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SUMMARY

Overall, this thesis describes the synthesis and characterization of ligand
architectures to study f-element photochemistry. Chapter 1 provides a general
overview of photocatalysis and uses and need to develop photochemistry in the
lanthanides. Chapter 2 describes efforts into developing new lanthanide starting
materials to advance the field in general, but to also provide a wider set of materials
available to use in facilitating discoveries across the f-block. These new starting
materials involve the synthesis and characterization of diethyl ether adducts of
trivalent lanthanide iodides. Chapter 3 of this thesis describes the work done on
the synthesis of an anionic phenylpyridine ligand to develop lanthanide analogs of
commonly used photocatalysts and photosensitizers in the organic methodology
community. The synthesis and characterization of the ligand salt and metalation to
yield Cp*2Sm(ppy) is described. Two appendices are also included which describe
synthesis and metalation studies of two other ligand sets, a triamine pincer ligand
and an imidophosphorane ligand, that will be used in studying the photochemistry

of the lanthanides.
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CHAPTER 1. INTRODUCTION

1.1 Photocatalysis

The development of efficient photochemical reactions for energy storage
has been a foremost goal of inorganic chemistry for 20 years.! Over the past few
decades, there has been significant scientific research efforts dedicated to the
development of efficient, but also practical, photocatalysis. The most popular and
studied photocatalysts include transition-metal photocatalysts. Ru- and Ir-based
polypyridyl complexes have been crucial to photoredox catalysis.?3 A wide range
of powerful methodologies dependent on photosensitizers to provide sufficient
driving force to achieve reactive intermediates have been developed.*® These
photocatalysts can generate reactive intermediates due to their capability to
absorb light and then start electron or energy transfer reactions from the excited
states.

The key to a successful molecular photosensitizer is its ability to harvest
high-energy blue light (440 nm, 2.82 eV) for reactivity as this is the intensity
maximum in the solar spectrum.>” Commonly used molecular photosensitizers
accomplish their photoredox processes exclusively through outer-sphere electron
transfer reactions. For example, in catalytic quenching, electrons from the excited
state of the photosensitizers are transferred to an acceptor to afford a
photochemical reaction. These methodologies are highly limited by what is
available. For example, [Ru(bpy)s]** (Figure 1.1A), Ir(ppy)s (Figure 1.1B), and their

analogs (bpy = bipyridine and ppy = phenylpyridine) are the most common



photosensitizers used for visible light photoredox catalysis due to their wide

commercial availability.

(A) (B)

Figure 1.1. Examples of d-block metal photosensitizers.

These photosensitizers are also advantageous because of their long
excited state lifetime of up to 1,900 ns due to the relaxation of a triplet excited state
to a ground state singlet.® These singlet-triplet transitions are forbidden and
therefore are slow. However, the scope of organic substrates that these
photosensitizers can act upon is significantly limited by the redox potentials
obtainable by the photoexcited states of these complexes, which are tuned
primarily by the substitutions on and derivatizations of the polypyridyl ligand.
Modification of the ligand on these transition metal catalysts allows for tuning the
excited-state redox properties.® Efforts have also focused on extending successes
with second and third row transition metals to first row transition metals, such as
Fe,® Cu,’® and Cr," and other earth-abundant metals due to their terrestrial

availability.’?'3 There has also been some work on using organic photocatalysts



as complimentary reactive species to promote sustainability.'* Design principles of

both earth-abundant metal and organic photocatalysts have been reported.'>-'8

1.2 Lanthanides and Photochemistry

The lanthanides are a group of 15 elements which comprise of lanthanum
through lutetium. These elements have been long studied for purposes as
luminescent materials.’® Lanthanides have many advantageous characteristics
that can be utilized for photocatalysis but have largely been unexplored in the
context of photochemistry. The application of lanthanides has been highly
streamlined into the development of sensors?® and phosphors;?! however, this is
based on f-f transitions and the photophysics of lanthanides rather than the
photochemistry. Since the lanthanides have terrestrial abundance similar to the
late first row transition metals, technologically relevant applications can be

envisioned for photochemical energy conversion and storage.??

The f-f transitions of the lanthanides, like the d-d transitions of the transition
metals, are Laporte forbidden and thus suffer from low extinction coefficients and
quantum yield. However, as with the transition metals, charge transfer — ligand-to-
metal (LMCT), metal-to-ligand (MLCT), and in the case of bimetallic systems,
metal-to-metal (MMCT) charge transfer — can yield significant absorptivity,
quantum yield, and excited state lifetimes. Lanthanides can also be excited by f-d

transitions, a promotion of an f-electron to a higher energy d-orbital (Figure 1.2).
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Figure 1.2. Examples of possible electronic transitions in the lanthanides.

These transitions are spin-allowed and can result in highly emissive
complexes, common in cerium and praesodymium due to a low f-d energy gap.?®
Therefore, it is possible to explore productive photochemistry with lanthanides,
given their high molar absorptivity transitions, such as charge transfer and f-d
transitions. Nevertheless, the lanthanides currently have found few photochemical
applications because of their unique synthetic challenges they present. Their
limited redox chemistry combined with the confined, core-like nature of the f-
orbitals make many ligands used in photochemical applications unsuitable. New
ligands and alternative synthetic methodologies can be developed to adapt to the
preferred coordination geometry and relevant redox potