction coefficient n/a

Largest diff. peak and hole 1.009 and -1.022 e.A-3
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Table 2.13. Bond lengths [A] for ajr40 (2-Gd).

Gd(1)-N(2) 2.308(3)

Gd(1)-N(12) 2.310(3)

Gd(1)-N(3) 2.310(3)

Table 2.14. Crystal data and structure refinement for ajr43 (2-Ho).

Identification code ajra3

Empirical formula C42 H102 Ho K N3 012 Si6

Formula weight 1213.83

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=11.0476(11) A a. = 90°.
b=27.157(3) A B =103.9052(12)°.
c=21.797(2) A v =90°.

Volume 6347.9(11) A3

Z 4

Density (calculated) 1.270 Mg/m3

Absorption coefficient 1.475 mm-1

F(000) 2564

Crystal color Blue

Crystal size 0.378 x 0.375 x 0.367 mm3

Theta range for data collection 1.220 to 28.873°

Index ranges -14<=h<=14,-36 <=k <=36,-29<=1<=29

Reflections collected 75935

Independent reflections 15608 [R(int) = 0.0434]

Completeness to theta = 25.500° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7458 and 0.6626

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15608 /0 /553

Goodness-of-fit on F2 1.028

Final R indices [I>2sigma(l) = 14019 data] R1 = 0.0368, wR2 = 0.0883
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R indices (all data, 0.74 A)
Extinction coefficient
Largest diff. peak and hole

R1=0.0417, wR2 = 0.0914

n/a

2.859 and -0.882 e.A-3

Table 2.15. Bond lengths [A] for ajr43 (2-Ho).

Ho(1)-N(3) 2.262(2)
Ho(1)-N(2) 2.264(2)
Ho(1)-N(1) 2.274(2)
Ho(2)-N(1) 2.258(5)
Ho(2)-N(3) 2.311(5)
Ho(2)-N(2) 2.318(4)

Table 2.16. Crystal data and structure refinement for ajrl5 (3-Dy).

Identification code
Empirical formula

ajris

C78 H190 Dy2 K2 N6 021 Si12

Formula weight 2288.63
Temperature 88(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c

Unit cell dimensions

a = 25.4899(16) A
b =18.8304(12) A
c = 25.7453(16) A

a =90°.
B =103.1276(9)°.
v =90°.

Volume 12034.4(13) A3

Z 4

Density (calculated) 1.263 Mg/m3

Absorption coefficient 1.477 mm-1

F(000) 4824

Crystal color colorless

Crystal size 0.264 x 0.141 x 0.048 mm3

1.357 to 29.158°
-33<=h<=34,-25<=k<=25,-33<=1<=33

Theta range for data collection
Index ranges
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Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 10683 data]
R indices (all data, 0.73 A)
Extinction coefficient

Largest diff. peak and hole

74183

15305 [R(int) = 0.0735]

100.0 %

Semi-empirical from equivalents
0.4319 and 0.3949

Full-matrix least-squares on F2
15305 /0 /567

1.114

R1 =0.0373, wR2 = 0.0667
R1 =0.0738, wR2 = 0.0846
n/a

0.614 and -0.651 e.A-3

Table 2.17. Bond lengths [A] for ajr15 (3-Dy).

Dy(1)-0(1) 2.070(2)
Dy(1)-N() 2.282(3)
Dy(1)-N(2) 2.290(2)
Dy(1)-N(3) 2.296(3)
C(1)-C(L)#1 1.183(6)

Table 2.18. Crystal data and structure refinement for ajr26 (3-Ho).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

ajr26

C78 H190 Ho2 K2 N6 021 Si12
2293.49

133(2) K
0.71073 A
Monoclinic
C2/c
a=25514(3) A
b =18.800(2) A
c=25.7123) A
12009(2) A3

4

o = 90°,
B = 103.1674(15)°.
v =90°.
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Density (calculated) 1.269 Mg/m3

Absorption coefficient 1.553 mm-1

F(000) 4832

Crystal color yellow

Crystal size 0.347 x 0.202 x 0.132 mm3
Theta range for data collection 1.358 to 28.864°

Index ranges -33<=h<=33,-25<=k <=25,-34<=1<=32
Reflections collected 61845

Independent reflections 14710 [R(int) = 0.0318]
Completeness to theta = 25.500° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.4316 and 0.3733

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 14710/0/559

Goodness-of-fit on F2 1.025

Final R indices [I1>2sigma(l) = 12462 data] R1 = 0.0251, wR2 = 0.0554

R indices (all data, 0.73 A) R1 =0.0345, wR2 = 0.0589
Extinction coefficient n/a

Largest diff. peak and hole 0.631 and -0.377 e.A-3

Table 2.19. Bond lengths [A] for ajr26 (3-Ho).

Ho(1)-0(1) 2.0598(14)
Ho(1)-N(1) 2.2716(15)
Ho(1)-N(2) 2.2780(16)
Ho(1)-N(3) 2.2802(16)

Table 2.20. Crystal data and structure refinement for ajr4l (3-Tm).

Identification code ajral

Empirical formula C78 H190 K2 N6 021 Si1l2 Tm2
Formula weight 2301.49

Temperature 88(2) K

107



Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient

F(000)
Crystal color
Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 12794 data]
R indices (all data, 0.73 A)
Extinction coefficient

Largest diff. peak and hole

0.71073 A

Monoclinic

C2/c

a=25.453(3) A a = 90°.
b=18.757(2) A B =103.1418(15)°.
c=25.744(3) A y=90°.
11969(2) A3

4

1.277 Mg/m3

1.719 mm-1

4848

colourless

0.214 x 0.200 x 0.196 mm3

1.361 to 29.125°
-34<=h<=34,-24<=k<=24,-33<=1<=34
73762

15214 [R(int) = 0.0304]

100.0 %

Semi-empirical from equivalents
0.7458 and 0.6513

Full-matrix least-squares on F2
15214 /0/559

1.011

R1 =0.0244, wR2 = 0.0509

R1 =0.0349, wR2 = 0.0554

n/a

0.652 and -1.122 e.A-3

Table 2.21. Bond lengths [A] ajr4l (3-Tm).

Tm(1)-O(1)
Tm(1)-N(1)
Tm(1)-N(2)

2.0428(14)
2.2465(17)
2.2533(16)
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Tm(1)-N(3)
C(1)-C(L)#1

2.2548(16)
1.184(4)

Table 2.22. Crystal data and structure refinement for ajr32 (4-Gd).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

ajr32

C52 H124 Gd2 K2 N4 O16 Si8

1678.96

133(2) K

0.71073 A
Triclinic

P-1
a=12.6614(13) A
b = 15.5498(15) A
c=21.205(2) A

o = 94.4758(13)°.
B = 94.0831(13)°.
v = 105.7458(12)°.

Volume 3987.4(7) A3

z 2

Density (calculated) 1.398 Mg/m3

Absorption coefficient 1.929 mm-1

F(000) 1740

Crystal color colorless

Crystal size 0.241 x 0.127 x 0.119 mm3
Theta range for data collection 0.968 to 28.896°

Index ranges -16 <=h<=17,-20<=k <=21,-27 <=1<=28
Reflections collected 48467

Independent reflections 19003 [R(int) = 0.0368]

Completeness to theta = 25.500° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4316 and 0.3793
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 19003/0/ 769

Goodness-of-fit on F2 0.989

Final R indices [1>2sigma(l) = 14746 data] R1 = 0.0332, wR2 = 0.0614
R indices (all data, 0.73 A) R1=0.0538, wR2 = 0.0672
Extinction coefficient n/a

109



Largest diff. peak and hole

1.126 and -0.482 e.A-3

Table 2.23. Bond lengths [A] for ajr32 (4-Gd).

Gd(1)-0(1)
Gd(1)-0(2)#1
Gd(1)-N(2)
Gd(1)-N(L)
Gd(1)-0(2)
Gd(1)-C(1)
Gd(1)-C(2)
Gd(1)-Gd(1)#1
K(1)-0(1)
K(1)-0(8)
K(1)-0(5)
K(1)-O(11)
K(1)-O(10)
K(1)-0(6)
K(1)-0(7)
K(1)-0(9)
K(1)-0(12)
K(1)-C(L)
K(1)-C(10)
K(1)-C(34)
0(2)-Gd(1)#1
C(1)-C(2)
Gd(2)-0(3)
Gd(2)-0(4)#2
Gd(2)-N(4)
Gd(2)-N(3)
Gd(2)-0(4)
Gd(2)-C(3)

2.2667(19)
2.2791(19)
2.322(2)
2.354(2)
2.3694(19)
2.929(3)
2.999(3)
3.8719(4)
2.745(2)
2.803(2)
2.865(2)
2.895(8)
2.904(3)
2.910(2)
2.957(2)
3.011(8)
3.028(4)
3.271(3)
3.467(3)
3.479(7)
2.2791(19)
1.334(4)
2.2598(19)
2.2795(19)
2.329(2)
2.356(2)
2.3738(19)
2.985(3)
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Gd(2)-C(4)
Gd(2)-Si(6)
Gd(2)-Gd(2)#2
K(2)-0(3)
K(2)-0(18)
K(2)-O(16)
K(2)-0(13)
K(2)-0(19)
K(2)-O(14)
K(2)-O(15)
K(2)-0(17)
K(2)-C(3)
K(2)-C(61)
0(4)-Gd(2)#2
C(3)-C(4)

3.050(3)
3.4316(9)
3.8758(4)
2.778(2)
2.794(3)
2.870(2)
2.885(2)
2.888(2)
2.958(2)
2.962(2)
3.083(7)
3.282(3)
3.507(11)

2.2794(19)

1.331(4)

Table 2.24. Crystal data and structure refinement for ajr46 (1-Gd).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal color

ajra6

C36 H90 Gd K N5 06 Si6
1053.99

88(2) K
0.71073 A
Trigonal

R32
a=18.564(3) A
b = 18.564(3) A
¢ =18.050(3) A
5387(2) A3

3

0.975 Mg/m3
1.112 mm-1
1668

Blue

o = 90°,
B =90°.
v = 120°.
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Crystal size 0.283 x 0.106 x 0.103 mm3

Theta range for data collection 1.696 to 26.389°

Index ranges -23<=h<=23,-23<=k<=23,-22<=1<=22
Reflections collected 13308

Independent reflections 2478 [R(int) = 0.0525]
Completeness to theta = 25.500° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7454 and 0.6134

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2478/0/88

Goodness-of-fit on F2 1.005

Final R indices [I1>2sigma(l) = 2264 data] R1 =0.0235, wR2 =0.0411

R indices (all data, 0.8 A) R1=0.0304, wR2 = 0.0426
Absolute structure parameter -0.026(6)

Extinction coefficient n/a

Largest diff. peak and hole 0.372 and -0.271 e.A-3

Table 2.25. Bond lengths [A] and angles [°] for ajr46 (1-Gd).

Gd(1)-N(2) 2.315(3)
Gd(1)-N(1)#1 2.316(3)
Gd(1)-N(1)#2 2.316(3)

Symmetry transformations used to generate equivalent atoms:
#1 -X+y,-X,z #2-y,X-y,z #3X-Y,y,-z+1 #4 X-y+1/3,-y+2/3,-2+2/3
#5y+1/3,x-1/3,-z+2/3  #6 -y+1,X-y,z #7 -X+4/3,-X+y+2/3,-z+2/3

#8 -x+y+1,-x+1,z
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Figure 2.16. Decomposition of 1-Dy 3mM in THF
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Figure 2.17. Decomposition of 2-Dy 3mM in Et.O
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H-Tube Schematic
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Figure 2.18. Schematic of H tube used in reactions to form 3-Ln and 4-Ln
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Chapter 3

Isolation of U(I1) Compounds Using Strong Donor Ligands, CsMes;H and

N(SiMez)2, Including a Three-Coordinate U(11) Complex
Introduction”

The initial discoveries of crystallographically-characterizable complexes of the new +2
ions of the rare-earth metals (Introduction), and the actinides involved complexes of three silyl-
substituted cyclopentadienyl ligands like CsHsz(SiMes)2 (Cp”)*° and CsH4SiMes (Cp),> 7 eq 3.1.%
® Complexes of +2 ions were also isolated with the tris(aryloxide) mesitylene ligand,
[(A“MeArO)smes]*, 112 and with complexes containing two alkyl-substituted cyclopentadienyl

ligands, CsH3(CMes)2 (CpH: 14 and CsH2(CMes)s (Cp™).1> 16

SlMe3 =

SlMe3
+ KCy
\ I + chelate [K(chelate)]
> chelate
AO -graphite “O 3.1)
ME3S R SlMe3 Me3s R SlMe3
R=H, M =Y, La, Ce, Pr, Nd, Gd, Thb, Dy, Ho, Er, Lu, and U

R =SiMe;, M =La, Ce, Pr, Th, U, Pu, and Np
chelate = 2.2.2-cryptand or 18-crown-6(THF),

A comparison of Cp” vs Cp", showed the more electron-donating ligand, Cp", to be less
effective in stabilizing the ions in the formal +2 oxidation state.™® 4 " Consequently, it was

surprising that crystallographically-characterizable rare-earth metal complexes of Ln(ll) ions

* Portions of this chapter have been published: Ryan, A.J.; Angadol, M. A.; Ziller, J. W.; Evans, W. J., Chem.
Commun. 2019, 55, 2325-2327.
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incorporating the electron donating ligands, N(SiMes)2*® and CsMesH,*® were subsequently
obtained. It was therefore of interest to determine if these ligands would also form isolable
complexes with U(I). This would demonstrate new targets for the isolation of complexes of +2
ions of the transuranic elements, Np,> 2>-?? Pu,* Am, etc. This chapter describes the synthesis and
characterization of U(11) complexes utilizing Cp™ (Cp* = CsMesH) and NR: (R = SiMes) ligand

environments.
Results and Discussion

Reaction of a green-brown solution of Cp®sU (Cp'*® = CsMesH) in THF with a potassium
smear generated a black solution from which [K(crypt)][Cp®U], 1, could be isolated in 38%
crystalline yield, eq 3.2. The complex was definitively identified by X-ray crystallography, Figure

3.1.
+ KCyg -

+2.2.2-cryptand (\N "‘I

\Umo THF, Ar, -35°C [ "

/. S 11
KZ U‘O .
X - graphite o | \\'\OJ % -2
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Figure 3.1. ORTEP representation of [K(crypt)][Cp*sU], 1, drawn at the 50% probability level.

Hydrogen atoms are omitted for clarity.

Complex 1 crystallized in the C2/c space group and was isomorphous with the rare-earth
complex, [K(crypt)][Cp®sSm].2° The other members of the [K(crypt)][Cp®'sLn] series crystallized
in different space groups, P212:2: (Ln = La, Ce), P2:/c (Ln = Pr, Nd, Gd, Th), and R-3c (Ln =
Dy).%® The 2.564 A average U—(Cp™ ring centroid) distance in 1 was closer to the 2.563 A analog
in [K(crypt)][Cp™sNd], than to the 2.63 A distance in the isomorphous [K(crypt)][Cp®sSm]. The
ionic radius of uranium is usually considered to be in between those of La and Ce based on
Shannon ionic radii for +3 ions, the lowest oxidation state available in the Shannon compilation.?®
Only the six-coordinate radius is published for U(111), 1.025 A.2% In comparison, the six coordinate
radii for La(lIl), Ce(I11), and Nd(l11) are 1.032, 1.01, and 0.983 A, respectively.?® The metrical
data for 1 raise the possibility that the lanthanide of closest size to uranium in the +2 ion series is

not the same as in other oxidation states.
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The 2.564 A average U—(Cp™ ring centroid) distance in 1 is 0.041 A larger than that of
Cp'®3U.2* This difference is similar to the 0.045-0.058 A differences observed between the 4f"5d*
[K(crypt)][Cp™sLn] complexes and Cp®sLn for Ln = La, Ce, Pr, Nd, Gd, and Th. The 0.041 A
difference is smaller than the 0.147 and 0.099 A differences for Ln = Sm and Dy, respectively,
which have 4™ configurations for the Ln(11) ions.!® The small increase in size for 1 is consistent

with a 5f36d* electron configuration® ° as was found for [K(crypt)][Cp'sU].’

The UV-visible spectrum of 1 was compared with those of [K(crypt)][Cp'sU]’ [Amax, NM
(e, Mlem™) 306(6200), 412(5000)] and [K(crypt)][Cp”3U]% [315(7500), 470(6000)] in Figure 2.
The spectrum of 1 contained broadened absorption bands with less intensity and an absorption at
lower energy, [Amax = 790 nm with & = 1800 M 'cm™) that was not present in the spectra of the
other U(Il) complexes. The spectra of the [K(crypt)][Cp*sLn] complexes differed similarly
compared to the [K(crypt)][Cp'sLn] complexes.’® In contrast, the 5f* complex,
[K(crypt)][((A“MeArO)smes)U],*° had a single absorption at Amax = 400 with & = 750 M cm™.
Complex 1 was stable at —35 °C for weeks, but its dark color persisted for only 4-5 h at room
temperature. It therefore has intermediate stability compared to [K(crypt)][Cp'sU]’ and
[K(crypt)][Cp”sU],%° which had half-lives of 1.5 and 20 h, respectively, at room temperature in

THF.
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Figure 3.2. Experimental UV-Vis spectra of 1,2, [K(crypt)][Cp'sU],” and [K(crypt)][Cp”sU]% in

THF at 293 K.

Reaction of a dark purple solution of U(NR2)s (R = SiMes) with potassium graphite in the
presence of crypt caused a color change to black. Crystals of [K(crypt)][[U(NR2)3], 2, were isolated
in 47% yield and identified by X-ray crystallography, eq 3.3, Figure 3.3. Complex 2 crystallizes
in the R32 space group and is not isomorphous with any [K(crypt)][Ln(NR2)s] complexes (Ln =
Gd, Th, Dy) or [Rb(crypt)][Ln(NR2)s] (Ln = Er, Ho, Tm) which crystallize in the P-1 space group
and are all isomorphous with each other.'® Complex 2 crystallizes with disorder in the position of
the uranium atom above and below the Nz plane similar to that observed in the

[M(crypt)][Ln(NR2)s] analogs, Figure 3.4.1

The 2.373 A average U-N distance in 2 is 0.052 A longer than that in the U(I11) analog,
U(NR2)s, % 2.320 A, which is consistent with a 5f36d" electron configuration.®® Complex 2 has a
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pyramidal structure with the metal 0.411 A above the plane of the three nitrogen donors. This is
similar to the structure of U(NRz)s in which the metal is 0.456 A above the N3 donor atom plane.?8
The U(I1) and U(111) amides are also similar in that the closest approach of a methyl carbon of the
ligands to uranium in 2 is 3.029 A for C(2). In comparison, the smallest U...C(Me) in UNR2)3 is

3.046 A8

The UV-visible spectrum of 2, Figure 3.2, shows multiple features on an absorption starting
in the near IR region including peaks with Amax, nm (g, Mtcm™) of 290 (4300), 380 (3700), and
600 nm (1100). In contrast, the [Ln(NR2)3]'~ (Ln = Gd, Th, Dy) anions display a single peak at
597-607 nm with & = 1100-3500 Mtcm .28 The differences between the spectra of 1 and 2 are
similar to the differences observed in the Ln(11) complexes utilizing NRz and Cp*ligands.'*°® The
complicated nature of the spectra apparently arises from multiple absorptions of varying intensity
depending on the specific system. As a result, the data may serve more as fingerprint than an

indicator of electronic structure.- . Compound 2 is stable for 2-4 hours at room temperature in

THF.
+ KCS — ] ar ]
+ 2.2.2-cryptand /\N c -
0] (0)
THF, Ar, -35 °C S~ s Uy
UIII(NR2)3 ’ ’ . > [ ) Kt ) J RzN _— \IINR2 (3-3)
- graphite o’ | >0 NR,
N ]
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Figure 3.3. Thermal ellipsoids plot of [K(crypt)][U(NR2)s], 2, drawn at the 50% probability level.

Hydrogen atoms, disordered methyl groups, and the disorder in the uranium position are omitted

for clarity.
Conclusions

In summary, crystallographically-characterizable complexes of +2 actinide ions are not
limited to only (Cp's)*", (Cp”3)*", and [(A*MeArO)smes]*" ligand sets: the electron-donating ligand
sets (Cp®™3)*~ and [(NR2)s]*~ also form isolable complexes of U(Il). The large size of the Cp™
ligand leads to a longer U—(Cp™ ring centroid) average distance, 2.564 A, compared to the 2.521
A U—(Cp' ring centroid) analog in [K(crypt)][Cp’sU].” This can counteract the electron donating
nature of the tetramethyl-substitution pattern as discussed previously for the [K(crypt)][Cp*'sLn]
complexes.’® However, in the three coordinate 2, no analogous crowding is evident and it is clear

that ligands with strong field donor atoms can form U(11) complexes.

124



Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
atmosphere. Solvents were sparged with UHP argon and dried by passage through columns
containing Q-5 and molecular sieves prior to use. IR samples were prepared as KBr pellets or thin
films, and the spectra were obtained on a Jasco FT/IR-4700 - ATR-PRO ONE system or a Thermo
Scientific Nicolet iS5 spectrophotometer with an iD5 ATR attachment. Elemental analyses were
performed on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. UV—vis spectra were
collected in THF at 298 K using a Varian Cary 60 Scan UV—vis spectrophotometer. Potassium
metal (Aldrich) was used as received. KCg,?" Cp™3U? and U(NR2)s%° were prepared according to
literature procedures. 2.2.2-Cryptand (4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane, Aldrich) was placed under vacuum (10~* Torr) for 12 h before use.

[K(2.2.2-cryptand)][Cp™U], 1. In an argon-filled glovebox, Cp*sU (73 mg, 0.121
mmol) and 2.2.2-cryptand (46 mg, 0.122 mmol) were dissolved in THF (2 mL) and chilled to —35
°C in the glovebox freezer. The brown solution was added to a chilled scintillation vial containing
a K smear and stored at —35 °C overnight. The resultant dark black/brown solution was layered
with chilled hexanes (5 mL) and stored at —35 °C for 3 days to yield 1 as black single-crystals
suitable for X-ray diffraction. The mother liquor was decanted, and the crystalline solids were
washed three times with 3 mL of Et2O and dried under vacuum (3 min) to yield 1 (47 mg, 38%).
IR: 2959m, 2923s, 2885s, 2853s, 1477m, 1457m, 1445m, 1354m, 1326m, 1297m, 1259m, 1238m,
1173m, 1134m, 1108s, 1080m, 951m, 933m, 833m, 822m, 753m, 741m, 709m, 697m. Anal.
Calcd. for C4sH7sN206KU: C, 53.13; H, 7.43; N, 2.75. Found: C, 52.38; H, 7.28; N, 2.82. UV-Vis

(THF) Amax, nm (5, ML cm%): 350 (2100 shoulder), 410 (1900), 790 (1800). Due to the high
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reactivity and paramagnetism of 1, it was difficult to make assignments for the resonances

observed in the NMR spectra of 1 even at low temperature

[K(crypt)][[U(NR2)s], 2. In an argon-filled glovebox, U(NR2)z was combined with 2.2.2-
cryptand in THF (2 mL) and cooled to —35 °C in the glovebox freezer. The cold purple solution
was added to a vial containing KCg that had also been cooled to —35 °C and the mixture was
allowed to sit for 1 min in the glovebox freezer. The solution was filtered through a pipette fitted
with a glass wool filter and layered with cold hexanes before it was stored in the freezer. After 48
h, black crystals were obtained (44 mg, 47% yield). IR: 2814m, 2853w, 1477m, 1458w, 1445m,
1360m, 1354m, 1299m, 1259m, 1238m, 1234s, 1176w, 1134m, 1104s, 1079m, 1000s, 949s, 933w,
865s, 821s, 766m, 752m, 707w, 694w, 662s. Anal. Calcd. for C3sHgoNsO6sSisKU: C, 38.10; H,
7.99; N, 6.17. Found: C, 38.45; H, 8.31; N, 6.69. UV-Vis (THF) Amax, nm (¢, Mt cm™?): 380
(3250), 470 (2000), 515 (1580), 570 (1130), 608 (1080 shoulder), 755 (330). Due to the high
reactivity and paramagnetism of 2, it was difficult to make assignments for the resonances

observed in the NMR spectra of 2 even at low temperature

X-ray Data Collection, Structure Solution and Refinement for 1.

A black crystal of approximate dimensions 0.141 x 0.195 x 0.345 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%° program
package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINTS! and
SADABS? to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTL®® program. The diffraction symmetry was 2/m and the systematic absences were
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consistent with the monoclinic space groups Cc and C2/c. It was later determined that space group
C2/c was correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®* for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. There was one molecule of
tetrahydrofuran solvent present.

Least-squares analysis yielded wR2 = 0.0864 and Goof = 1.009 for 528 variables refined
against 12621 data (0.78 A), R1 = 0.0362 for those 9615 data with 1 > 2.05(1).

There were high residuals present in the final difference-Fourier map. It was not possible
to determine the nature of the residuals although it was probable that additional tetrahydrofuran
solvent was present. The SQUEEZE®* routine in the PLATON?®®® program package was used to
account for the electrons in the solvent accessible voids.

Definitions:

WR2 = [Z[w(Fo*-Fc?)?] / Z[w(Fo?)?] 142

R1 = Z||Fol|-|Fc|| / Z|Fol

Goof = S = [Z[w(Fo2-F:?)?] / (n-p)]¥? where n is the number of reflections and p is the total

number of parameters refined.

Table 3.1. Crystal data and structure refinement for 1.

Identification code maa7 (Mary Angadol)
Empirical formula Cas5 H7s K N2 Og U « C4HgO
Formula weight 1089.30

Temperature 133(2) K

Wavelength 0.71073 A
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Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a=30.199(5) A a= 90°.
b =13.568(2) A b= 114.7838(17)°.

¢ =30.609(7) A g =90°.

Volume 11387(4) A3
Z 8

Density (calculated) 1.271 Mg/m3
Absorption coefficient 2.967 mm-1

F(000) 4464

Crystal color black

Crystal size 0.345 x 0.195 x 0.141 mm3
Theta range for data collection 1.466 to 27.174°
Index ranges -38<h<38,-17<k<17,-39<1<39

Reflections collected 64077

Independent reflections 12621 [R(int) = 0.0621]
Completeness to theta = 25.500° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7455 and 0.5981
Refinement method  Full-matrix least-squares on F2

Data / restraints / parameters 12621/0/528
Goodness-of-fit on F2 1.009

Final R indices [I>2sigma(l) = 9615 data] R1 =0.0362, wR2 =0.0795
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R indices (all data, 0.78 A) R1=0.0582, wR2 = 0.0864
Largest diff. peak and hole 1.941 and -0.935 e. A3

Table 3.2. Bond lengths [A] and angles [°] for 1.

U(l)-Cntl  2.566
U(l)-Cnt2  2.563

U(l)-Cnt3  2.564

Cnt1-U(1)-Cnt2 120.0
Cnt1-U(1)-Cnt3 119.8

Cnt2-U(1)-Cnt3 120.1

X-ray Data Collection, Structure Solution and Refinement for 2.

A black crystal of approximate dimensions 0.214 x 0.318 x 0.389 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%° program
package was used to determine the unit-cell parameters and for data collection (60 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINTS! and
SADABS? to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL2® program. The systematic absences were consistent with the hexagonal space group
R32. The trigonal space group R32 was assigned and later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-

squares techniques. The analytical scattering factors* for neutral atoms were used throughout the
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analysis. Hydrogen atoms were included using a riding model. Several atoms were disordered and
included with partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.0590 and Goof = 1.049 for 110 variables refined
against 2443 data (0.80 A), R1 = 0.0238 for those 2317 data with | > 2.05(1).

There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that THF solvent was
present. The SQUEEZE3® routine in the PLATON®*® program package was used to account for

the electrons in the solvent accessible voids.

Table 3.3. Crystal data and structure refinement for 2.

Identification code ajr4 (Austin Ryan)

Empirical formula Css Hao K N5 Og Sis U
Formula weight 1134.79

Temperature 88(2) K

Wavelength 0.71073 A

Crystal system Trigonal

Space group R32

Unit cell dimensions a=18.4169(17) A  a=90°.

b=18.4169(17) A  b=90°.

c=18.1996(17) A g =120°.

Volume 5346.0(11) A3
z 3
Density (calculated) 1.057 Mg/m3
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Absorption coefficient 2.468 mm-1

F(000) 1752

Crystal color Black

Crystal size 0.389 x 0.318 x 0.214 mm3

Theta range for data collection 1.698 to 26.384°

Index ranges 22<h<22,-22<k<22,-22<1<22
Reflections collected 19702

Independent reflections 2443 [R(int) = 0.0373]

Completeness to theta = 25.500° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4296 and 0.3334
Refinement method  Full-matrix least-squares on F2

Data / restraints / parameters 2443/0/110
Goodness-of-fit on F2 1.049

Final R indices [I>2sigma(l) = 2317 data] R1 =0.0238, wR2 = 0.0583

R indices (all data, 0.80 A) R1=0.0266, wR2 = 0.0590
Absolute structure parameter 0.008(7)
Largest diff. peak and hole 1.078 and -0.449 e.A-3

Table 3.4. Bond lengths [A] and angles [°] for 2.

U(L)-U(L)#1 0.8226(6)

UL)-N(1)  2.372(4)
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U(L)-N(L)#2 2.372(4)
U(1)-N(1)#3 2.372(4)
Si(1)-U(1)#1 3.3641(11)
N(1)-Si(L)#4 1.709(2)
N(1)-U(1)#1 2.372(4)
N(1)-U(1)-N(1)#2  117.060(11)
N(1)-U(1)-N(1)#3  117.060(12)

N(1)#2-U(1)-N(1)#3 117.060(11)

Symmetry transformations used to generate equivalent atoms:
#1yX,-z+1 #2-y+2x-y+1,z #3 -x+y+1,-x+2,z

#HA -X+2,-X+y+1,-z+1  #5 X-y+1,-y+2,-z+1 #6 -X+4/3,-X+y+2/3,-2+2/3
HT -x+y+1,-x+1,z #8 y+1/3,x-1/3,-z+2/3 #9 -y+1,x-y,z

#10 x-y+1/3,-y+2/3,-2+2/3
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Figure 3.4. ORTEP representation of 2 with ellipsoids drawn at the 50% probability level.

Hydrogen atoms omitted for clarity.
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Chapter 4

Formation of the End-on Bound Lanthanide Dinitrogen Complexes,

[(R2N)sLn—N=N-Ln(NR)3]*", from Divalent [(R2N)sLn]*" Salts (R = SiMes)

Introduction*
The first reduced-dinitrogen complex containing a rare-earth metal, [(CsMes)2Sm]2[u-

n?n?-N2], was reported in 1988, eq 4.1, and had a planar side-on 77-N binding mode that had

5 \ I toluene \ III..u\u\}N///,,, S;IH

2 ~

4.1)

never been seen before in M2N- dinitrogen complexes involving any metal.! After that initial
discovery, dozens of Ln2N2 (Ln = rare-earth metal, i.e. Sc, Y, and lanthanides) complexes were

isolated and all of the lanthanide compounds displayed side-on p-72#%-N2 bonding, eq 4.2.%18

THF, A
N,, THF N m
ZLI{IIA3 LIk ’ > e Lt ,..|\\\\>NIII/1,, LILA
-2 KA 7/ \1\// ~ (4.2)
A THF,
7-Th

Ln =S¢, Y, La, Ce, Pr, Nd, Gd, Th, Dy, Ho, Er, Tm, Lu
A= N(SiMe3)2, OC6H3tBu2-2,6, CsMes, C5Me4H, C5H4SiMe3
x=1,2

The general formula of these (N=N)?~ complexes is [A2(THF)xLn""2[u-5%7%*N2] (x = 1, 2) where

A‘is an anion, i.e. these are neutral complexes of Ln(111) ions with two anionic ligands on the metal

* Portions of this chapter were submitted for publication at the Journal of the American Chemical Sociaety
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in addition to the side-on bound (N=N)?" bridge. Bimetallic lanthanide complexes of the radical
trianion (N2)*~ %° and the radical dianion (NO)?~ 2° were also isolated with this planar side-on

bonding mode, Figure 4.1.

[K(THF)¢][ WNR NR
\2111 N / 2 THF\ \S\NRZ
I Ny, 0 S
THF||IIIIII|-Y\“““\//Y ...|||II||NR2 R, N e ,. .ullll\\\\ Iy, D
1 2 /
R,N N \THF RzN/ \ - \

Figure 4.1. Side-on binding mode of the first (N2)*>~and (NO)* complexes.'® 2

Hence, it was surprising that the Sc(I1) amide complex, [Sc"(NR2)s]*, reacted with N3 to
make an end-on reduced dinitrogen complex, [K(crypt)]2{[(R2N)sSc]z[u-1 1 -N2]} (crypt = 2.2.2-
cryptand), eq 4.3. 2 Generally, if Sc displays chemistry different from the other rare- earths, it is
rationalized by the fact that scandium is much smaller. Based on the ionic radius, Sc would be 23"
in the series by size following the 0.013 A average decrease from one lanthanide to the next.
However, this scandium complex differed from the examples in eq 4.2 in that it retained all three
(NR2)*" ligands. If steric crowding were an issue, it might be expected that a complex with two
anionic amide ligands per metal would be found as in eq 4.2.

Once [K(crypt)]2{[(R2N)sSc]z[1-7*:71-N2]} was identified, it was of interest to determine
if end-on dinitrogen complexes of other rare earth metals could be made from Ln(ll) precursors as
shown in eq 4.3. Normally, yttrium, the congener of Sc, would be examined next since the Y(I1I)
product would be diamagnetic. However, isolation of the Y (I1) precursor, [Y"(NR2)s]*", proven to
be much more difficult than isolation of [Sc"(NR2)s]* .22 However, [Ln(NR2)s]'~ complexes of the

late lanthanides, Ln = Gd, Tb, Dy, Ho, and Er, were available (Chapters 1 and 2).2® This was
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+N, RyN NR, |7

1 — —35°C RZN”M‘ 1 / I
2 [Sc (NRy)s] S —— Se=—N=N—-=©c, (4.3)
b / \ “NR,
N, R,N NR,

R = SiMe;

surprising, since traditionally, Y (I11) has been a good model for trivalent lanthanides of similar
size, i.e. Ho(lll) and Er(111). However, the data suggested that Y (I1) may not be analogous to either
Sc(I1) or the late lanthanide +2 ions.?%2°

To further explore the unusual chemistry in eq 4.3, dinitrogen reduction chemistry using
[Ln(NR2)3]*” complexes of the late lanthanides was examined. The two most stable members of
this series, Ln = Gd and Th,?> 2 were chosen. Described in this chapter are the results that they
also can form end-on dinitrogen complexes with three amides per metal like scandium. These are
the first reduced dinitrogen complexes of lanthanides that feature end-on binding modes of the N>
units. In addition, these reactions can also form dianionic side-on complexes with three amides per
metal in single crystals containing both end-on and side-on bound dinitrogen ligands. The new
{[(R2N)sLn]2[p-7*:7*-N2]}?>" dianions are potent reductants and can revert back to the highly
reactive Th(Il) and Gd(l1l) complexes, [Ln'"(NRz)s]'", a reaction not observed for other (N=N)?"
complexes of Th and Gd.

This reaction chemistry is highly dependent on specific reaction conditions including
solvent, temperature, and the specific lanthanide involved. Reactions of complexes with crypt
chelated potassium counter-cations are described as well as compounds with 18-crown-6 (18-c-6)

as the chelating agent.
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Results

A Pure End-On Ln-N=N-Ln Complex. When crystalline samples of dark blue
[K(crypt)][Tb(NR2)3], 1-Tb, originally prepared in an argon-containing glovebox, are dissolved in
Et.O pre-chilled to —35 °C in a nitrogen-containing glovebox, the dark color disappears within
five minutes as the solvent is swirled in the vial. After the resulting yellow solution is kept at
—35°C overnight, single crystals of [K(crypt)]2{[(R2N)sTb]2[1-5*:77'-N2]}, 2-Th, can be isolated,
eq 4.4. The reaction appears to proceed even faster at —78 °C.

X-ray crystallography revealed that the reduced dinitrogen unit in 2-Tb is bound end-on as
shown in Figure 4.2. Previously, all crystallographically-characterized Ln;N2 complexes of the
lanthanide metals have had side-on bound structures.?*® Only with scandium, eq 4.3, was an end-

on structure found.?

N2 [K(crypt)l, | RoN NR,
Et,0 R,N, /
1 2 2\ T
2 [K(erypt)|[Th (NRy);] ————> Th-—N=N—TB, (4.4)
—35°C / \ //NRZ
1-Tb R;N NR,
R = SiMe;, 2-Tb
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Figure 4.2. ORTEP representation of 2-Th drawn at the 50% probability level. Hydrogen atoms
and Et20 molecules have been excluded for clarity.

The 1.217(3) A N-N bond length in 2-Tb is within error of the 1.221(3) A value in
[K(crypt)]o{[(R2N)sScl2[p-#t:71-N2]}, 2-Sc,?t and is consistent with a double bond, i.e. (N=N)?".2
This value is slightly smaller than the (N=N)?" distance of 1.271(4) A measured in the side-on
bound [(R2N)2(THF) Th]2(u-5%#%N2),® 7-Tb. The To—N(N2) average distance in 2-Tb, 2.189(2)
A, is shorter than the Tb—N(N.) distances found in 7-Tb, 2.301(2) and 2.328(2) A. The Th—N(Nz)
distance in 2-Tb is significantly shorter than the Tb—N(NR2) distance which averages 2.326(6) A
and is similar to the Tb—N(NR2) distances observed in 7-Tb, 2.301(2) and 2.328(2) A.° The Tb
metal centers in 2-Tb deviate from the plane of the three amide nitrogen donor atoms by 0.663 A.

In comparison, Th is out of the plane by 0.604 A in Th(NR2)3,” 0.503 A in [K(crypt)][To(NR2)3],
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1-Th,?® and 0.201 A in [K(18-c-6)][Tb(NR2)3].?? Th is 0.629 A out of the N(NR2)N(NR2)O(THF)
plane in 7-Tb.°

The reaction between Th(l1) and N2 was also examined with a complex containing 18-c-6
rather than crypt as the chelate for the potassium counter-cation of the [Tb(NR2)s]* anion.
Differences in reactivity previously have been observed between 18-c-6 and crypt complexes of
Ln(11) complexes.? 2 2% \When a solid sample of [K(18-c-6)2][Tb(NR2)s], 3-Tb, prepared under
argon, is dissolved in a nitrogen-containing glovebox in —35 °C Et,O saturated with dinitrogen,
the color changes gradually from dark blue to pale yellow. Crystallization by filtration into a cold
vial and replacement in the glovebox freezer produces the end-on complex, [K2(18-c-
6)s]{[(R2N)sTb]2[u-71:7-N2]}, 4-Th. Unfortunately, crystals of this complex were not of
sufficient quality for detailed metrical analysis.

The Raman spectra of 2-Tb and 4-Tb were nearly indistinguishable and displayed signals
at 1630 and 1623 cm™?, respectively, Figure 4.5. This is in the range of the Raman shift observed
for the N2 unit in 2-Sc? at 1644 cm™ and distinct from the more common side-on complexes,
[(THF)(R2N)2Ln]2[p-1#%:52-N2], 7-Ln, known for Ln = Nd, Gd, Th, Dy, Ho, Y, Er, and Tm, which
show Raman shift values ranging from 1417 to 1447 cm™. * The difference in these Raman shifts
is consistent with the N—N distances which are shorter in the dianionic end-on complexes, 2-Th
and 4-Tb, than in the neutral side-on complexes, 7-Ln.

Mixed End-on Side-on Complexes. The gadolinium complex, [K(crypt)][Gd(NRz2)s], 1-
Gd, reacted similarly but gave a different result from that obtained for 1-Tb in eq 4.4. When 1-
Gd, prepared under Ar, is dissolved in N»-saturated Et.O at —35 °C, the solution turns gradually

to a pale-yellow color after 5 minutes. Crystallization at —35 °C vyields crystals with the same
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composition as 2-Thb, but the product contains both side-on and end-on reduced dinitrogen ligands

disordered over the two binding modes: [K(crypt)]2{[(R2N)3Gd]2[p-7*:7*-N2]}[ (x = 1 and 2), 5-

Figure 4.3. ORTEP representation of 5-Gd drawn at the 50% probability level. Hydrogen atoms
and Et20 molecules excluded for clarity.

Gd, Figure 4.3. The crystal data were modelled best with 70% side-on and 30% end-on occupancy,
respectively. This is the first example of a lanthanide complex of a side-on (N=N)? ligand with
three ancillary amide ligands on each lanthanide (cf. eq 4.2). The Gd center is also disordered in

the structure with the same occupancies as the corresponding (N=N)?" binding modes.
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Interestingly, the mixed binding mode complex 5-Gd is isomorphous with the pure end-
on scandium complex, [K(crypt)]2{[(R2N)sSclz2[p-71:57 -N2]}, 2-Sc. In addition, these complexes
crystallize in the same space group with comparable wunit cell parameters as
[K(crypt)]2{[(R2N)3Gd]2(u-O)}, 10-Gd, which was isolated and crystallographically-
characterized as part of this study (see Supporting Information). In one instance, 5-Gd and 10-Gd
were observed to co-crystallize with 85 % of the crystal modelled as 5-Gd(end-on) and the other
15 % modelled as 10-Gd. Unfortunately, neither the crystal of 10-Gd nor the mixed crystal of

5/10-Gd were of sufficient quality for metrical analysis.

Figure 4.4. ORTEP representation of the disordered core of [K2(18-c-6)3]{[(R2N)zGd]2[p-7*:n*-
N2]} (x =1, 2), 6-Gd, drawn at the 50% probability level. Hydrogen atoms, counter-cations, SiMes
groups and EtoO molecules excluded for clarity.

The 18-c-6 Gd(Il) complex, [K(18-c-6)2][Gd(NR2)3] 3-Gd, also reacts with N> to form

crystals containing both end-on and side-on (N=N)?": [K2(18-¢-6)3]{[(R2N)sGd]2[u-#*:7*-N2]} (x

143



=1, 2), 6-Gd. The core atoms of 6-Gd are shown in Figure 4.4. The crystal data were modelled
best with 50% side-on and 50 % end-on occupancy.

The disorder in 5-Gd and 6-Gd limits the conclusions that can be drawn from the structural
data shown in Table 4.1. The end-on components of 5-Gd and 6-Gd are similar and differ from

the

Table 4.1. Selected bond distances (A) of [K(crypt)]2{[(R2N)sSc]z[p-#%7*-N2]}, 2-Sc, %

[K(crypt)]2{[(Rz2N)sTb]2[u-7*:71-N2]}, 2-Tb, [K(crypt)]o{[(R2N)sGd]2[u-7*#*-N2]} (x = 1 and

2), 5-Gd, and [K2(18-c-6)3]{[(R2N)3Gd]2[p-7*:7*-N2]} (X = 1, 2), 6-Gd

Lan(N Rz)a\/g [raHQE] Lan(NZ)a\/g Lnf(N‘?, plane)avga NfN(NZ)

2-Sc 2.150(6) 2.031(1) 0.678(3) 1.221(3)
[2.143(2) - 2.161(2)]

2-Tb 2.326(6) 2.189(2) 0.663(1) 1.217(3)
[2.3126(19) - 2.3406(19)]

5-Gd (end-on)  2.268(27) 2.155(9) 0.40(4) 1.271(12)

[2.216(2) - 2.295(2)]

5-Gd (side-on) 2.408(26) 2.363(3) 0.906(12) 1.190(5)
[2.371(2) - 2.444(2)]

6-Gd (end-on)  2.302(16) 2.181(2) 0.46(2) 1.234(9)
[2.286(3) - 2.326(3)]

6-Gd (side-on)  2.45(3) 2.367(9) 0.97(2) 1.193(9)

[2.418(3) - 2.486(3)]

4 The distance of the Ln to the plane of the three nitrogen donor atoms of the three amide ligands.
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side-on components of 5-Gd and 6-Gd, which are also similar. In the end-on structures, the metal
is 0.40(4)-0.46(2) A out of the plane of the three nitrogen donors of the three amide ligands. In the
side-on components, the distances are 0.906(12) and 0.97(2) A. In comparison, the pure end-on
complexes, 2-Sc and 2-Tb, have out-of-plane distances between 0.678(3) and 0.663(1) A,
respectively.

The Ln—N(N2) distances of the end-on components in 5-Gd and 6-Gd are shorter than
those of the side-on components, 2.155(9) A for 5-Gd(end-on) vs 2.363(6) A for 5-Gd(side-on)
and 2.181(2) A 6-Gd(end-on) vs 2.367(9) A for 6-Gd(side-on). The Ln—N(NR2) distances span a
wide range in 5-Gd and 6-Gd, 2.216(2) -2.486(2) A, but in general the end-on structures have
shorter Ln—N(NRy) distances (2.216(2) - 2.295(2) A, 5-Gd; 2.286(3) - 2.326(3)A, 6-Gd) than the
side-on structures (2.371(2) - 2.444(2) A, 5-Gd; 2.418(3) - 2.486(3) A, 6-Gd). Hence, the Ln(Ns
plane), Ln—N(N2), and Ln—N(NR2) distances all are consistent with a more crowded coordination
environment for the side-on complexes versus the end-on complexes.

It would normally be expected that the distances in 2-Tb would be slightly shorter than
those in 5-Gd because the ionic radius of Tb is 0.013 A smaller than that of Gd. However, the
2.189(2) A Ln—N(N) distance in 2-Tb is numerically larger and equivalent within the error limits
to the 2.155(9) A distance in 5-Gd(end-on). The 2.3126(19) — 2.3406(19) A range of Ln—N(NRy)
distances in 2-Tb is on average longer than the 2.216(2)- 2.295(2) A Ln—N(NR) distance range
in 5-Gd(end-on). The fact that the distances in 2-Tb are not shorter as expected from the ionic
radii suggests there may be more steric crowding in the Tb complex. It is also possible that the
disorder in the Gd complex leads to this difference in distances.

The Raman spectra of 5-Gd and 6-Gd show intense signals at 1634 and 1627 cm™'

similar to the 1630 cm™' shift of the pure end-on complexes, 2-Sc,?! 2-Tb, and 4-Tb, Figure 4.5.
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This is surprising since modeling the crystallographic data shows more side-on than end-on in the
solid state. However, the density functional theory (DFT) calculations (see below) show that the
end-on N—N stretching vibration is approximately two orders of magnitude more intense than that

of the side-on complex.

—2-8SC
2-Th
4-Tb

5-Gd .

— 6-Gd

:-—--M =

L

1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift (cm™)

Figure 4.5. Normalized and baseline-corrected Raman spectra of 2-Sc (1644 cm™),2 2-Tb (1623
cm ™), 4-Tb (1630 cm™?), 5-Gd (1634 cm ™), and 6-Gd (1627 cm™). Individual spectra are shown
in the Experimental Details.

Reversibility of N2 Binding with Gd(Il). If a solution of 5-Gd or 6-Gd at —78 °C is
warmed to room temperature, a color change from pale yellow to dark blue is observed. UV-visible

spectra of the dark blue color shows an broad, intense, absorbance around 600 nm consistent with
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[GA(NR2)3]'~.% Upon cooling the solution back to —78 °C, the color reverts from deep blue back
to pale yellow. The same phenomena are observed with 2-Tb and 4-Tb, eq 4.5.

2-

| 2 - - 35 OC - RZN///,‘ I /II]
2 [Ln (NRy);] = Ln"—N=N—TLn, (4.5)
A \”//
/ NR,
Ln=Gd, Tb - N RoN NR;
R = SiMe;

Isolation of a Side-On Bimetallic Complex with Five Amide Ancillary Ligands. When
a solution of GA(NR2)3 in THF cooled to —35 °C is added to a vial containing KCg cooled to 77 K
under N, yet a different type of reduced dinitrogen complex is observed. At this lower
temperature, a side-on (N=N)2" complex is isolated where one Gd center is ligated by three amides
and the other is ligated by two amides and a THF, i.e. [K(THF)s]{[(THF)(R2N)Gd][u-7%#?-
N2][Gd(NR2)3]}, 8-Gd, eq 4.6 Figure 4.6. Additionally, crystals of [K(THF)s][Gd(NR2)4], 11-Gd,

were isolated from the same reaction mixture (Figure 4.20).

2 [K(THF)] N{z NR,
I
Gd(NR,); + KCq __THF _ THFuu-"-Gd""""‘““>N/”"""'G(4'I"I"“'"NRZ (4.6)
—196 °C 7 \1‘//
R,N NR,
L 8-Gd .
R = SiMe;
+
[K(THF)6][Gd(NR;),4]
11-Gd
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Figure 4.6. ORTEP representation of 8-Gd drawn at the 50 % probability level. Hydrogen atoms
excluded for clarity.

The structure of 8-Gd is a monoanionic blend between the side-on neutral complex,
[(THF)(R2N)2Gd]2[-72:#2-N2]}, 7-Gd,® with two amides and one THF per metal center, and the
side-on components of 5-Gd and 6-Gd, which contain {[(Rz2N)sGd]z[u-#*:7*-N2]}* dianions and
three amides per metal center. Metrical data are compared in Table 4.2. The 1.248(8) A N-N
distance in side-on 8-Gd is numerically intermediate between the 1.278(4) A N—N distance of
side-on 7-Gd, which has two amides per metal, and the 1.190(5) A N—N distance in 5-Gd(side-
on), which has three amides per metal. However, the N—N distance in 8-Gd is equivalent within

error to that in 7-Gd. The placement of the (N=N)?" ligand between the two types of Gd ions in
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Gd-8 is not symmetrical. The 2.306(7) and 2.308(6) A Gd(1)-N(N2) distances for the metal with
two amide ligands and one THF ligand [Gd(1)] are significantly shorter than the 2.449(6) and
2.399(6) A Gd(2)-N(N.) distances of the metal with three amide ligands [Gd(2)]. The two 2.310(6)
and 2.313(6) A Gd(1)-N(NR) distances are closer to the 2.333(6), 2.357(6), and 2.362(6) A Gd(2)-
N(NR2) lengths. In general, the Gd(1) lengths are more similar to those in 3-Gd and the Gd(2)
distances are more similar to those in 5-Gd(side-on), which is consistent with the coordination
environments. The pyramidalization of the Gd(2) ion ligated by three amide ligands from the N3
plane in 8-Gd, 0.656 A, is significantly less than that observed in 5-Gd(side-on), 0.902 A.
Conversely, the Gd(1) distance to the donor atom plane for the Gd ion containing two amide
ligands and a THF in 8-Gd is 0.833 A, substantially larger than the 0.611 A distance observed in
7-Gd. These numbers are consistent with more steric crowding around Gd(1) which is closer to
the (N=N)?" unit.

Table 4.2. Selected bond distances (A) of [K(THF)s]{[(THF)(R2N).Gd][u-#%12-N2][Gd(NR2)3]},
8-Gd, compared to [(THF)(R2N)2Gd]2[u-7%:1#?-N2], 7-Gd,? and the side-on component of 5-Gd,

i.e. [K(crypt)]2{[(RaN)sGd]a[u-7*:1-N2]}

Ln(1)— - B Ln(1)—O(1)(THF)/
N(1)(N2) Ln(1)-N(2)(Ny) Ln(1) N(l)(NNRZ) Ln(1) N(z)(NNRZ) Ln(l)fN(S)(NNRz)
7-Gd 2.326(2) 2.353(2) 2.2782(19) 2.2964(19) 2.4408(17)
5-Gd
(side- 2.361(4) 2.363(4) 2.415(2) 2.434(2) 2.381(2)
on)
8-Gd 2.306(7) 2.308(6) 2.310(6) 2.313(6) 2.460(6)

Ln(2-N(1)(N2)  Ln(2)-NQ)(N2)  Ln(2)-N(1)(Nnr,) Ln(2)-N(2)(Nnr,) E?SEKINR)
2

7-Gd  2.326(2)

5-Gd
(side- 2.369(4) 2.360(4) 2.371(2) 2.406(2) 2.444(2)
on)

8-Gd 2.429(6) 2.399(6) 2.333(6) 2.357(6) 2.362(6)
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N(1)-N(2) Ln—Ns(plane) Ln—NNO(plane)

7-Gd 1.278(4) 0.611
5-Gd

(side-on) 1.190(5) 0.902 -
8-Gd 1.248(8) 0.656 0.833

Formation of an (N2)3~ Complex from Gd(l1). If a solid sample of 1-Gd prepared under
argon in —35 °C is dissolved in THF instead of Et.O in a nitrogen-filled glovebox, an orange
solution forms immediately. When the solution was filtered and layered with hexanes at —35 °C,

crystals of the (N2)* complex [K(2.2.2-crypt)][{[(THF)(R2N)2Gd]z[u-#%7>N2]}, 9-Gd, were

isolated, eq 4.7, Figure 4.7

N, [K(crypt)] NR, NR,
THF \ 111 wIN/ AII
I |--Gd"'""““\ ) I, A+ NR
2 [K(eryp)][Gd (NRy)3] e e N
R,N THF
1-Gd B 9-Gd ]
+
R = SiMe;
Other Products
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Figure 4.7. Ball and stick representation of 9-Gd. Hydrogen atoms omitted for clarity.

The structural data on 9-Gd were not of sufficient quality for a detailed metrical analysis
and comparison with other (N2)3~ complexes,*® 3134 put this result shows that Gd(l1) is sufficiently
reducing to convert (N2)?~ to (N2)*". This is consistent with earlier results that showed that (N2)*~
could be generated from divalent lanthanide ions, specifically with Dy(I1),'® without the use of an

alkali reducing agent.

Density Functional Calculations. DFT calculations were performed by Sreeganesh
Balasubramini in collaboration with the Furche group. The structures of the {[(NR2)sGd]z[p-n*m?*-
N}? (end-on) and {[(NR2)sGd]z[u-n%n>Nz]}* (side-on) complexes were optimized using the

TPSSh hybrid meta-generalized gradient approximation density functional and f-in-core effective
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core potentials. Optimization of the end-on complex resulted in a Dz-symmetric triplet ground
state, while optimization of the side-on complex resulted in a C-symmetric singlet ground state.

The doubly degenerate HOMOs of the end-on complex exhibit metal-to-ligand delta-
bonding character due to interactions of the antibonding 7* orbitals of the N2 unit with the dx; and
dy. orbitals of the Gd atoms, Figure 4.8. In the side-on complex, on the other hand, only one of the
two N2 7* orbitals can interfere constructively with the Gd d orbitals, producing a doubly occupied
HOMO of metal-to-ligand =-bonding character, whereas the other Non* orbital remains
unoccupied, Figure 4.9. A qualitative MO diagram showing the electronic structure of
each complex is shown in Figure 4.10.

As in the case of the Sc compound,? end-on orientation of the N2 unit leads to a degenerate
HOMO favoring a triplet ground state, whereas side-on orientation lifts the degeneracy of the
two N2 7* orbitals to such a degree that a singlet ground state is favorable. Based on the DFT
calculations, the two structures are nearly isoenergetic, consistent with the isolation of both
complexes under the same experimental conditions. The calculated geometrical details of the side-
on and end-on complexes Table 4.13.

The simulated vibrational Raman spectra suggest that the experimental spectrum in the
1500-1700 cm™* region is dominated by the end-on complex, whose N—N stretching vibration is

approximately two orders of magnitude more intense than that of the side-on complex.
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ta g

Figure 4.8. Degenerate HOMOs of {[(R2N)3Gd]2[p-n'm-N2]}*.

tePs

Figure 4.9. HOMO (left) and LUMO (right) of {[(RaN)sGd]2[u-nZm2-N2]}>".
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Figure 4.10. Qualitative MO representation of {[(R2N)sGd]z2[u-n'n*-N2]}* (top) and

{[(R2N)3Gd]2[n-n%n2-N2]}* (bottom).
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Discussion

The reactions of solid Ln(ll) tris(amide) complexes, [K(crypt)][Ln(NR2)3], 1-Ln, with N2
to generate the reduced dinitrogen complexes, [K(crypt)]2{[(R2N)sLn]2[p-#*:7*-N2]}, (x = 1, 2-
Th; x = 1, 2, 5-Gd), constitute the first hard evidence of Ln(ll) intermediates in the previously
known lanthanide amide reactions, Ln(NR2)s/K/Nz, that have formed [(THF)(R2N)2Ln]2[p-7%:4?-
N2], 7-Ln, complexes across the lanthanide series according to eq 4.2. Previously, it was unknown
if the Ln(NR2)s/K/N; reactions involved Ln(ll) intermediates,® because molecular species
containing the La(ll), Ce(ll), Pr(11), Gd(Il), Th(I1), Ho(l1), Er(ll), Lu(ll), and Y(II) ions had not
been discovered when the reduced dinitrogen complexes were isolated. Thus, the suggestion of
Ln(Il) intermediates in the formation of the 7-Ln complexes was highly speculative before
complexes of Ln(ll) ions beyond the traditional Eu, Yb, Sm, Tm, Dy, and Nd examples were
discovered.?® ® Interestingly, the (N=N)?" products isolated from the reactions of isolated Ln(ll)
tris(amide) precursors are not the side-on 7-Ln, complexes with two ancillary amide ligands per
metal isolated from Ln(NR2)s/K/N2 reactions, but the end-on {[(R2N)sLn]2[p-t:5 -N2]}2
dianions with three amides per lanthanide.

Since these latter dianions have the same number of amides as the [Ln(NR2)s]*" starting
material, it is tempting to speculate that this is related to the mechanism of reduction. It is possible
that the Ln(ll) anion, [Ln(NR2)s]*", formed from Ln(NR2)s and potassium, reduces Nz. Initial
reduction could form an end-on {[(R2N)sLn][N2]}*" radical that is quickly trapped by another
[Ln(NR2)3]*" unit to form the end-on bimetallic complex, {[(R2N)sLn]z[u-#1:#1-N2]}?", described
for the first time in this study. These complexes could thermally decompose to reform the Ln(ll)
precursors, [Ln(NRz2)s]*", as observed here, or, if an (NR2)'™ ligand is substituted by THF, a

monoanionic complex of the type isolated in this study, {[(THF)(RzN)2Ln][p-#%%?-
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N2][Ln(NR2)s]}!", 8-Ln, could form. If an (NR2)}" ligand in 8-Ln is displaced by THF, the final
product of the Ln(NR2)s/K/N2 reactions results: [(THF)(RzN)2Ln]z[p-1%:5?-N2], 7-Ln. Since the
earlier Ln(NR2)s/K/N2 reactions were conducted at room temperature, the 1-Ln, 2-Ln, and 8-Ln
intermediates were not observed.

The fact that Gd(Il) and Th(ll) complexes react with dinitrogen to form end-on bound
(N=N)2" complexes, {[(Rz2N)sLn]z[u-5*:#*-N2]}?", similar to that of Sc?! provides another example
of the similarity of late Ln(Il) chemistry with Sc(ll) chemistry that is not shared by Y (1I). Hence,
the fact that [Y(NR2)s]* is much less stable than [Sc(NR2)s]*” as well as the [Ln(NR2)s]}
complexes of Ln = Gd, Th, Dy, Ho, Er, is not an isolated example of non-analogous Y(II)
chemistry. Hence, it seems prudent to refrain from extending the similarity of Y(I1l) and the late
lanthanide +3 ions to the +2 oxidation state. The origin of this effect is not clear although non-
periodic chemistry is sometimes observed for 4d vs 3d and 5d transition metal complexes. 3637

The reversibility of eq 4.4 as the temperature is increased, i.e. eq 4.5, has parallels with the
isolation of the first lanthanide dinitrogen complex, [(CsMes).Sm]2[u-#%:52-N2], eq 4.1. In that
case lower temperature favors the dinitrogen complex as expected based on entropy. It is clear
from this study and other related studies of lanthanide amide reduction reactions,?* 23 that the
details of the specific reactions are critical to the outcome. The isolation of the gadolinium crystals
with mixed end-on and side-on ligation of Nz is consistent with the DFT calculations which show
the side-on and end-on structures to be nearly isoenergetic. This is in contrast to calculations
performed on the end on Sc complex which showed a hypothetical side-on bound structure to be
12 kcal/mol higher in energy than the end-on counterpart.?® It is possible that by moving from Gd
to its neighbor, Tb, which differs by being 0.013 A smaller,*® the balance between end-on and

side-on shifts to favor the sterically less crowded end-on structure. This may be why 2-Tb and 4-
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Tb are purely end-on. Hence, selection of one lanthanide versus its adjacent element can influence
the reaction.

Subtle differences in binding modes based on metal ion size and the steric profile of the
ligands have previously been observed in Ti and Zr dinitrogen chemistry. Reduction of the
pentamethylcyclopentadienyl zirconium dichloride, (CsMes).ZrClz, under a nitrogen atmosphere
will reductively bind dinitrogen and form a bimetallic end-on bound N2 complex, [(CsMes)2(N2).
ZrTa(untnt-N2).3° 40 In contrast, when the tetramethylcyclopentadienyl zirconium dichloride
complex, (CsMesH)2ZrCly, is reduced under dinitrogen, the side-on bound dinitrogen complex
[(CsMesH)2Zr]2(u-n?m?-No), is observed.*t 42 In the case of smaller titanium, however, both
CsMes and CsMesH ligands are large enough to give end-on bound dinitrogen complexes
[(CsMesR)2Til2(u-n*m-N2) (R = H, Me),*® * and a trimethylcyclopentadienyl ligand is need to
observe the side-on binding mode, [(CsMesH2)2Ti]2(u-n?n?-N2).* 4.

Temperature is also crucial: under the conditions of the previously reported Ln(NR2)3/K/N2
reactions, [(THF)(R2N)zLn]z[u-5%7%N2], 7-Ln, would be the only isolated product. To observe
the Ln(11) and Ln—N=N-Ln intermediates, low temperatures and fast reaction times are necessary.
This study also showed that conducting these reactions in THF vs Et,O can lead to an (N2)*~
product rather than (N=N)?" products. This result also shows that Gd(l1) is capable of forming
(N2)% since no alkali metal was present in the formation of 9-Gd.

The structural similarity of the end-on (N=N)?", side-on (N=N)?", and O complexes
suggests that other small dianions should fit inside two [Ln(NR2)s]*~ units. Long ago Lappert
reported a [(R2N)sCe]z[p-#%#?-02] showing this structural motif with (02)?" and Ce(1V).* It
remains to be determined if such species are best accessed through [Ln(NR2)s]*", or

{[(R2N)sLn]2[-7*:7*-N2]}%", or some other precursor. In any case, the success of such a reaction
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is likely to involve the specific counter-cation as these have been found to be crucial to isolate (and
crystallize) specific samples of reduced complexes.?? 23 48
Conclusion

For over 30 years, crystallographic analysis of lanthanide-based dinitrogen reduction
products has provided structures of only side-on Ln,N, complexes, i.e. [(solvent)AsLn]z[u-#%:4?-
N2] with A = anion. In this chapter, the first examples of end-on lanthanide Ln—N=N—Ln species
are described, [K(crypt)]2{[(RzN)sLn]z2[u-5*:#*-N2]}. The end-on structures were obtained by
using the isolated Ln(Il) complexes, [K(chelate)][Ln(NR2)s], as the reductant instead of the in situ
product generated from Ln(NR2): and K and by doing the reactions at low temperature. The fact
that warming the Gd(l11) (N=N)> complex to room temperature reforms the Gd(ll) precursor
indicates that the Gd(111)/Gd(I1) and N2/(N2)> reduction potentials are closely matched. The
isolation of the penta-amide complex, [K(THF)s]{[(THF)(R2N).Gd][u-7%#-N2][Gd(NR2)3]},
suggests that lanthanide-based reduction of N2 can occur by reaction of two equiv of the divalent
[Ln(NR2)3]*™ with N2 to form an end-on dianion, {[(R2N)sLn]2[p-1t:#*-N2]}%", which can lose one
(NR2)Y" ligand per metal to form the neutral side-on [(THF)(R2N)2Ln]2[p-7%:4-N2] complex. The
specific product isolated in these lanthanide-based dinitrogen reduction reactions depends
critically on the details of the experimental conditions including temperature, solvent, reaction
time, and the presence or absence of a chelate. This study also provided more evidence to suggest
that Sc(ll) and the late lanthanide Ln(Il) ions are similar and differ from Y(II). Hence, Y(II1) is
similar to the late trivalent lanthanides and has congeneric similarities to Sc(lll), yttrium in the +2

oxidation state should be considered neither a surrogate for the late lanthanides nor a congeneric

analog of Sc(Il).
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Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or
dinitrogen atmosphere. Solvents were sparged with UHP argon and dried by passage through
columns containing Q-5 and molecular sieves prior to use. Elemental analyses were conducted on
a Perkin-Elmer 2400 Series Il CHNS elemental analyzer. Complexes of 1-L.n?% and 3-Ln?? were
synthesized as previously reported. Infrared spectra were collected on an Agilent Cary 630
equipped with a diamond ATR attachment. Raman spectra were collected on solid samples in a
1mm quartz cuvette appended with a Teflon stopcock using a Renishaw inVia confocal Raman
Microscope, equipped with a 122 mW laser of wavelength 785 nm (laser power 10% and a X5L
objective laser). Measurements were taken on at least 3 different crystals to confirm reproducibility
while one of the spectra is reported.

[K(crypt)]2{[(R2N)sTb]2[pu-#*:#*-N2]}, 2-Th. In a dinitrogen filled glovebox
[K(crypt)][Tb(NR2)3] (40 mg, 0.038 mmol), 1 Th, was dissolved in -35 °C, nitrogen saturated,
Et,O and placed in the freezer overnight. The resulting yellow solution produced crystals suitable
for X-ray diffraction (9 mg, 11% yield). IR: 2942s, 2889s, 2817m, 2762w, 2730w, 2698w, 1478m,
1458m, 1446m, 1356s, 1299m, 1260s 1237s, 1135s, 1107s, 1078s, 1059s, 992s, 952s, 933m, 869s,
827s, 770m, 752m, 713m, 691m, 663s, cm'. Anal. Calcd for C72H180N12012Si12K,Thy: C, 40.42;
H, 8.48; N, 7.86. Found: C, 39.95; H, 8.04; N, 7.23.

[K2(18-c-6)3]{[(R2N)sThb]2[u-*:#*-N2]}, 4-Tb. In a dinitrogen filled glovebox
[K(18¢6)2][Tb(NR2)3] (40 mg, 0.038 mmol) was dissolved in -35 °C, nitrogen saturated, Et,O and

placed in the freezer overnight. The resulting yellow solution produced crystals suitable for X-ray
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diffraction (13 mg, 17%). IR: 2938m, 2887m, 1472w, 1453w, 1352m, 1237s, 1104s, 945s, 865m,
813s, 771m, 700m, 653s cm .

[K(crypt)]{[(R2N)sGd]2[p-s*:*-N2]}(x = 1, 2), 5-Gd. In a nitrogen filled glovebox
[K(crypt)][GA(NR2)3] (40 mg, 0.037 mmol)was dissolved in -35 °C, nitrogen saturated, Et,O and
placed in the freezer overnight. The resulting yellow solution produced crystals suitable for X-ray
diffraction (7 mg, 9%). IR: 2942s, 2890s, 2819m, 2762w, 2729w, 2697w, 1478m, 1459m, 1446m,
1356s, 1298m, 1260s 1236s, 1135s, 1107s, 1078s, 1060s, 996s, 952s, 934m, 869s, 825s, 769m,
751m, 711m, 690m, 662s, cm~'. Anal. Calcd for C72H180N12012Si12K2Gdz: C, 40.49; H, 8.49; N,
7.87. Found: C, 39.35; H, 8.91; N, 7.61.

[K2(18-c-6)s]{[(NR2)sGd]2[p-1*:q*-N2]}(X = 1, 2), 6-Gd. In a dinitrogen filled glovebox
[K(18c6)2][Gd(NR2)3] (40 mg, 0.033 mmol) was dissolved in -35 °C, nitrogen saturated, Et,O and
placed in the freezer overnight. The resulting yellow solution produced crystals suitable for X-ray
diffraction (15 mg, 20% vyield).

[K(THF)s{[(THF)(R2N)2Gd][u-%%:7>-N2][Gd(NR2)3]}, 8-Gd, and
[K(THF)s][Gd(NR2)4] 11-Gd. In a dinitrogen filled glovebox Gd(NR2)s was dissolved in -35 °C,
nitrogen saturated, THF and then added to a vial containing KCg at 77K. The solution immediately
filtered and layered with —35 °C hexanes and replaced in the glove box freezer. The resulting

orange solution produced crystals of 8-Gd and 11-Gd suitable for X-ray diffraction after 24 hours.

[K(crypt) K(THF)[(R2N)2Gd]2[u-%%:#?-N2]}, 9-Gd. In a dinitrogen filled glovebox
[K(crypt)][Gd(NR2)3] was dissolved in =35 °C, nitrogen saturated, THF and placed in the freezer

overnight. The resulting orange solution produced crystals of 9-Gd suitable for X-ray diffraction.
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X-ray Data Collection, Structure, Solution, Refinement

2-Th.

X-ray Data Collection, Structure Solution and Refinement for ajr27.

A yellow crystal of approximate dimensions 0.259 x 0.187 x 0.143 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2*° program
package was used to determine the unit-cell parameters and for data collection (45 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT*® and
SADABS®! to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTLS? program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later
determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0. 0664 and Goof = 1.012 for 1139 variables

refined against 29882 data ( A), R1 = 0.0334 for those 23503 data with | > 2.0c(1).

Table 4.3. Crystal data and structure refinement for ajr27.

Identification code ajr27

Empirical formula C80 H200 K2 N12 014 Si12 Th2
Formula weight 2287.63

Temperature 88(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1
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Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection

Index ranges
Reflections collected
Independent reflections

Completeness to theta = 25.500°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l) = 23503 data]
R indices (all data, 0.73 A)

Extinction coefficient

Largest diff. peak and hole

a=15.437(2) A
b=16.218(2) A
c=26.1333) A
6078.6(14) A3
2

1.250 Mg/m3
1.394 mm-1
2424

yellow

0.259 x 0.187 x 0.143 mm3

1.623 t0 29.178°
21<=h<=21,-22<=k<=22,-34<=1<=35
75362

29882 [R(int) = 0.0401]

99.8 %

Semi-empirical from equivalents

0.4319 and 0.3842

Full-matrix least-squares on F2

29882 /0/1139

1.012

R1 =0.0334, wR2 = 0.0608

R1 =0.0520, wR2 = 0.0664

n/a

1.500 and -0.868 e.A-3

a= 102.9109(17)°.
b= 96.0143(17)°.
g = 104.6636(17)°.

Table 4.4. Bond lengths [A] and angles [°] for ajr27.

Th(1)-N(1)
Th(1)-N(3)
Th(1)-N(5)
Th(1)-N(4)
Th(2)-N(2)
Th(2)-N(8)
Th(2)-N(7)
Th(2)-N(6)
N(1)-N(2)

2.191(2)
2.3223(19)
2.327(2)
2.3406(19)
2.187(2)
2.3126(19)
2.329(2)
2.331(2)
1.217(3)
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N(L)-Th(L)-N(3) 103.47(7)

N(L)-Th(1)-N(5) 106.89(7)
N(3)-Th(1)-N(5) 113.22(7)
N(L)-Tb(1)-N(4) 107.61(7)
N(3)-Th(1)-N(4) 111.72(7)
N(5)-Th(1)-N(4) 113.17(7)
N(2)-Th(2)-N(8) 107.70(7)
N(2)-Tb(2)-N(7) 105.45(7)
N(8)-Th(2)-N(7) 110.35(7)
N(2)-Th(2)-N(6) 107.00(7)
N(8)-Th(2)-N(6) 112.27(7)
N(7)-Th(2)-N(6) 113.61(7)
N(2)-N(1)-Th(1) 177.89(17)
N(L)-N(2)-Th(2) 177.41(17)
4-Th

Figure 4.11. Ball and stick representation of 4-Th.
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5-Gd.
X-ray Data Collection, Structure Solution and Refinement for ajr50.

A yellow crystal of approximate dimensions 0.388 x 0.171 x 0.145 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2° program
package was used to determine the unit-cell parameters and for data collection (90 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT*® and
SADABS®! to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTL®? program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later

determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®® for neutral atoms were used throughout the
analysis.

Hydrogen atoms were included using a riding model. Disordered N2 unit was modelled
isotropically in parts. Disordered Gd ion was modelled anisotropically in parts of the same ration
as the N2 unit

Least-squares analysis yielded wR2 = 0.0864 and Goof = 1.026 for 1202 variables

refined against 29795 data ( A), R1 = 0.0362 for those 23770 data with | > 2.05(1).

Table 4.5. Crystal data and structure refinement for ajr50.

Identification code ajrs0
Empirical formula C84 H210 Gd2 K2 N12 015 Si12
Formula weight 2358.41
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Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=15.237(3) A a= 75.118(3)°.
b =20.708(5) A b=79.221(3)°.
c=21.341(5) A g = 76.734(3)°.

Volume 6275(2) A3

z 2

Density (calculated) 1.248 Mg/m3

Absorption coefficient 1.283 mm-1

F(000) 2504

Crystal color yellow

Crystal size 0.388 x 0.171 x 0.145 mm3

Theta range for data collection 1.267 to 28.894°

Index ranges -20<=h<=20, -27 <=k <= 26, -27 <=1 <= 27

Reflections collected 74933

Independent reflections 29795 [R(int) = 0.0266]

Completeness to theta = 25.500° 99.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7458 and 0.6575

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 29795/0/1202

Goodness-of-fit on F2 1.026

Final R indices [I1>2sigma(l) = 23770 data] R1 = 0.0362, wR2 = 0.0794

R indices (all data, 0.74 A) R1=0.0515, wR2 = 0.0864

Extinction coefficient n/a

Largest diff. peak and hole 2.899 and -1.426 e.A-3

Table 4.6. Bond lengths [A] and angles [°] for ajr50.

Gd(1A)-N(1A) 2.154(9)
GAd(1A)-N(4) 2.216(2)
Gd(1A)-N(3) 2.264(2)
Gd(1A)-N(5) 2.293(2)
Gd(1A)-Si(4) 3.3146(12)
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Gd(1A)-Si(2)
Gd(1A)-Si(5)
Gd(1B)-N(1B)
Gd(1B)-N(2B)
Gd(1B)-N(5)
Gd(1B)-N(3)
Gd(1B)-N(4)
Gd(2A)-N(2A)
Gd(2A)-N(6)
Gd(2A)-N(7)
Gd(2A)-N(8)
Gd(2A)-Si(9)
Gd(2A)-Si(11)
Gd(2A)-Si(7)
Gd(2A)-Si(8)
Gd(2B)-N(2B)
Gd(2B)-N(1B)
Gd(2B)-N(8)
Gd(2B)-N(7)
Gd(2B)-N(6)
N(LA)-N(2A)
N(1B)-N(2B)
N(LA)-Gd(1A)-N(4)
N(LA)-Gd(1A)-N(3)
N(4)-Gd(LA)-N(3)
N(LA)-Gd(1A)-N(5)
N(4)-Gd(LA)-N(5)
N(3)-Gd(LA)-N(5)
N(1B)-Gd(1B)-N(2B)
N(LB)-Gd(1B)-N(5)
N(2B)-Gd(1B)-N(5)
N(LB)-Gd(1B)-N(3)
N(2B)-Gd(1B)-N(3)
N(5)-Gd(1B)-N(3)
N(LB)-Gd(1B)-N(4)
N(2B)-Gd(1B)-N(4)

3.3983(12)
3.4008(12)
2.361(4)
2.363(4)
2.381(2)
2.415(2)
2.434(2)
2.155(9)
2.257(3)
2.285(2)
2.295(2)
3.4212(16)
3.4277(16)
3.4428(16)
3.4452(17)
2.360(4)
2.369(4)
2.371(2)
2.406(2)
2.444(2)
1.271(12)
1.190(5)
98.9(2)
100.2(2)
117.36(9)
98.6(2)
119.64(9)
115.40(8)
29.19(13)
111.60(10)
109.43(10)
125.60(11)
101.90(10)
106.82(7)
98.86(11)
124.84(11)
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N(5)-Gd(1B)-N(4)
N(3)-Gd(1B)-N(4)
N(2A)-Gd(2A)-N(6)
N(2A)-Gd(2A)-N(7)
N(6)-Gd(2A)-N(7)
N(2A)-Gd(2A)-N(8)
N(6)-Gd(2A)-N(8)
N(7)-Gd(2A)-N(8)
N(2B)-Gd(2B)-N(1B)
N(2B)-Gd(2B)-N(8)
N(LB)-Gd(2B)-N(8)
N(2B)-Gd(2B)-N(7)
N(LB)-Gd(2B)-N(7)
N(8)-Gd(2B)-N(7)
N(2B)-Gd(2B)-N(6)
N(LB)-Gd(2B)-N(6)
N(8)-Gd(2B)-N(6)
N(7)-Gd(2B)-N(6)
N(2A)-N(1A)-Gd(1A)
N(2B)-N(1B)-Gd(1B)
N(2B)-N(1B)-Gd(2B)
Gd(1B)-N(1B)-Gd(2B)
N(LA)-N(2A)-Gd(2A)
N(1B)-N(2B)-Gd(2B)
N(1B)-N(2B)-Gd(1B)
Gd(2B)-N(2B)-Gd(1B)

108.06(8)
104.22(8)
101.4(2)
100.6(2)
117.33(9)
102.0(2)
115.18(9)
116.22(9)
29.16(13)
107.91(10)
115.16(10)
101.24(10)
120.89(11)
108.97(7)
125.81(11)
97.57(11)
105.88(7)
106.21(7)
177.7(7)
75.5(3)
75.0(3)
150.43(18)
179.0(8)
75.9(3)
75.3(3)
151.18(17)
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Figure 4.13. Thermal ellipsoid plot of 5-Gd(end-on) drawn at the 50% probability level

6-Gd.

X-ray Data Collection, Structure Solution and Refinement for ajr33.
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A yellow crystal of approximate dimensions 0.374 x 0.259 x 0.200 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2*° program
package was used to determine the unit-cell parameters and for data collection (90 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT*® and
SADABS®! to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTLS? program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later

determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.1129 and Goof = 1.041 for 1123 variables

refined against 28562 data ( A), R1 = 0.0465 for those 20565 data with | > 2.0c(1).

Table 4.7. Crystal data and structure refinement for ajr33.

Identification code ajr33

Empirical formula C76 H190 Gd2 K2 N8 019 Si12

Formula weight 2250.13

Temperature 88(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=15.658(3) A a= 78.975(2)°.
b=16.014(3) A b= 77.363(2)°.
c=24.347(4) A g = 82.456(3)°.

Volume 5821.7(18) A3

Z 2
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Density (calculated) 1.284 Mg/m3

Absorption coefficient 1.381 mm-1

F(000) 2376

Crystal color yellow

Crystal size 0.374 x 0.259 x 0.200 mm3
Theta range for data collection 1.438 to 29.096°

Index ranges -21<=h<=21,-21<=k<=21,-33<=1<=33
Reflections collected 72119
Independent reflections 28562 [R(int) = 0.0435]

Completeness to theta = 25.500° 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.4318 and 0.3904

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 28562 /0/1123

Goodness-of-fit on F2 1.041

Final R indices [1>2sigma(l) = 20565 data] R1 = 0.0465, wR2 = 0.1014
R indices (all data, 0.73 A) R1=0.0739, wR2 = 0.1129
Extinction coefficient n/a

Largest diff. peak and hole 1.588 and -0.789 e.A-3

Table 4.8. Bond lengths [A] and angles [°] for ajr33.

Gd(1A)-N(1A) 2.179(6)
Gd(1A)-N(7) 2.286(3)
Gd(1A)-N(8) 2.295(3)
Gd(1A)-N(6) 2.295(3)
Gd(1A)-Si(7) 3.3991(14)
Gd(1A)-Si(12) 3.4406(13)
Gd(2A)-N(2A) 2.184(7)
Gd(2A)-N(5) 2.287(3)
Gd(2A)-N(4) 2.325(3)
Gd(2A)-N(3) 2.326(3)
Gd(2A)-Si(4) 3.4344(15)
Gd(1B)-N(2B) 2.370(7)
Gd(1B)-N(1B) 2.370(7)
Gd(1B)-N(6) 2.424(3)
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Gd(1B)-N(7)
Gd(1B)-N(8)
Gd(2B)-N(2B)
Gd(2B)-N(1B)
Gd(2B)-N(4)
Gd(2B)-N(3)
Gd(2B)-N(5)
N(LA)-N(2A)
N(1B)-N(2B)
N(LA)-Gd(1A)-N(7)
N(LA)-Gd(1A)-N(8)
N(7)-Gd(LA)-N(8)
N(LA)-Gd(1A)-N(6)
N(7)-Gd(LA)-N(6)
N(8)-Gd(LA)-N(6)
N(2A)-Gd(2A)-N(5)
N(2A)-Gd(2A)-N(4)
N(5)-Gd(2A)-N(4)
N(2A)-Gd(2A)-N(3)
N(5)-Gd(2A)-N(3)
N(4)-Gd(2A)-N(3)
N(2B)-Gd(1B)-N(1B)
N(2B)-Gd(1B)-N(6)
N(LB)-Gd(1B)-N(6)
N(2B)-Gd(1B)-N(7)
N(LB)-Gd(1B)-N(7)
N(6)-Gd(1B)-N(7)
N(2B)-Gd(1B)-N(8)
N(LB)-Gd(1B)-N(8)
N(6)-Gd(1B)-N(8)
N(7)-Gd(1B)-N(8)
N(2B)-Gd(2B)-N(1B)
N(2B)-Gd(2B)-N(4)
N(1B)-Gd(2B)-N(4)
N(2B)-Gd(2B)-N(3)
N(LB)-Gd(2B)-N(3)

2.469(3)
2.486(3)
2.351(7)
2.377(7)
2.419(3)
2.448(3)
2.486(3)
1.234(9)
1.193(9)
102.90(18)
100.65(17)
116.71(11)
99.50(17)
115.85(11)
116.74(11)
103.23(18)
100.88(17)
116.96(11)
102.77(18)
116.96(11)
112.82(10)
29.2(2)
113.43(17)
113.84(18)
102.37(17)
126.86(18)
104.99(11)
124.66(17)
99.33(18)
105.48(11)
103.81(10)
29.2(2)
109.33(17)
115.31(17)
127.79(17)
100.13(18)
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N(4)-Gd(2B)-N(3) 105.49(10)
N(2B)-Gd(2B)-N(5)  100.28(17)
N(1B)-Gd(2B)-N(5)  121.87(18)
N(4)-Gd(2B)-N(5) 106.52(10)
N(3)-Gd(2B)-N(5) 105.67(10)
N(2A)-N(1A)-Gd(1A)  176.7(5)
N(LA)-N(2A)-Gd(2A)  178.7(6)
N(2B)-N(1B)-Gd(1B)  75.4(5)
N(2B)-N(1B)-Gd(2B)  74.2(5)
Gd(1B)-N(1B)-Gd(2B)  149.6(3)
N(1B)-N(2B)-Gd(2B)  76.6(5)
N(1B)-N(2B)-Gd(1B)  75.4(5)

Gd(2B)-N(2B)-Gd(1B)  152.0(3)

Figures 4.14. Thermal ellipsoid plot of 6-Gd (end-on) drawn at the 50% probability level with
hydrogen atoms excluded for clarity.
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Figure 4.15. Thermal ellipsoid plot of 6-Gd(side-on) draw at the 50% probability level. Hydrogen

atoms excluded for clarity

8-Gd.
X-ray Data Collection, Structure Solution and Refinement for ajr56.

A yellow crystal of approximate dimensions 0.465 x 0.460 x 0.440 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2% program
package and the CELL_NOW?®* were used to determine the unit-cell parameters. Data was
collected using a 15 sec/frame scan time for a sphere of diffraction data. The raw frame data was
processed using SAINT®® and TWINABS® to yield the reflection data file (HKLF 5 format)®®.
Subsequent calculations were carried out using the SHELXTL®? program. The diffraction
symmetry was 2/m and the systematic absences were consistent with the monoclinic space group
P2, that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the

analysis. Hydrogen atoms were included using a riding model.
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Least-squares analysis yielded wR2 = 0.0862 and Goof = 1.068 for 647 variables refined

against 10403 data (0.77 A), R1 = 0.0333 for those 10154 data with | > 2.05(l). The structure

was refined as a two-component twin, BASF* = 0.30365. Flack paramater®® was not relevant

due to twinned structure.

Table 4.9. Crystal data and structure refinement for ajr56.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient

F(000)
Crystal color
Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

ajro6

C58 H146 Gd2 K N7 O7 Si10
1688.31

88(2) K

0.71073 A

Monoclinic

P21

a=12.6104(11) A a= 90°.
b = 20.7558(17) A b= 93.7131(11)°.
c =16.9683(14) A g = 90°.
4431.9(6) A3

2

1.265 Mg/m3

1.709 mm-1

1772

yellow

0.465 x 0.460 x 0.440 mm3

1.552 to 27.485°
-16<=h<=16,0<=k<=26,0<=1<=22
10403

10403 [R(int) = merged]

100.0 %

Semi-empirical from equivalents
0.745829 and 0.745829
Full-matrix least-squares on F2
10403/ 12/ 647

1.068

Final R indices [I>2sigma(l) = 10154 data] R1 = 0.0333, wR2 = 0.0846
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R indices (all data, 0.77 A) R1 =0.0352, wR2 = 0.0862
Absolute structure parameter 0.115(8)

Extinction coefficient n/a

Largest diff. peak and hole 1.032 and -0.811 e.A-3

Table 4.10. Bond lengths [A] and angles [°] for ajr56.

Gd(1)-N(4) 2.333(6)
Gd(1)-N(3) 2.357(6)
Gd(1)-N(5) 2.362(6)
Gd(1)-N(2) 2.399(6)
Gd(1)-N(1) 2.429(6)
Gd(1)-Si(6) 3.455(2)
Gd(2)-N(1) 2.306(7)
Gd(2)-N(2) 2.308(6)
Gd(2)-N(6) 2.310(6)
Gd(2)-N(7) 2.313(6)
Gd(2)-0(1) 2.460(6)
N(1)-N(2) 1.248(8)
N(4)-Gd(1)-N(3) 118.4(2)
N(4)-Gd(1)-N(5) 111.3(2)
N(3)-Gd(1)-N(5) 107.63(19)
N(4)-Gd(1)-N(2) 107.5(2)
N(3)-Gd(1)-N(2) 116.2(2)
N(5)-Gd(1)-N(2) 92.8(2)
N(4)-Gd(1)-N(1) 102.1(2)
N(3)-Gd(1)-N(1) 95.9(2)
N(5)-Gd(1)-N(1) 121.2(2)
N(2)-Gd(1)-N(1) 30.02)
N(1)-Gd(2)-N(2) 31.4(2)
N(1)-Gd(2)-N(6) 112.3(2)
N(2)-Gd(2)-N(6) 126.8(2)
N(1)-Gd(2)-N(7) 107.7(2)
N(2)-Gd(2)-N(7) 113.8(2)
N(6)-Gd(2)-N(7) 115.6(2)
N(1)-Gd(2)-O(1) 109.4(2)
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N(2)-Gd(2)-0(1) 80.9(2)

N(6)-Gd(2)-O(1) 90.7(2)
N(7)-Gd(2)-O(1) 120.3(2)

Figure 4.16 Thermal ellipsoid plot of 8-Gd drawn at the 50 % probability level. Hydrogen atoms
excluded for clarity.
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9-Gd.

Figure 4.17. Ball and stick model of 9-Gd.

10-Gd.

Figure 4.18. Ball and stick model of 10-Gd
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5/10-Gd.
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Figure 4.19. Ball and stick model of 5/10-Gd

11-Gd.
X-ray Data Collection, Structure Solution and Refinement for ajr57.

A colorless crystal of approximate dimensions 0.471 x 0.362 x 0.317 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2° program
package was used to determine the unit-cell parameters and for data collection (30 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT*® and
SADABS®! to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTLS? program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space groups Cc and C2/c. It was later determined that space

group C2/c was correct.
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The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. Disordered SiMe3 groups were
modelled isotropically in parts.

Least-squares analysis yielded wR2 = 0.1760 and Goof = 1.037 for 502 variables refined

against 17021 data (0.74A), R1 = 0.0638 for those 14459 data with | > 2.05(1).

Table 4.11. Crystal data and structure refinement for ajr57.

Identification code
Empirical formula
Formula weight

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=26.421(3) A a= 90°.
b =30.378(4) A b= 90.8796(17)°.
c=17.244(2) A g =90°.

Volume 13839(3) A3

z 8

Density (calculated) 1.220 Mg/m3

Absorption coefficient 1.198 mm-1

F(000) 5432

Crystal color colourless

Crystal size 0.471 x 0.362 x 0.317 mm3

Theta range for data collection 1.341 to 28.868°

Index ranges

ajrs7
C48 H120 Gd K N4 06 Si8
1270.54

-34 <=h <=35, -39 <=k <=40, -23 <=1<=23

Reflections collected 82756

Independent reflections 17021 [R(int) = 0.0282]
Completeness to theta = 25.500° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7458 and 0.6444
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Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 17021/0/502
Goodness-of-fit on F2 1.037

Final R indices [I>2sigma(l) = 14459 data] R1 = 0.0638, wR2 = 0.1665
R indices (all data, 0.74 A) R1 =0.0743, wR2 = 0.1760
Extinction coefficient n/a

Largest diff. peak and hole 1.872 and -1.299 e.A-3

Table 4.12. Bond lengths [A] and angles [°] for ajr57.

Gd(1)-N(3) 2.349(4)
Gd(1)-N(4) 2.351(4)
Gd(1)-N(1) 2.360(4)
Gd(1)-N(2) 2.362(4)
N(3)-Gd(L)-N(4) 102.76(16)
N(3)-Gd(L)-N(1) 110.35(14)
N(4)-Gd(L)-N(1) 115.70(15)
N(3)-Gd(1)-N(2) 113.89(14)
N(4)-Gd(1)-N(2) 110.30(17)
N(1)-Gd(1)-N(2) 104.21(13)
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1K)
Gy

Figure 4.20. Thermal ellipsoid plot of 11-Gd drawn at the 50% probability level.

Theoretical Details

Ground state density functional theory (DFT) calculations were carried out using the
TPSSh®” hybrid meta-generalized-gradient-approximation functional with Grimme’s D3
dispersion®®>° correction. The structures of the complexes {[(NR2)sGd]z[u-ntm!-N2]}? (5-Gd
end-on) and {[(NR2)3Gd]2[p-n?m?-N2]}* (5-Gd side-on) were optimized starting from the
experimental X-ray structures. Karlsruhe polarized split valence (def2-SVP®) basis sets were
used for the amide ligands and the Gd atoms, whereas larger polarized triple-{ valence (def2-
TZVPP®) basis sets were used for the bridging N atoms. Large core relativistic effective core
potentials (ECPs) optimized by the Stuttgart-Dresden group® were used for the Gd atoms.

Resolution of identity approximation was used for calculating the Coulomb integrals (R1J)%® in
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the DFT calculations, quadrature grids of size m4 or larger®* were employed along with a self-
consistent field (SCF) convergence thresholds of 10-7H. Structures were converged to a gradient
norm of 10-4a.u.. To account for solvation effects of THF, the COSMO continuum solvation
model® was utilized with a dielectric constant of 7.52%. Optimization of 5-Gd (end-on) resulted
in a D3-symmetric a triplet ground state, whereas optimization of 5-Gd (side-on) resulted in a C»-
symmetric singlet ground state. The optimized ground states were confirmed to be minima by
performing normal mode analysis®’. The harmonic vibrational frequencies thus computed need to
be scaled by a factor of 0.96° to account for anharmonicity in order to compare with
experimental spectra. Calculated structural parameters as well as the harmonic vibrational

frequency corresponding to the N-N stretching mode are reported in Table 4.13.

Table 4.13. Experimental values from 5-Gd and calculated values from optimized DFT
structures for select metrical parameters of {[(R2N)sGd]2[u-n*1*-N2]}*" (x = 1,2) and Raman

stretching frequencies.

Method N-N(A) Gd-N(N2)avg(A) Gd—N(NR2)range(A) N=N

v(em—1)
{[(R2N)sGd]2[u-ntm?-  TPSSh 1.206 2.213 2.379 1663
N2]}*
Exp 1.271(12) 2.155(9) 2.216(2) - 2.295(2) 1630(3)
{N[(]I;%N)aGd]z[u-nZ:nz- TPSSh  1.246 2.373 2.407 1468
2

Exp  1190(5) 2.363(3) 2.371(2) - 2.444(2) —

To analyze the experimental Raman spectra of 5-Gd, Raman scattering cross-sections
were computed using the egrad module of TURBOMOLE®®, For calculating the polarizability

derivatives along the normal modes, the PBEO"* hybrid GGA functional was used. The m4 DFT
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integration grid used along with a SCF convergence threshold of 10~7 for these calculations.
Solvation effects were taken into account at the level of the unperturbed Kohn-Sham (KS)
orbitals. The Raman scattering cross sections for 5-Gd (end-on) and 5-Gd (side-on) were

calculated as 0.25x10 *2and 0.23x107 4 Bohr?/sr, respectively.

Table 4.14. Calculated values of the electronic energy at 0 K, enthalpy and entropy at 298.15 K
using the TPSSh density functional for the optimized structures of 5-Gd (end-on) and 5-Gd

(side-on) complexes.

End-on Side-on
Electronic Energy (E) —5419.835815 H —5419.838522 H
Enthalpy (H) 3895.88 kJ/mol 3905.64 kJ/mol
Entropy (S) 1974.52 J/(mol K) 1901.42 J/(mol K)

In Table 4.14 we report the ground state electronic energy (E) at 0 K as well as the
enthalpy and entropy calculated at 298.15 K calculated using the quasi rigid-rotor harmonic
oscillator approximation (quasi-RRHO) approach where the free-rotor entropy was used instead
of vibrational entropy for all modes less than 100 cm™'.72 The Gibbs free energy change
corresponding to the equilibrium between the 5-Gd (end-on) and 5-Gd (side-on) complexes can
be calculated at 298.15 K as G =—24.39 kJ/mol, where G = Gend-on — Gside-onand G=E + H—TS.
This corresponds to an equilibrium constant of Keq=1.87x10* in favor of the 5-Gd (end-on)
structure and equilibrium mole fractions of 0.999946 and 5.33x10 > for the 5-Gd (end-on) and
5-Gd (side-on) complexes, respectively in solution phase. Scaling the Raman scattering cross
sections with these equilibrium mole fractions is required to compare the calculations with the

experiments. The resulting scaled Raman intensities for the 5-Gd (end-on) and 5-Gd (side-on)
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complexes are 2.5x107"3 and 1.2x10"° Bohr?/sr, respectively. This explains the intense peak in

the experimental Raman spectra at 1630 cm ™! corresponding to the pure end-on complex.
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Figure 4.21. Raman spectrum of 2-Th
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Figure 4.22. Raman spectrum of 4-Tb
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Figure 4.23. Raman spectrum of 5-Gd
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Figure 4.24. Raman spectrum of 6-Gd
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Chapter 5

Reactivity of Gd(I1) with Toluene and the Formation of

Trivalent and Divalent Gd Coordination Polymers

Introduction

Reductive chemistry of the Ln(l11) ions in the presence of arenes has resulted in an array
of interesting reduced arene lanthanide complexes.!® Early work by Lappert, et al. showed that
reduction of tris(silylcyclopentantadienyl) lanthanide complexes of the type LnCp”s or
[LnCp"2(u-Cl)]2 ( Cp” = CsH3(SiMes)2 Ln = La, Ce, Nd) with K in the presence of 18-crown-6
(18-c-6) in benzene allowed the isolation of the cyclohexadienyl complex [K(18-c-
6)][(CeHs)LNCp"2], eq 5.1.13

If, however, 1.5 equivalents of potassium are used instead of an excess then a compound
postulated to contain a bridging benzene monoanion, [K(18-crown-6)(THF)2][(Cp"2La)2(u-n°m°®-
CeHe)], is produced.? This hypothesis was confirmed to be correct when Palumbo, et. al
synthesized the complex in question in 2018, eq 5.2.° When the all carbon analog of Cp”, namely
CsH3(CMes), (Cp"), is used under similar conditions analogous products are isolated.® The less
sterically demanding CsH4SiMes ligand, Cp’, was also used to explore reductive arene chemistry.
Reduction of Cp'sLn with 4 equivalents of KCg in the presence of 4 equivalents of 2.2.2-cryptand
(crypt) in benzene resulted in the isolation of a benzene dianion bridging two divalent lanthanide
centers, eq 5.3. This dependency of the reaction products on chelating agent and steric
considerations of the ligand is consistent with observations in the reductive chemistry described
for the Ln(I1) tris(amide) systems in Chapters 1, 2 and 4. To date there have been no reported
examples of reduced toluene or benzene systems of lanthanides supported by amide ligands.

Described in this chapter is the reactivity of toluene with Gd(NR2)s under reducing conditions.
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Reaction of the isolated Gd(Il) tris(amide) complex, [K(crypt)][Gd(NR2)s], with toluene is
detailed in addition to LnAs/M/chelate reactivity where LnAsz = Gd(NR2)3, M = K and chelate =
crypt or 18-c-6.
Results and Discussion

Toluene with Gd(I1) Generated In Situ. Addition of a pre-chilled solution of Gd(NR2)3
(R = SiMe3) and 18-crown-6 (18-c-6) in Et2O (—35 °C) containing 5 drops of toluene to a
prechilled vial containing 4 equivalents of KCg results in a color change from colorless to deep
blue. Initially, the reaction was allowed to proceed for approximately 5 minutes before being
layered into hexanes and replaced in the glovebox freezer at —35 °C. Two types of crystals grew
overnight both suitable for X-ray diffraction. One set were deep blue crystals which exhibited a

polymeric structure containing Gd(ll) ions, {[K(18-c-6)][Gd(NR2)3]}x, 1-Gd, Figure 5.1.

Figure 5.1. Thermal ellipsoid plot of 1-Gd drawn at the 50% probability level. Hydrogen atoms
have been excluded for clarity.
The second set were dichroic and looked either purple or green depending on the

orientation of the crystal under the microscope. Diffraction of these crystals revealed the
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structure of a Gd(lll) reduced toluene complex, {[K(18-c-6)][(CeHsMe)Gd(NR2)2]}x, 2-Gd,

which also was polymeric, Figure 5.2.
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Figure 5.2. Thermal ellipsoid plot of 2a-Gd drawn at the 50% probability level. Hydrogen atoms
were excluded for clarity.
If the reaction is allowed to proceed overnight over KCsg in the glove box freezer at —35 °C then
2-Gd is isolated exclusively after filtration and layering into hexanes, eq 5.4. These results
suggest that reduction from Gd(l1l) to Gd(Il) may first be required to facilitate the toluene
reduction.. If the solution is allowed to warm to room temperature the color changes deep
purple/green to orange over the course of 24 hours.

In contrast, if a solution of Gd(NR2)3 and 2.2.2-cryptand (crypt) in THF (THF is used in
place of ether due to the limited solubility of crypt in Et2O) with 5 drops of toluene are added to
a vial containing KCg at —35 °C, a dark color results. However, upon layering with hexanes and
placement in the glovebox freezer, the ring-opened THF product [K(crypt)][CsHsOGd(NR2)3], 3-
Gd, is isolated, eg 5.4 Figure 5.3. Ring-opened THF complexes of Sm,
(CsMes)2Sm[O(CH2)4CsMes](THF) and  (CsMes)2Sm[O(CH2)sAsPh2](THF), have previously
been reported and are proposed to arise from nucleophilic attack of a (n*- CsMes)* or (AsPhz)'~

anion on a THF activated by coordination to the Sm ion.!> 12 In the case of 3-Gd, the formula
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would be consistent with nucleophilic attack by a hydride generated over the course of the

reaction.

Figure 5.3. Thermal ellipsoid plot of 3-Gd drawn at the 50% probability level. Hydrogen atoms
and disordered "butoxide, TMS group, and Gd excluded for clarity.

Toluene with Isolated Gd(11) Complexes. Reactions of the isolated divalent gadolinium
complex, [K(crypt)][Gd(NR2)3] (crypt = 2.2.2-cryptand), with toluene were also attempted.
Dissolving [K(crypt)][Gd(NR2)3] in toluene and layering with hexanes results in recovery of the
Gd(l1) starting material [K(crypt)][[Gd(NR2)3], 4-Gd. Interestingly, the complex is isolated in a
different unit cell than the previously isolated version of the complex described in Chapter 1. 4-
Gd crystallized in the R32 space group showing only one sixth of the anion and one sixth of the

cation respectively.
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Structure of {[K(18-c-6)][Gd(NR2)3]}x, 1-Gd. Complex 1-Gd crystallizes in the P2i/c
space group with one [K(18-c-6)]** unit per [Gd(NR2)s]*™ anion in a polymeric structure where
methyl groups from the NR: ligands have close contacts to the axial positions of the [K(18-c-
6)]** cation, Figure 5.1. The K...C(methyl) distances for the methyl contacts are 3.139(9) and
3.140(9) A. These distances are similar to previously recorded agostic interactions of methyl
groups with potassium cations in complexes of [K(arene):][Mg(NR2)3]x (arene = benzene,
toluene, p-xylene) 3.177(2) - 3.228(3) A.X® These methyl K contacts are also seen in [K(18-c-
6)2][Tm(NR2)3] which crystallizes in the P21212; space group and displays a K...C(methyl)
contact distance of 3.322(9) A, Figure 2.10. The structure of 1-Gd contrasts with all of the other
[K(18-c-6)2][Ln(NR2)3] complexes, described in Chapter 2, which all crystallize in the P21/n
space group (except for Ln = Tm) and contain two 18-c-6 chelates per K* ion and monomeric
structures, Figure 2.1. The Gd—N distances in 1-Gd range from 2.289(6) - 2.318(6) A and are
similar to the 2.301(3) - 2.308(3) A range observed for the [K(18-c-6),]** analog. The
pyramidalization of the Gd ion from the N3 donor plane in 1-Gd is 0.029 A which is significantly
less than the 0.129 and 0.523 A pyramidalizations observed in [K(18-c-6)2][Ln(NR2)s] (Table
2.1) and [K(crypt)][Ln(NR2)s] (Table 2.1) respectively. Bond metrics are summarized in Table
5.1.

Table 5.1. Comparison of metal ligand distances (A) of {[K(18-c-6)][GA(NR2)s]}x (1-Gd),

[K(18-c-6)2][GANR2)3], [K(crypt)][Gd(NR2)3] (R32), and [K(crypt)][GA(NR2)3] (P-1).

[K(crypt)] [K(crypt)]
{[K(18-c-6)] [K(18-c-6)z]-
[GA(NR2)s]}x [GANR2)3] [G‘gg\'?g)z)ﬂ [G‘i(P'\_'SZ)ﬂ
2.289(6) - 2.301(3) - 2315(3)- 2.289(2) -
Ln=N (range) 5146 2.308(3) 2.316(3) 2.342(18)
Lr‘é\’)’é’)'a”e 0.029 0.158 0 0.523
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Structure of {[K(18-c-6)][(CsHsMe)Gd(NR2)2]}x, 2-Gd. Complex 2-Gd was found to
crystallize in both the P-1 (2a-Gd) and the C2/c (2b-Gd) space groups. Both structures contain
polymeric structures where the [K(18-c-6)]** cation is coordinated by four carbon atoms of the
toluene dianion and a methyl group of an NR> ligand, Figure 5.2. The orientation of the reduced
toluene species is slightly different from 2a-Gd to 2b-Gd in that the close contacts to the K* ion
contain the methyl-substituted carbon in 2a-Gd, but not in 2b-Gd. The bond metrics of 2a-Gd
and 2b-Gd are within error of each other except for the closest carbon contacts to the K* cation
which are slightly shorter in 2b-Gd than in 2a-Gd potentially due to a more tightly packed cell
in the monoclinic vs triclinic space group, respectively. For clarity the details of 2a-Gd will be
discussed here with metrics for both 2a-Gd and 2b-Gd summarized in Table 5.2

The reduced toluene ligand has metrical parameters consistent with a cyclohexadienyl
dianion.® % In 2a-Gd the reduced toluene shows bond lengths consistent with C—C double bonds
for the C1-C2 and C4—C5 bonds, 1.364(2) and 1.360(2) A, respectively, Figure 5.4. The other
four C—C bonds in the ring have distances ranging from 1.470(3) - 1.483(2) A. These distances
are in line with those reported for [K(18-c-6)][(CsHs)LNCp”2] which show 4 longer bond lengths
1.445(7) - 1.480(9) and 2 shorter bonds 1.337(11) - 1.363(7) A.% 2 The reduced toluene has a
boat configuration with a dihedral angle of 29.7° between the C6 C1 C2 C3 and C6 C5 C4 C3
planes similar to, but slightly larger than, the dihedral angles observed in the [K(18-c-
6)][(CsHes)LNCp”2] analogs, 23.5 - 24.7°. The C6 and C3 carbons have the shortest distances to
the Gd ion of the six ring carbons, 2.4570(17) and 2.4808(16) A respectively, vs a range of
2.6979(15) - 2.7264(16) A for the four other carbons. Carbons C6 and C3 also have the longest

C—Ciing distances, 1.470(3) - 1.483(2).
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The Gd—N distances are 2.3238(12) and 2.3408(12) A where the longer distance belongs
to the NR2 ligand whose methyl group coordinates the K ion. In 2a-Gd the K...C interaction
from the methyl group of the NR: ligand is 3.4337(18) A, which is longer than those observed in
1-Gd or [K(arene)2][Mg(NR2)3], 3.177(2) - 3.228(3). If the Cs ring coordinated is taken to
occupy three coordination sites with two anionic donors then an appropriate comparison can be
made with the bis(amide) bridging chloride complex {Gd[N(SiMes)2]2(u-CH(THF)}2 which
contains a five coordinate Gd ion supported by two NR2 ligands and two bridging chloride
ligands in addition to a THF.}* The Gd—N distances in this compound are 2.239(5) and 2.264(5)
A, shorter than those observed in 2a-Gd. It should be taken into account however that the two
chlorides coordinated in {Gd[N(SiMes)2]2(u-CI)(THF)}2 are 2.740(4) and 2.765(4) A from the
Gd ion while the all six of the carbons on the methylcyclohexadienyl dianion are within
2.726(16) A of the Gd ion in 2a-Gd.

There are four carbon atoms on the ring with close contacts to the K ion ranging from
3.0949(16) - 3.4245(16) A. The range of the ring carbon contacts is similar to those observed in
[K(18-c-6)][(CsHs)LNCp"2] (Ln = La, Ce, Nd; Cp” = CsHs(SiMes)2), 3.046(5) — 3.395(5) A,
however, they occur at different carbon positions. For [K(18-c-6)][(CsHs)LNCp”2] the close
C...K contacts occur with the pairs of carbon atoms involved in double bonds in a
cyclohexadienyl structure, positions 1, 2, 4, and 5, while the close contacts in 2a-Gd occur at the
C1, C2, C3 and C4 where C1 and C2 correspond to a double bond while C3 is an anionic carbon

singly bound to C2 and C4 which is subsequently doubly bound to C5, Figure 5.4.
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Table 5.2. Comparison of metal ligands distances (A) and ring dihedral angles (°) of 2a-Gd, 2b-

Gd, and [K(18-c-6)][(CsHe)NdCp"2].

Bond/angle

2a-Gd

2b-Gd

[K(18-c-6)]
[(CsHs)NdCp"2]

Ln—C(anionic)
Ln—N
C=C(ring)
C—C(ring)range

Dihedral angle(ring)

K—C(ring) range
K—C(methyl)

2.457(2), 2.480(2)
2.323(1), 2.340(1)
1.360(3), 1.364(2)
1.470(2) - 1.483(2)
29.7
3.095(1) — 3.424(1)
3.433(1)

2.465(3), 2.483(3)
2.324(2), 2.348(2)
1.357(4), 1.374(4)
1.462(4) - 1.481(4)
295
3.063(3) - 3.391(3)
3.331(3)

2.555(5) — 2.572(5)

1.363(7), 1.344(7)
1.439(7) - 1.452(7)
24.7
3.046(5) - 3.395(5)

1.472(2) /

1.364(2)
. ’/ ] v
== \ §
- — I: = I \%
NS
/@4 Q)=
N

1.470(3)

1.360(3)
1.470(2)

Figure 5.4. Close up thermal ellipsoid plot of 2a-Gd drawn at the 50% probability level. 18-c-6,

methyl groups and hydrogen atoms have been excluded for clarity. Ring bond distances are

shown in A.

Structure of [K(crypt)][C4HsOGd(NR2)s], 3-Gd. Complex 3-Gd crystallized in the
P2:1/c space group as a two-component twin. The Gd ion has a small disorder of 3% similar to
that seen in [K(18-c-6).][Ln(NR2)3] described in Chapter 2. The major Gd component (97%)
shows a pseudo tetrahedral coordination environment with three amide ligands and the n-

butoxide ligand. This is the first example of a ring-opened THF complex with a Gd ion. The
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Gd—N distances range from 2.338(4) - 2.340(4) A, while the Gd—O distance is significantly
shorter 2.090(4) A. Comparing 3-Gd to LGd(NR2), (L = CH3C(O)=CHC(CH3)=NCH,CH2(2-
CsH:N), R = SiMes)*® which contains a five coordinate Gd(I11) ion ligated by two NR: ligands as
well as two neutral nitrogen donors and an anionic oxygen atom, the Gd—NR: distances are
slightly longer, 2.338(4) - 2.340(4) vs 2.289(2) - 2.311(2), respectively. The Gd—O distance on
the other hand is longer in LGd(NR2)2, 2.189(2) A, than in 3-Gd, 2.090(4) A . The significantly
longer Gd—O distance in LGd(NR2)2 can be accounted for by the delocalization of the ligand L
which is conjugated between the oxygen donor and one of the N donors. There are two ring-
opened THF Sm complexes, ((CsMes)2Sm[O(CH2)4CsMes](THF) and
(CsMes)2Sm[O(CH2)2AsPh,](THF), which show Ln—O distances of 2.08(1) and 2.085(5) A
respectively, similar to that of 3-Gd.

Table 5.3 Selected bond distances (A) of [K(crypt)][CsHsOGd(NR2)s] (3-Gd), LGd(NR2): (L =
CH3C(0)=CHC(CH3)=NCH2CH2(2-CsHaN)),"®  (CsMes),Sm[O(CH2)4CsMes](THF)**  and

(CsMes)2Sm[O(CH2)sAsPh,](THF)!2,

[K(crypt)] LGd(NR2)2 (CsMes)2Sm (CsMes)2Sm
[C4HOGd(NR2)3] [O(CH2)4aCsMes](THF)  [O(CH2)4AsPh2](THF)
Ln-0 2.090(4) 2.189(2) 2.08(1) 2.085(5)
Ln—NR> 2.289(2) - ,2.338(4) - - -
2.311(2) 2.340(4)
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Figure 5.5. Thermal ellipsoid plot of 4-Gd drawn at the 50% probability level. Hydrogen atoms
were omitted for clarity.

Structure of [K(crypt)][GA(NR2)s], 4-Gd. Complex 4-Gd crystallizes in the R32 space
group showing one sixth of the structure where the rest is generated by symmetry, Figure 5.4.
Unlike the previously reported example of [K(crypt)][GANR2)s] which crystallized in the P-1
space group, there is no pyramidalization of the Gd ion from the N3 donor plane. The Gd—N
distance is 2.315(3) A, within error of the previously reported [Gd(NR2)s]*" complexes®® 7
(Chapters 1 and 2) Table 5.1.

Spectroscopy. A UV-visible spectrum was acquired for 2-Gd for comparison to the
[K(18-c-6)][(CeHs)LNCp"2] complex of Lappert.> 3 The spectrum shows a broad absorbance
around 410 nm (e = 600 cm™ 'mol™?) in addition to a stronger absorbance at 275 nm (e = 4000

cm™ mol™), Figure 5.6, similar to those of [K(18-c-6)][(CéHs)LNCp”2] which showed
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absorbances at 463, 348 and 280 nm.3 Notably, the shoulder at 348 nm was not observed for 2-
Gd. This shoulder could arise from the Cp” ligands which are not present in 2-Gd. Solutions of
dicyclohexyl-18-crown-6 in benzene or toluene will dissolve potassium metal and show
absorbances at 300 and 435 nm*® 1° attributed to the respective arene anion at —80 °C, similar to
those observed in 2-Gd. Decomposition of 2-Gd leads to a light orange solution whose spectrum

shows the disappearance of the band at 410 nm and reduction of peak at 275 nm to a shoulder.

2-Gd

250 350 450 550 650
Wavelength (nm)

Figure 5.6. UV-visible spectrum of 2-Gd in Et2O (6mM) at 293K.

Conclusion

Reductive chemistry of Gd(NR2)s in Et.O allowed for isolation of a reduced arene
complex having a polymeric solid state structure, {[K(18-c-6)][(CsHsMe)Gd(NR2)2]}x, 1-Gd.
This marks the first example of a lanthanide reduced arene complex supported by amide ligands.
Additionally the polymeric Gd(Il) complex {[K(18-c-6)][(CeHsMe)Gd(NR2)2]}x, 2-Gd, was
isolated which contrasts with the previously isolated monomeric [K(18-c-6)2][Ln(NR2)s]
complexes (Ln = Gd, Th, Dy, Ho, Er, and Tm ) which were isolated with two 18-c-6 units per K*

ion even in cases when only one equivalent of 18-c-6 was added.!” This result highlights the
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sensitivity of the reductive chemistry to solvent since the only noticeable difference in the
reaction pathway leading to 1-Gd is the presence of toluene in the Et20.

Isolation of [K(crypt)][Gd(NR2)3] from toluene in a new unit cell showing a perfectly
planar coordination of amide ligands around the Gd(ll) ion shows some consistency with
previous reports of in situ IR studies outlining a lack of in situ pyramidalization of the trivalent
Ln(NR2)s complexes when measured in arene solvents vs a significant pyramidalization when
measured in ethereal solvents.?® Further, when the reduction of Gd(NR2)s is performed in a
THF/toluene mix in the presence of crypt no reduced arene or Gd(Il) complexes are recovered,
rather, a ring opened THF product, [K(crypt)][C4HoOGd(NR2)3], 3-Gd, is observed. The origin
of the hydrogen atom that has added to C4HgO is unknown, but there is precedent for forming
rare earth hydrides in Ln(ll) reactions.?-%*

The broad range of isolable compounds isolated from similar reactions with minor
alterations to conditions such as reaction time, chelating agent, and solvent emphasizes the

importance of minor details in tuning the reductive reactivity of these Ln(Il) amide complexes.

Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
atmosphere. Solvents were sparged with UHP argon and dried by passage through columns
containing Q-5 and molecular sieves prior to use. Infrared spectra were collected as thin films on
an Agilent Cary 630 equipped with a diamond ATR attachment. UV-visible spectra were
collected on an Agilent Cary 60 UV-visible spectrometer. Anhydrous GdCls;,?® Gd(NR2)s

(R=SiMe3),?® and KCs?' were prepared according to literature procedures. 18-Crown-6 (Alfa
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Aesar) was sublimed before use. 2.2.2-cryptand (Alfa Aesar) was dried under vacuum overnight
before use.

[K(18-c-6)][GA(NR2)3]x 1-Gd and [K(18-c-6)][(CsHsMe)Gd(NR2)2]}x, 2-Gd. Gd(NR2)3
and 18-c-6 were dissolved in about 2 ml of Et,O with 5 drops of toluene and chilled to —35 °C
before being added to a pre-chilled vial of KCs. The solution was allowed to react for about 1
min before being filtered, layered with hexanes and replaced in the freezer. X-ray quality crystals
of both [K(18-c-6)][(CsHsMe)Gd(NR2)2]}x and [K(18-c-6)][Gd(NR2)s]x were recovered from the
reaction mixture. When the same reaction is performed but allowed to react with KCg for 8h 2-
Gd is recovered exclusively.

[K(18-c-6)][(CsHsMe)Gd(NR2)2]}x, 2-Gd (only). Gd(NR2)3 (60 mg, 0.094 mmol) and
18-c-6 (25 mg, 0.094 mmol) were dissolved in about 2 ml of Et,O with 5 drops of toluene and
chilled to —35 °C before being added to a pre-chilled vial of KCg (50 mg. The solution was
allowed to react overnight before being filtered, layered with hexanes and replaced in the freezer.
After 10 hours X-ray quality crystals of 2-Gd (62 mg 75%) were recovered exclusively. UV—vis
(Ez20) Amax, nm (g, ML cm™): 275 (4000), 410 (600). IR: 2937m 2885m, 1475w, 1452w,
1351m, 1284w, 1233s, 1104s, 990m, 959m, 866m, 816s, 748m, 660m, cm ™.

[K(crypt)][ GA(NR2)3], 4-Gd. [K(crypt)][GA(NR2)s] was dissolved in about 3 mL of
room temp toluene before being layered into cold hexanes (—35 °C) and replaced in the glovebox
freezer. Dark purple crystals of 4-Gd grew overnight.

[K(crypt)][CsHsOGd(NR2)3], 3-Gd. Gd(NR2)z and crypt were dissolved in about 2 ml
of THF with 5 drops of toluene and chilled to —35 °C before being added to a pre-chilled vial of

KCs. The solution was allowed to react for about 1 min before being filtered and layered with
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hexanes followed by placement in the freezer. X-ray quality crystals of
[K(crypt)][C4aHoOGd(NR2)3] were recovered from the reaction mixture after 5 days.

X-ray Data Collection, Structure Solution and Refinement for ajr49 (1-Gd). A dark
blue crystal of approximate dimensions 0.273 x 0.215 x 0.189 mm was mounted on a glass fiber
and transferred to a Bruker SMART APEX Il diffractometer. The APEX2?’ program package
was used to determine the unit-cell parameters and for data collection (120 sec/frame scan time
for a sphere of diffraction data). The raw frame data was processed using SAINT?® and
SADABS? to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL® program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space group P2:/c that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were calculated using a riding model.

At convergence, WR2 = 0.1979 and Goof = 1.031 for 442 variables refined against 9366

data (0.83A), R1 = 0.072 for those 5929 with | > 2.0c(l).

Table 5.4. Bond lengths [A] and angles [°] for ajr49.

Gd(1)-N(1) 2.289(6)
Gd(1)-N(3) 2.307(6)
Gd(1)-N(2) 2.318(6)
Gd(1)-Si(2) 3.444(2)
Gd(1)-Si(1) 3.453(2)
Gd(1)-Si(4) 3.458(2)
K(1)-0(3) 2.755(7)
K(1)-O(6) 2.755(7)
K(1)-0(2) 2.761(6)
K(1)-0(5) 2.785(6)
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K(1)-O(4) 2.804(7)

K(1)-O(1) 2.815(7)
K(1)-C(17)#1 3.139(9)
K(1)-C(1) 3.140(9)
C(L7)-K(1)#2 3.139(9)
N(1)-Gd(1)-N(3) 118.8(2)
N(1)-Gd(1)-N(2) 119.0(2)
N(3)-Gd(1)-N(2) 122.2(2)
C(L7)#1-K(1)-C(1) 173.4(2)

X-ray Data Collection, Structure Solution and Refinement for ajrd5 (2a-Gd). A
purple/green crystal of approximate dimensions 0.361 x 0.271 x 0.257 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2%" program
package was used to determine the unit-cell parameters and for data collection (20 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT? and
SADABS? to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTL2® program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later
determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®! for neutral atoms were used throughout the
analysis. Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and
Uiso).

Least-squares analysis yielded wR2 = 0.0476 and Goof = 1.040 for 678 variables refined

against 10265 data (0.74 A), R1 = 0.0188 for those 9886 data with | > 2.05(1).
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Table 5.5. Bond lengths [A] and angles [°] for ajr45.

Gd(1)-N(2) 2.3238(12)
Gd(1)-N(1) 2.3408(12)
Gd(1)-C(6) 2.4570(17)
Gd(1)-C(3) 2.4808(16)
Gd(1)-C(2) 2.6979(15)
Gd(1)-C(1) 2.7058(15)
Gd(1)-C(5) 2.7176(16)
Gd(1)-C(4) 2.7264(16)
K(1)-0(2) 2.7979(12)
K(1)-0(3) 2.8346(13)
K(1)-O(6) 2.8497(13)
K(1)-0(5) 2.8541(12)
K(1)-O(4) 2.8667(12)
K(1)-O(1) 2.8773(13)
K(1)-C(2) 3.0949(16)
K(1)-C(4) 3.2733(17)
K(1)-C(3) 3.3252(17)
K(1)-C(1) 3.4245(16)
K(1)-C(9)#1 3.4337(18)
C(1)-C(2) 1.364(2)
C(1)-C(6) 1.472(2)
C(1)-C(7) 1.505(2)
C(2)-C(3) 1.483(2)
C(3)-C(4) 1.470(2)
C(4)-C(5) 1.360(3)
C(5)-C(6) 1.470(3)
C(9)-K(L)#2 3.4338(18)
N(2)-Gd(1)-N(1) 113.95(4)
C(2)-K(1)-C(9)#1 150.87(5)
C(4)-K(1)-C(9)#1 158.68(5)
C(3)-K(1)-C(9)#1 154.44(5)
C(1)-K(1)-C(9)#1 151.84(4)
C(2)-C(1)-C(6) 120.16(15)
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C(2)-C(1)-C(7) 122.62(17)
C(6)-C(1)-C(7) 116.55(16)
C(1)-C(2)-C(3) 121.99(15)

X-ray Data Collection, Structure Solution and Refinement for ajr53 (2b-Gd). An
orange crystal of approximate dimensions 0.655 x 0.326 x 0.215 mm was mounted on a cryoloop
and transferred to a Bruker SMART APEX Il diffractometer. The APEX2?’ program package
was used to determine the unit-cell parameters and for data collection (60 sec/frame scan time
for a sphere of diffraction data). The raw frame data was processed using SAINT?® and
SADABS? to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL® program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space groups Cc and C2/c. It was later determined that space
group C2/c was correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and
Uiso) and using a riding model. Disordered methyl groups were modelled isotropically in parts
and disordered silicon atoms were modelled anisotropically in parts.

At convergence, WR2 = 0.0754 and Goof = 1.053 for 588 variables refined against 11545

data (0.74 A), R1 = 0.0339 for those 9843 data with | > 2.05(1).

Table 5.6. Bond lengths [A] and angles [°] for ajr53.

Gd(1)-N(2) 2.324(2)
Gd(1)-N(1) 2.348(2)
Gd(1)-C(2) 2.465(3)
Gd(1)-C(5) 2.483(3)
Gd(1)-C(4) 2.706(3)
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Gd(1)-C(3)
Gd(1)-C(6)
Gd(1)-C(1)
K(1)-C(4)
K(1)-C(3)

K(1)-C(11)#1

K(1)-C(6)
K(1)-C(5)
C(1)-C(6)
C(1)-C(2)
C(1)-C(7)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(20)-C(21)

N(2)-Gd(1)-N(1)

2.714(3)
2.723(3)
2.728(3)
3.063(3)
3.283(3)

3.331(3)

3.334(3)
3.391(3)
1.374(4)
1.476(4)
1.492(4)
1.471(4)
1.357(4)
1.462(4)
1.481(4)
1.500(5)

109.25(9)
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Figure 5.7. Thermal ellipsoid plot of 2b-Gd drawn at the 50% probability level. Hydrogen

atoms excluded for clarity.

X-ray Data Collection, Structure Solution and Refinement for ajr46 (4-Gd). A blue
crystal of approximate dimensions 0.283 x 0.106 x 0.103 mm was mounted in a cryoloop and
transferred to a Bruker SMART APEX Il diffractometer. The APEX2%" program package was
used to determine the unit-cell parameters and for data collection (240 sec/frame scan time for a
sphere of diffraction data). The raw frame data was processed using SAINT?® and SADABS? to
yield the reflection data file. Subsequent calculations were carried out using the SHELXTL®C
program. The systematic absences were consistent with the trigonal space group R32. The non-

centrosymmetric space group R32 was assigned and later determined to be correct.
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The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®! for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0426 and Goof = 1.005 for 88 variables refined
against 2478 data (0.80 A), R1 = 0.0235 for those 2264 data with | > 2.05(1).

There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that toluene solvent
was present. The SQUEEZE®? routine in the PLATON?3? program package was used to account

for the electrons in the solvent accessible voids.

Table 5.7. Bond lengths [A] and angles [°] for ajr46.

Gd(1)-N(1) 2.315(3)
Gd(1)-N(1)#1 2.316(3)
Gd(1)-N(1)#2 2.316(3)

N(1)-Gd(1)-N(1)#1 120.0
N(1)-Gd(1)-N(1)#2 120.000(1)
N(L)#1-Gd(1)-N(1)#2  120.0

X-ray Data Collection, Structure Solution and Refinement for ajr51 (3-Gd).

A blue crystal of approximate dimensions 0.504 x 0.368 x 0.234 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX22" program
package and the CELL_NOWS3? were used to determine the unit-cell parameters. Data was
collected using a 15 sec/frame scan time for a sphere of diffraction data. The raw frame data was
processed using SAINT? and TWINABS®* to yield the reflection data file (HKLF 4/5 format)3*.

Subsequent calculations were carried out using the SHELXTL®® program. The diffraction
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symmetry was 2/m and the systematic absences were consistent with the monoclinic space group
P2:/c that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and
Uiso). Disordered carbon atoms on "butoxide ligand were modelled isotropically in parts. Minor
disorder of Gd ion was modelled anisotropically in parts.

Least-squares analysis yielded wR2 = 0.1148 and Goof = 1.070 for 559 variables refined
against 17663 data (0.75 A), R1 = 0.0469 for those 15419 with | > 2.05(1). The structure was

refined as a non-merohedral twin, BASF3* = 0.24361.

Table 5.8. Bond lengths [A] and angles [°] for ajr51 (3-Gd).

Gd(1A)-O(1) 2.090(4)
Gd(1A)-N(2) 2.338(4)
Gd(1A)-N(3) 2.340(3)
Gd(1A)-N(1) 2.340(3)
Gd(1B)-N(2) 2.107(8)
Gd(1B)-N(1) 2.427(7)
Gd(1B)-N(3) 2.447(7)
0(1)-Gd(1A)-N(2) 100.60(16)
0(1)-Gd(1A)-N(3) 104.73(13)
N(2)-Gd(LA)-N(3) 113.98(13)
0(1)-Gd(1A)-N(1) 102.21(13)
N(2)-Gd(LA)-N(1) 115.79(12)
N(3)-Gd(LA)-N(1) 116.53(11)
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Chapter 6

Reductive Reactivity of [Gd(NR2)s]*~ with PnPhs (Pn = P, Bi)

Introduction

The study of element—element bonds is a fundamental part of chemistry allowing us to
define and study the chemical properties and reactivity of the elements involved. Much of the
periodic table has been explored in this area though one area that remains limited is heavy main
group element bonding to f elements, specifically group 15 metals such as Sb and Bi. The first
example of an f element Bi bond was reported in 1991 by Evans and coworkers through a
reductive reaction of Cp*>Sm (Cp* = CsMes) with BiPhz which produced the dibismuth bridged

complex (Cp*2Sm)2(u-n2m2-Biz), in addition to Sm phenyl complex Cp*;SmPh eq 6.1.

5 \ benzene \ \Bi m
8 : Sm'  + 2BiPh; ———> me ‘ (6.1)

—_2PhPh \ /

6 [(CsMes),SmPh],
This chemistry was further investigated with the pnictiogens of group 15 using PnPhz (Pn = P

As, Sb).2 Interestingly, no other Sm—Pn bond formation was observed, and only with SbPhz was
a reductive reaction observed through formation of Cp*>,SmPh(THF) by NMR. Upon moving to
Ph2PnPnPh; reagents, reactions were observed with the smaller Pn elements (Pn = P, As).? This
Cp*2Sm chemistry contrasted the reductive chemistry of the alkali metals and PnPhz complexes
studied by Gilman et al. which showed a reaction to form MPh and MPnPhz (M = Li, Na, K; Pn
= P, As, Sb) products for all Pn except Pn = Bi in which case only benzene was observed, eq

6.2.3

212



NH, (liquid
2M + PnPh, s(iquid) - viph 4+ MPnPh, 6.2)

M =Li, Na, K; Pn =P, As, Sb

No other Ln—Bi bonds have been reported beyond eq 6.1 despite growing interest in
heavy main group element effects for investigations of single molecule magnets (SMMs).*®
Recent work by Liddle et al. has unearthed the first example of a U—Bi bond utilizing
KBi(SiMes), eq 6.3. 7 The following chapter describes the reactivity of the isolated divalent Gd
complex [K(chelate)x][Gd(NR2)3] (chelate = crypt, x = 1; chelate = 18-c-6, x = 2) with both the

heaviest and lightest non-nitrogen PnPhs complexes (Pn = P, Bi).

— R' R' - [BPh4] R'

NN N
l/ \E v THF ’/ =‘ v

N—— U «<—THF + KBiR, ——> N—/ U/Bi"’// (6.3)
/ — KBPh, / \"R
N N R
\ \
R' R’
R' = SiMe;Bu' UBi
R = SiMe,

Results and Discussion

Synthesis of [K(crypt)][Ph2BiGd(NR2)s], 1-Gd. Adding solid [K(crypt)][[Gd(NR2)s]
(crypt = 2.2.2-cryptand; R = SiMe3) to a solution of BiPhsz in Et2O at room temperature results in
an immediate color change from colorless to orange. Upon layering in hexanes and placement in
the glovebox freezer at —35 °C, an orange/brown oil collected in the bottom of the vial overnight.
After another 24 hours in the freezer bright green crystals were produced from the oil. X-ray

diffraction of the green crystals showed them to be of composition [K(crypt)][Ph2BiGd(NR2)3],
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1-Gd. This complex is the first example of a Gd—Bi bond, only the second example of a Ln—Bi

bond, and the third example of an f element Bi bond, eq 6.4.

[K(erypt)]|  R,N

RNG: B,
> Gd \ “Pn
chelate = crypt R N/ Ph
x=1 2
. Et,0 1-Gd
[K(chelate) ][Gd (NRy);] + BiPh, (6.4)
R = SiMe, [K(18-c-6),] 1‘)"
I
Vo \\\\\\‘ \
chelate = 18-c-6 RyN / NR,
x=2 RyN

2-Gd

Synthesis of [K(18-c-6)][PhGd(NR2)3], 2-Gd. If the same reaction protocol described
for 1-Gd is applied using the 18-crown-6 Gd(Il) starting material, [K(18-c-6)2][Gd(NR2)3], blue
crystals identified as the phenyl complex [K(18-c-6)2][PhGd(NR2)3], 2-Gd, are isolated rather
than a Gd-Bi containing product, eq 6.4. Deep red crystals were observed in the product
mixture, but they were too small for X-ray diffraction studies.

The mechanism of formation of 1-Gd and 2-Gd is unknown. However, reductive
cleavage of a Ph,Bi—Ph bond to make the (Ph2Bi)!™ and Ph!™ ligands found in 1-Gd and 2-Gd
respectively, is reasonable. This is also along the lines of the reductive chemistry in eq 6.1 and
6.2.

Reactions of [Gd(NR2)3]*~ with PPhs. Reactions of PPhs with both
[K(crypt)][Gd(NR2)3] and [K(18-c-6)][Gd(NR2)3] were also performed to examine the chemistry
throughout the pnictoctogens. While a similar color change from colorless to orange was

observed upon addition of Gd(Il) species to PPhsz in Et2O only the cyclometallated product
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[(RNSiMe,CH,-xC,N)Gd(NR2)2]*~ was recovered The fact that a reaction is observed indicates a

deviation from Cp*2Sm chemistry in which no reductive chemistry is observed with PPh3.?

Figure 6.1. Thermal ellipsoid plot of 1-Gd drawn at the 50% probability level. Hydrogen atoms
and disordered SiMez group omitted for clarity.

Structure of [K(crypt)][Ph2BiGd(NR2)s], 1-Gd. 1-Gd crystallizes in the P-1 space
group with a pseudo-tetrahedral coordination environment around the Gd ion containing three
NR2 (R = SiMes) ligands and one BiPh> ligand, Figure 6.1. The Bi—Gd—N bond angles range
from 88 - 120° where the largest angle is formed with the NR2 ligand (N2 in Figure 6.1) that is
oriented toward the two phenyl groups of the BiPh2 unit. The N—Gd—N angles range from 106 -
117¢, similar to those seen in [K(crypt)][C4HsOGd(NR2)3s] which range from 114 - 117° (Chapter
5). The coordination environment around the Bi atom is trigonal pyramidal with Gd—Bi—C and
C-Bi—C angles ranging from 97 - 110°. Similarities in the bond metrics of 1-Gd can be seen

when compared to [U(TrenDMBS){Bi(SiMes).}] (TrenDMBS = N(CH2CH:NSiMezBut)s), UBI,
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a U(IV) complex coordinated by three anionic amide donor ligands and an anionic Bi(SiMe3)..
The bond angles are similar for 1-Gd and UBi with Bi—U—Namide angles ranging from 91 - 136°
and angles from 94 - 120° around the Bi atom, Table 6.1. The Gd—Bi bond in 1-Gd is similar to
the U-Bi in UBI, 3.3516(5) A vs 3.3208(4) A, respectively.

The similarities in metrical parameters extend to the M—Namice bonds with distances
ranging from, 2.286(6) A - 2.296(6) A for 1-Gd vs 2.232(6) - 2.247(6) A in UBI, again differing
by about 0.04 A. The Gd—N bond distances in 1-Gd are also similar to the range observed for
Gd—Namide bonds in the four coordinate Gd(I11) complex [K(crypt)][CaHyOGd(NR2)3], 2.338(4) -
2.340(4) A (Chapter 5). In this case, the shorter distances in 1-Gd can be accounted for by the
reduced steric strain coming from difference in bond length of the non NR: ligand (BiPh, vs
OCsHg). The Gd-Bi bond distance, 3.3516(5) A, is more than an Angstrom longer than the
Gd—O bond of the OC4Hs ligand in [K(crypt)][C4aHsOGd(NR2)s], 2.090(4) A. Bond metrics are
summarized in Table 6.1.

Table 6.1. Bond distances (A) and angles (°) of [K(crypt)][Ph:BiGd(NR2)s] (1-Gd),
[U(TrenDMBS){Bi(SiMe3)2}] (TrenDMBS = N(CH2CH2NSiMe2But)s) (UBI),
[K(crypt)][C4aHIOGA(NR2)3], and [K(18-c-6)2][PhGd(NR2)s] (2-Gd). Where NR: is the
N(SiMe3s). ligand for 1-Gd, 2-Gd, and [K(crypt)][CsHsOGd(NR2)s], or the anionic N donors in

the TrenDMBS ligand for UBI. L are the ligands coordinated to the Bi atom in the respective

compounds.
[K(crypt)] [U(TrenDMBS) [K(crypt)] [K(18-c-6)]
[Ph2BiGd(NR2)s] {Bi(SiMe3),}] [C4HIOGd(NR2)z] [PhGd(NR2)s]

M-Bi/O/C 3.3516(5) 3.3208(4) 2.090(4) 2.525(5)
M-NR2 2.286(6) - 2.232(6) - 2.338(4) - 2.301(4) -

2.296(6) 2.247(6) 2.340(4) 2.326(4)

Bi/O/C-M—-N 88 - 124 91-136 100 - 104 98- 113
Namide—M—Namide 106 - 117 100 - 124 114 - 117 103 - 120

L-Bi—L 94-120 96 - 110 - -
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Figure 6.2. Thermal ellipsoid plot of 2-Gd drawn at the 50% probability level. Hydrogen atoms,
disordered TMS group and one ion pair of the unit cell are excluded for clarity.

Structure of [K(18-c-6)2][PhGd(NR2)3], 2-Gd. 2-Gd crystallizes in the P-1 space group
with 2 molecules of [K(18-c-6)2][PhGd(NR2)s] per unit cell. In one ion pair the anionic
[PhGA(NR2)s]*~ unit is well separated from the [K(18-c-6)2]" cation. The other shows a close
K...C(methyl) contact between an NR; ligand and [K(18-c-6)2]* cation, 3.391(5) A, Figure 6.2.
This K...C(methyl) contact is comparable to that observed in the structure and [K(18-c-
6)2][Tm(NR2)s], 3.322(9) A® (Chapter 2). The metrical parameters around the two Gd ions are
the same within error. Therefore, only one will be discussed in this section with selected
distances included in Table 6.1. The Gd—N distances range from 2.301(4) - 2.326(4) A and are
consistent with those observed in [K(crypt)][CaHsOGd(NR2)s], 2.338(4) - 2.340(4) A (Chapter
5). The Gd—C distance is longer at 2.525(5) A than the Gd-N distances as well as the 2.41(2) A

Gd-C(Ph) bond in seven coordinate CsHsGdCIl2(4THF)?, the only other structurally-characterized
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example of a complex containing a Gd—Ph bond. The known eight-coordinate Cp*>.SmPh(THF)
complex, produced by a similar reaction protocol with BiPhs, displays a Sm—Ph bond length of
2.511(8) A similar to that observed in 1-Gd.> %

Conclusion

Reactions of the isolated Gd(Il) complexes, [K(chelate)x][Gd(NR2)s], with BiPhs results
in bond cleavage and isolation of either [K(crypt)][Ph2BiGd(NR2)3], if the chelate is crypt and x
= 1, or [K(18-c-6):][PhGd(NR2)3] if the chelate is 18-c-6 and x = 2. This reaction shares
similarities with those observed by both Cp*2Sm and BiPhs,! eq 6.1, as well as reactions of alkali
metals with the smaller triphenylpnictides,® P, As, Sb, eq 6.2 (but not BiPh3). The Cp*;Sm
reactions with BiPhs however produces a Cp*>SmPh(THF) similar to that observed with in this
study. However no product containing bismuth-bismuth bonds was observed in the [Gd(NR2)s]*
reactions described here.

Reactions of [Gd(NR2)3]*~ with PPh3 failed to produce phosphorus- or phenyl-containing
products regardless of chelating agent used: only cyclometallated products were recovered. This
contrasts both the reactions of alkali metals and Cp*2Sm with PPhs which display PPhs bond
cleavage and Sm—PPhs adduct formation respectively.? 3

The results presented here offer insights into the unique chemistry of these non-
traditional Ln(ll) ions and present routes to synthesizing new types of compounds not seen
before with physical properties of potential interest in the field of single molecule magnetism.
Differences in isolated products here highlight the variability in crystallization of products with
choice of chelating agent in compliment to that seen and discussed in Chapters 2, 4 and 5.

Experimental Details
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All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
or dinitrogen atmosphere. Solvents were sparged with UHP argon and dried by passage through
columns containing Q-5 and molecular sieves prior to use. [K(crypt)]Gd(NR2)s]** and [K(18-c-
6)]GAd(NR2)3]*?> were synthesized as previously reported. BiPhs (Alfa Aesar) was used as
received and PPhz (sigma) was sublimed under high vacuum before use.

[K(crypt)][Ph2BiGd(NR2)3], 1-Gd. Solid [K(crypt)][Gd(NR2)s] (crypt = 2.2.2-cryptand;
R = SiMes) (60 mg ) was added to a solution of BiPhs in Et2O (9 mg) at room temperature
resulting in an immediate color change from colorless to orange. The solution was allowed to
react for about 1 minute before being filtered and layered into hexanes. Placement into the
glovebox freezer at —35 °C overnight resulted in an orange/brown oil collected in the bottom of
the vial. After another 24 hours in the freezer small bright green crystals of 1-Gd were grew
from the oil.

[K(18-c-6)][PhGd(NR2)3], 2-Gd. Following the same reaction protocol described for 1-
Gd, [K(18-c-6)2][Gd(NR2)3] (60 mg) reacted with BiPhs to produce blue crystals identified as 2-

Gd, in addition to red crystals which were too small for x-ray diffraction studies.

X-ray Data Collection, Structure Solution and Refinement for ajr59 (1-Gd).

A green crystal of approximate dimensions 0.145 x 0.143 x 0.086 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2' program
package was used to determine the unit-cell parameters and for data collection (240 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT*? and

SADABS! to yield the reflection data file. Subsequent calculations were carried out using the
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SHELXTL program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later
determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. Disordered SiMes groups were
modelled isotropically in parts.

Least-squares analysis yielded wR2 = 0.1259 and Goof = 0.952 for variables refined
against 13613 data (0.83 A), R1 = 0.0555 for those 8442 data with 1 > 2.05(1).

There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that two ether solvent
molecules were present. The SQUEEZE"? routine in the PLATON™ program package was used

to account for the electrons in the solvent accessible voids.

Table 6.2. Crystal data and structure refinement for ajr59.
Identification code ajro9
Empirical formula C48 H100 Bi Gd K N5 O6 Si6

Formula weight 1417.19
Temperature 88(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

a=14.5635(10) A
b = 16.5028(12) A
c=16.6146(12) A
3724.2(5) A3

2

1.264 Mg/m3
3.433 mm-1
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a= 105.9130(10)°.
b= 102.5720(10)°.
g = 92.6360(10)°.



F(000) 1442

Crystal color green

Crystal size 0.145 x 0.143 x 0.086 mm3
Theta range for data collection 1.291 to 25.350°

Index ranges -17<=h<=17,-19<=k<=19,-20<=1<=20
Reflections collected 40179

Independent reflections 13613 [R(int) = 0.1051]
Completeness to theta = 25.350° 99.9 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.4296 and 0.3587

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 13613/0/618

Goodness-of-fit on F2 0.952

Final R indices [I1>2sigma(l) = 8442 data] R1 =0.0555, wR2 =0.1113

R indices (all data, 0.83 A) R1=0.1104, wR2 = 0.1259
Extinction coefficient n/a

Largest diff. peak and hole 1.689 and -1.024 e.A-3

Table 6.3. Bond lengths [A] and angles [°] for ajr59.

Bi(1)-C(1) 2.268(9)
Bi(1)-C(7) 2.270(9)
Bi(1)-Gd(1) 3.3516(5)
Gd(1)-N(2) 2.286(6)
Gd(1)-N(1) 2.296(6)
Gd(1)-N(3) 2.296(6)
C(1)-Bi(1)-C(7) 98.0(3)
C(1)-Bi(1)-Gd(1) 96.9(2)
C(7)-Bi(1)-Gd(1) 110.4(2)
N(2)-Gd(1)-N(1) 112.1(2)
N(2)-Gd(1)-N(3) 106.9(2)
N(L)-Gd(1)-N(3) 117.9(2)
N(2)-Gd(1)-Bi(1) 106.45(17)
N(1)-Gd(1)-Bi(1) 88.33(16)
N(3)-Gd(1)-Bi(1) 124.00(16)
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X-ray Data Collection, Structure Solution and Refinement for ajr64 (2-Gd).

A yellow crystal of approximate dimensions 0.347 x 0.253 x 0.161 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2' program
package was used to determine the unit-cell parameters and for data collection (90 sec/frame
scan time for a sphere of diffraction data). The raw frame data was processed using SAINT*? and
SADABS to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTL™ program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later
determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors®® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. Disordered SiMesz group and
carbon atoms on 18-c-6 chelates were modelled isotropically in parts

Least-squares analysis yielded wR2 = 0.1503 and Goof = 1.037 for 1241 variables

refined against 27315 data (0.76 A), R1 = 0.0564 for those 20840 data with | > 2.0c(1).

Table 6.4. Crystal data and structure refinement for ajré4.

Identification code ajré4

Empirical formula C48 H107 Gd K N3 012 Si6

Formula weight 1283.25

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=18.077(3) A a= 88.109(2)°.
b=18.516(3) A b=68.771(2)°.
c=22.029(4) A g =77.424(2)°.

Volume 6700(2) A3
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Z 4

Density (calculated) 1.272 Mg/m3

Absorption coefficient 1.211 mm-1

F(000) 2716

Crystal color blue

Crystal size 0.347 x 0.253 x 0.161 mm3
Theta range for data collection 1.239 to 26.372°

Index ranges -22<=h<=22,-23<=k<=23,-27<=1<=27
Reflections collected 73238

Independent reflections 27315 [R(int) = 0.0384]
Completeness to theta = 25.500° 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7456 and 0.5802

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 27315/0/1241

Goodness-of-fit on F2 1.037

Final R indices [1>2sigma(l) = 20840 data] R1 = 0.0564, wR2 = 0.1384

R indices (all data, ? A) R1=0.0790, wR2 = 0.1503
Extinction coefficient n/a

Largest diff. peak and hole 3.200 and -0.794 e.A-3

Table 6.5. Bond lengths [A] and angles [°] for ajr64.

Gd(1)-N(1) 2.301(4)
Gd(1)-N(2) 2.314(4)
Gd(1)-N(3) 2.326(4)
Gd(1)-C(1) 2.525(5)
Gd(2)-N(5) 2.313(4)
Gd(2)-N(4) 2.323(4)
Gd(2)-N(6) 2.326(4)
Gd(2)-C(25) 2.494(5)
K(2)-C(36) 3.391(5)
N(1)-Gd(1)-N(2) 103.92(15)
N(L)-Gd(1)-N(3) 110.86(15)
N(2)-Gd(1)-N(3) 120.09(14)
N(1)-Gd(1)-C(1) 113.04(16)
N(2)-Gd(1)-C(1) 111.44(16)
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N(3)-Gd(L)-C(1)
N(5)-Gd(2)-N(4)
N(5)-Gd(2)-N(6)
N(4)-Gd(2)-N(6)
N(5)-Gd(2)-C(25)
N(4)-Gd(2)-C(25)
N(6)-Gd(2)-C(25)

97.84(16)
106.42(14)
115.64(15)
116.66(15)
111.84(15)
108.82(15)

97.17(15)

224



References

arwn

o

11.

12.
12.
13.
14.
15.
16.

17.

W. J. Evans, S. L. Gonzales and J. W. Ziller, Journal of the American Chemical Society,
1991, 113, 9880-9882.

W. J. Evans, J. T. Leman, J. W. Ziller and S. I. Khan, Inorg. Chem., 1996, 35, 4283-4291.
D. Wittenberg and H. Gilman, The Journal of Organic Chemistry, 1958, 23, 1063-1065.
S. C. Coste, B. Vlaisavljevich and D. E. Freedman, Inorg. Chem., 2017, 56, 8195-8202.
T. Pugh, V. Vieru, L. F. Chibotaru and R. A. Layfield, Chemical Science, 2016, 7, 2128-
2137.

T. Pugh, N. F. Chilton and R. A. Layfield, Chemical Science, 2017, 8, 2073-2080.

T. M. Rookes, E. P. Wildman, G. Balazs, B. M. Gardner, A. J. Wooles, M. Gregson, F.
Tuna, M. Scheer and S. T. Liddle, Angew. Chem. Int. Ed., 2018, 57, 1332-1336.

A. J. Ryan, J. W. Ziller and W. J. Evans, Chemical Science, 2020, DOI:
10.1039/C9SC05794C.

G. Lin, Z. Jin, Y. Zhang and W. Chen, J. Organomet. Chem., 1990, 396, 307-313.

W. J. Evans, I. Bloom, W. E. Hunter and J. L. Atwood, Organometallics, 1985, 4, 112-
119.

A.J. Ryan, L. E. Darago, S. G. Balasubramani, G. P. Chen, J. W. Ziller, F. Furche, J. R.
Long and W. J. Evans, Chemistry—A European Journal, 2018, 24, 7702-7709.

A.J. Ryan, J. W. Ziller and W. J. Evans, Chemical Science, 2020, 11, 2006-2014.
APEX2 Version 2014.11-0, Bruker AXS, Inc.; Madison, WI 2014.

SAINT Version 8.34a, Bruker AXS, Inc.; Madison, WI 2013.

Sheldrick, G. M. SADABS, Version 2014/5, Bruker AXS, Inc.; Madison, WI 2014.
Sheldrick, G. M. SHELXTL, Version 2014/7, Bruker AXS, Inc.; Madison, WI 2014.
International Tables for Crystallography 1992, Vol. C., Dordrecht: Kluwer Academic
Publishers.

(@) Spek, A.L. SQUEEZE, Acta Cryst. 2015, C71, 9-19., (b) Spek, A. L. PLATON, Acta.
Cryst. 2009, D65, 148-155.

225



Epilogue

The intent of this study was to expand the understanding of 4f"5d* Ln(I1) ions of the non-
traditional ions Ln = La, Ce, Pr, Nd, Gd, Th, Dy, Er, Ho and Lu by investigating a non-
cyclopentadienyl ligand set, specifically the bis(trimethylsilylamide) NR> (R = SiMe3z). Over the
course of this dissertation it was revealed that complexes of the type [Ln(NR2)s]*~ for the smaller
lanthanide ions Ln = Nd, Gd, Th, Dy, Er, and Ho could be isolated from potassium reductions of
their trivalent precursors Ln(NRz2)s (Chapter 1). An example of [Y(NR2)s]}~ was finally isolated
in a crystalline by switching to two equivalents of 18-crown-6 (18-c-6) to chelate the K* cation
(Chapter 2). This Y(Il) complex exhibited significantly less stability than its size congeners Ho
and Er. While Y was long used as a convenient diamagnetic analog to assess the trivalent
chemistry of the late lanthanides, it would appear that upon reduction this analogy should not be
taken as true. Given that Y(Il) involves a 4d electron as opposed to a 5d electron in the non-
traditional Ln(11) ions, it is possible that there are parallels to the transition metals, where the 2"
row transition metals are known to be more reactive than their 3" row congeners.

Reduction reactions were observed to occur with Pr(NR2)s and Ce(NR2)s through color
changes to deep blue upon treatment with potassium even after filtration away from the reducing
agent. The fact that these complexes were never isolated may be due to the fact that the size of
the metal ion is simply too large to be sufficiently sterically saturated by the NR2 ligand to allow
isolation. Since the reduction is observed, it is possible that reduction in the presence of
substrates could still take advantage of the reductive chemistry of these putative Ln(ll) ions. In

the case of La however, no color change to deep blue was ever observed. Reduction reactions
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simply resulted in orangish brown solutions even when performed at low temperature indicating
there could be other factors at play.

In the case of the smallest lanthanide Lu, reduction reactions were observed and darkly
colored crystalline material was even recovered. Unfortunately, the crystals never survived long
enough to make it onto a diffractometer. While [Sc(NR2)s]* was observed to be stable at room
temperature,! this was not the case for any of the analogous lanthanide complexes in this study.
The most stable ion from throughout this work was found to be [Gd(NR2)s]*~, neither the largest
nor smallest ion and therefore neither the least nor most sterically saturated Ln(lIl) ion. It could
be that there are electronic factors at play here that are worth investigating.

Reactivity studies of [Ln(NR2)s]*" complexes showed a range of reduction products
(Chapters 3, 4, 5, and 6) many of which were never observed when looking at [Cp’sLn]!”
reductive chemistry (Cp’ = CsH4SiMez). One reason for this could be the ability of the
[Ln(NR2)3]*" to maintain all three amide ligands upon reduction of a substrate. This could lead to
cleaner reaction mixtures allowing for more facile crystal formation, a key technique in
identification of these paramagnetic ions. Evident in the isolation of the reduced N2 complexes of
Chapter 4, {[(R2N)sLn]o[p-7%:7*-N2]}, is the ability of the NR: ligands to splay back to
accommodate steric strain. Solvent is a critical factor as well. The [Ln(NR2)s]}~ complexes are
all ether soluble allowing reaction chemistry to be carried out in a solvent less coordinating than
THF. This was not the case for [LnCp’s]* complexes which were only soluble in THF.2 In the
case of the dinitrogen chemistry, where the strain on the NR> ligands is quite pronounced, use of
Et>O was essential to isolation of the complexes. The more strongly coordinating THF was able

to displace an NR: ligand in this case. Displacement of an NR> ligand is not necessarily a bad

227



thing with the potential to lead new and interesting reaction products and it should be encouraged
that any future work with these complexes be attempted in a variety of solvents.

The ability to isolate the end-on bound dinitrogen complexes with the lanthanide metals
was unprecedented and unexpected. This result bridged a gap between the previously observed
LnAs/M chemistry that yielded the neutral LnaN2 complexes [(R2N)2(THF)Ln]2(u-7%:5*-N2)* and
the isolated Ln(Il) ions. The isolation of the [K(2.2.2-crypt)[{[(THF)(R2N)2Gd]2[u-7%:#%-N2]}
with only Gd(Il) present as a possible reducing agent indicated that these Ln(Il) ions are
reducing enough to take (N2)? to (N2)*>". Examples of (N2)* ions with K coordinated showed that
there was room for further coordination on the dinitrogen unit. With this result in mind it may
worth investigating if Lnl> reductants such as Dyl> or Ndl» could serve a similar function
resulting in magnetically interesting trimetallic species. Additionally, the ability to isolate the
end-on complexes could be expanded to other somewhat bulky donor scaffolds, namely, OAr’
(OAr" = OCgHtBu,-2,6-Me-4) which was used in isolation of the first Nd, and Dy dinitrogen
complexes* or CHR; (R = SiMe3) a ligand known to make three coordinate lanthanide species in
a manner similar to NR>.

The results from Chapters 5 and 6 lend themselves to similarities of the non-traditional
ions to alkali metal reduction chemistry. This may be an area of the periodic table to look to
when searching for new substrates and bond cleavage products to isolate.

Overall the sensitivity of these systems to reaction conditions such as solvent, chelating
agent, and even choice of reductant leaves questions as to what can be discovered when the right
combination is found. One thing that is certain is none of this chemistry would have come about

if reactions that were thought to be impossible were not simply carried out.
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Appendix A

Structures and Spectroscopic Data of {[(R2N)sLn]2[u-1*:5*-N2]}*>~ Complexes

(R=SiMes; Ln=Dy,x=1,2; Ln=Th, Y,x=1)

Introduction

The isolation of the {[(R2N)sLn]2[u-7*:#*-N2]}*" (R = SiMes) complexes described in
Chapter 4 suggested a trend that based on Ln ion size the coordination mode of the N unit could
be influenced, i.e. a smaller metal ion would result in more steric strain and a purely end on
binding mode of the N2 unit. Reactions to form Dy and Y analogs of {[(R2N)sLn]2[p-#*:n*-
N2]}* were performed to test this theory. The synthesis of Y had the dual utility to allow
spectroscopic probing into the DFT proposed triplet state of the N2 unit by EPR spectroscopy.

Additionally, UV-visible spectroscopy of the N> complex [K(crypt)]{[(R2N)sLn]2[p-
ntnt-N2]} (crypt = 2.2.2-cryptand) was carried out at low temperatures in attempts to observe
the reversible nature of the N> binding.
Results and Discussion

[K2(18-c-6)3]{[(R2N)sDy]2[u-#*:#*-Nz2]}, 1-Dy. Dissolving solid [K(18-c-6)2][Dy(NRz2)s]
(R = SiMes; 18-c-6 = 18-crown-6) in dinitrogen saturated Et,O at —78 °C produced an immediate
color change to yellow. Placement in the glovebox freezer at —35 °C resulted in small yellow
crystals of [K(18-c-6)2]{[(R2N)sDy]2[p-7*:7*-N2]} (X = 1, 2), 1-Dy. This complex was found to
be isomorphous to [K(18-c-6)2]{[(R2N)3Gd]o[u-7*:7*-N2]} of Chapter 4. 2-Dy showed a 50:50
disordering of end on and side on coordination of the dinitrogen unit, Figure A.1. This was
unexpected given that the Tb analog showed a purely end on coordination mode. The structure

was of low quality and allowed for observation of connectivity only.
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Figure A.1. Ball and stick representation of 1-Dy.

[K(crypt)]2{[(R2N)3Y]2[u-*: -N2]}, 2-Y. Addition of a solution containing Y(NR2)3
and 2.2.2-cryptand in dinitrogen saturated Et,O to a pre chilled vial (— 78 °C) of KCsg in a
dinitrogen filled glove box resulted in an immediate color change from colorless to yellow.
Filtration followed by placement in the glovebox freezer at —35 °C resulted in small yellow
crystals of [K(crypt)l2{[(R2N)sY12[u-*:#*-N2]}, 2-Y. The crystals were suitable for X-ray
diffraction but were only of quality to support a connectivity structure. 2-Y was not isomorphous

with any of the other [K(crypt)]2{[(R2N)sLn]2[p-#*:7*-N2]} complexes from Chapter 4. 2-Y
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crystallized in the P21/n space group and displayed a purely end-on coordination of the bridging

N2 unit to the two Y centers with two outer sphere [K(crypt)]** cations, Figure A.2.

Figure A.2. Ball and stick representation of 2-Y.

EPR Spectroscopy of 2-Y. 2-Y was generated in situ as stated above before being

filtered into an EPR tube which was immediately frozen and transported to the EPR spectrometer

where 8 K spectra in both parallel and perpendicular mode were collected on the yellow solution.
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The spectra were not so straightforward but are displayed below. The parallel mode spectrum
shows features at g values of 22, 11.7, 7.1, 4.9, 3.7 and 2.5. The perpendicular mode spectrum
shows two signals somewhat resembling the two-line pattern commonly observed in Y(II)
complexes. If taken as a doublet, however, the signal is centered at g = 2.82 with an A value of
2090 G, these values are not consistent with any Y(II) species observed to date. There also
appears to be fine structure on the two lines of the perpendicular mode spectrum potentially

originating from the nitrogen donor atoms. Clearly further investigation is required.

EPR of 2-Y (parallel mode)

0 1000 2000 3000 4000 5000 6000 7000
Magnetic Field (G)

Figure A.3. Parallel mode EPR spectrum of 2-Y taken on a X-band EPR spectrometer collected

at 8K.
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EPR of 2-Y (perpendicular mode)

0 1000 2000 3000 4000 5000 6000
Magnetic Field (G)

Figure A.4. Perpendicular mode EPR spectrum of 2-Y collected on a X-band EPR spectrometer
collected at 8K.

Optical Spectra of [K(crypt)][{[(R2N)sTb]z[u-%':*-N2]}, 2-Th. Low temperature UV-
visible experiments were performed on the [K(crypt)]{[(R2N)sTb]2[u-7*:%7*-N2]} complex
described in Chapter 4 in an attempt to investigate the reversible binding nature of the dinitrogen
unit. To perform the experiment solid [K(crypt)][Tb(NR2)s] was dissolved in Et,O at =78 °C in a
1 cm UV-vis cell fitted with a septum. The spectrum collected at —78 °C showed a two signals,
Figure A.5, one at 600 nm which is consistent with divalent ion in solution and one at 400 nm
which is consistent with a reduced N2 species like that observed for [K(crypt)][{[(R2N)sSc]2[u-
717*-N2]}. There did not appear to be any growing of the 400 nm peak as the temperature was

held steady but a reduction of the peak at 600 nm was observed over time.
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2-Tb

Absrobance

350 450 550 650 750 850 950
Wavelength (nm)

Figure A.5. UV-Visible spectrum of 2-Tb collected in Et,O at —78 °C

Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
or dinitrogen atmosphere. Solvents were sparged with UHP argon and dried by passage through
columns containing Q-5 and molecular sieves prior to use. [K(crypt)]Tb(NR2)s]?> and [K(18-c-
6)]Dy(NR2)s]® were synthesized as previously reported. Electronic absorption spectra were
recorded in a 1 cm cuvette on an 8453 Agilent UV-Vis spectrometer equipped with an Unisoku
Unispeks cryostat. X-band (9.28 GHz) EPR spectra were collected as frozen solutions using a
Bruker EMX spectrometer equipped with an ER041XG microwave bridge.

[K2(18-c-6)3]{[(R2N)sDy]z[u-7*:4*-Nz2]}, 1-Dy. Solid [K(18-c-6).][Dy(NR2)3] was
dissolved in dinitrogen saturated EtoO at —78 °C. The solution immediately turned yellow and

was replaced in the glovebox freezer at —35 °C. Small yellow crystals of 1-Dy formed overnight.
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[K(crypt)]2{[(Rz2N)3Y]2[u-n*:#*-N2]}, 2-Y. Y(NR2)3 and 2.2.2-cryptand were added as a
solution in dinitrogen saturated Et.O to a pre chilled vial (— 78 °C) of resulting in an immediate
color change from colorless to yellow. The solution was filtered cold and placed in the glovebox

freezer at —35 °C. Small yellow crystals of 2-Y were formed overnight.
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Appendix B

Attempts to synthesize U(hfac)s(solvent)x

Introduction

There is interest in generating volatile uranium complexes for applications in isotope
enrichment for the nuclear fuel process. The hexafluoracetylacetonate (hfac) ligand was found to
coordinate to the lanthanide metals and create volatile monomeric complexes capable at being
sublimed under vacuum at 80 °C.} An example of a U(hfac)s(diglyme) complex was synthesized
once by former Evans group member Dimitri Giarikos from reactions (UO2)** with the
protonated ligand Hhfac, but this was not ever reproduced.?
Results and Discussion

Initial investigations were carried out through reaction of Ulz and Na(hfac) in an effort to
produce the U(hfac)s complex described above. Addition of solid Uls to a solution of Na(hfac) in
THF led to a color change to brown. Upon filtration and layering into hexanes crystals of an
octa(uranium) cluster were isolated reproducibly from the reaction mixture. The structure
features eight uranium centers and eight Na ions twelve fully intact (hfac)® ligands in addition to
six interstitial 0%~ donors two fused ligands of the type (C1oHsF1204)%>" two fused ligands of the
type [(OsCsH2(CFs)2]° and four fragmented hfac ligands of the type O,C(CFs)'", [UsNas]. The
total anionic charge arising from the complex was counted at —42. Taking into consideration the
eight Nal* ions that leaves a charge of —36 to be accounted for by the eight U centers.
Considering the two most stable oxidation states of uranium, U(IV) and U(VI), the charge can be
balanced considering the eight U ions in the cluster to be composed of two U(VI) centers and six

U(IV) ions. Later crystallizations were performed in the presence of a magnet and crystal
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formation was greatest in the area covered by the magnet. This would be consistent with the

suggestion of a high number of U(1V) ions in the complex giving the cluster a high moment.

Figure B.1. Ball and stick representation of the octa(uranium) cluster octa(sodium) cluster,

[UsNas]. Fluorine and hydrogen atoms excluded for clarity.

If the same reaction was performed at low temperature (=78 °C), a different product was
isolated, Figure B.2. The structure from the low temperature reaction showed a dimeric species
of two U(IV) centers bridged by a fused hfac ligand, [(hfac).U(THF)2]2(O4C10F12). The structure
shows a reductive coupling of two hfac ligands to form the tetra-anionic (OsCioF12)*" unit. This
result sheds light on the difficulties in isolating U(hfac)s(solvent) given that the U(lII) ion is

obviously reducing enough to react with the hfac ligand.
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Figure B.2. Thermal ellipsoid plot of [(hfac)U(THF)2]2(04C10F12) drawn at the 50% probability

level. Hydrogen atoms excluded for clarity.

Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
or dinitrogen atmosphere. Solvents were sparged with UHP argon and dried by passage through
columns containing Q-5 and molecular sieves prior to use. Na(hfac) was dissolved in THF and
stored over 3A molecular sieves for a week before use. Uls was synthesized according to

literature precedent.®
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[UsNas]. Addition of Uls to a stirring solution of Na(hfac) at room temperature results in
the formation a color change to brown. Upon filtration and layering into hexanes, crystals of
[UsNas] formed overnight.

[(hfac)2U(THF)2]2(O4C1oF12). Following the same procedure described for the formation
of [UsNas] but at —78 °C, crystals of [(hfac).U(THF)2]2(O4C1oF12) were isolated overnight when

the layered solution was placed in the glovebox freezer at —35 °C.
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Appendix C

Investigation of CsMes(SiMez'Bu) as a Ligand for

Rare Earth and Uranium Complexes

Introduction

Recent work by Mills and coworkers has resulted in a near linear dysprosocenium
complex displaying magnetic hysteresis up to 60 K, [DyCp™;]** (Cp™ = CsH2(CMes)s).t The
near linearity was achieved by utilizing the sterically demanding tri(tert-butyl)-substituted
cyclopentadienyl ligand Cp™. Long and Harvey expanded upon this work by generating a series
of near-linear dysprococenium complexes [Dy(Cs'PraX)]** using ligands Cs'PrsX where X was
varied between H Me, Et and 'Pr and measuring their subsequent magnetic properties.? The
largest Cp(cnt)-Dy-Cp(cnt) angle was achieved with Cs'Prs. Surprisingly, this complex did not
show the highest blocking temperature. Rather, the Cs'PrsMe ligand showed a blocking
temperature 6 K higher.?2 The result was rationalized by the increase in bond distances found in
[(Cs'Prs)2Dy]** vs [(Cs'PrMe).Dy]** ligand which led to a decreased reinforcement the magnetic
anisotropy. The Cs'Prs ligand was however found to be useful in the stabilization of Ln(ll) ions
for Dy and Tb in the form of (Cs'Prs)Ln.2

To this end, the CsMes(SiMez'Bu) (Cp®) ligand was investigated due to its ability to
facilitate linear bis(cyclopentadienyl) complexes of both Pb* and Sn® which, even with the
relatively bulky CsHs(SiMes). ligand, form bent metallocene complexes®® similar to those seen

in the lanthanides.
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Results and Discussion

Initial reactions were carried out with two equivalents of LiCp® (Cp® = CsMes(SiMe2'Bu)) and
Y (OTf)s as the rare earth precursor in THF. While NMR evidence suggested formation of the a
yttrium Cp® product, no crystalline material was isolated.

The most success with this ligand was observed with Uls as the starting material.
Reaction of Uls with two equivalents of LiCp® in THF resulted in a gradual color change from
purple to green. Removal of THF and extraction into toluene followed by cooling in the
glovebox freezer resulted in crystals of CpS;U(u-I2)Li(THF), as determined by X-ray diffraction,

Figure C.1.

Figure C.1. Thermal ellipsoid plot of CpS;U(u-12)Li(THF), drawn at the 50% probability level.

Hydrogen atoms excluded for clarity.
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Reactions of CpS,U(u-12)Li(THF), in toluene over KCg were carried out in order to
evaluate the reductive chemistry. Upon filtration the KCg appeared to be used up and the toluene
solution was layered into hexanes and placed in the glovebox freezer at —35 °C. Bright green
crystals formed overnight. X-ray diffraction showed the structure to be the monoiodide complex

CpSUI(THF), Figure C.2.

Figure C.2. Thermal ellipsoid plot of CpS;UI(THF) drawn at the 50% probability level.

Hydrogen atoms excluded for clarity.
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Experimental Details

All manipulations and syntheses described below were conducted with the rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon
or dinitrogen atmosphere. Solvents were sparged with UHP argon and dried by passage through
columns containing Q-5 and molecular sieves prior to use. Y(OTf)s was dried on high vacuum
before use. Uls® and LiCsMes(SiMe2'Bu) # were synthesized as previously reported.

Reaction of Y(OTf)s with LiCpS. LiCp® was added as a solution in THF to a stirring
solution of Y(OTf)s in THF. The solution was allowed to stir overnight and a white precipitate
gradually formed. The solvent was removed and solids were extracted into toluene. No crystals
were formed upon placement in the glovebox freezer at —35 °C.

CpS2U(u-12)Li(THF)2. LiCp® was added as a solution in THF to a stirring suspension of
Ulsin THF. The solution was allowed to stir overnight, and a white precipitate gradually formed.
The solvent was removed, and solids were extracted into toluene. Crystals of CpS;U(u-
I2)Li(THF)2 grew from toluene overnight.

CpS2UI(THF). CpSU(u-l2)Li(THF), was dissolved in toluene and added to a vial
containing KCs. The reaction was allowed to proceed over 3 days before being filtered and

layered into hexanes. Crystals of CpS;UI(THF) formed overnight.
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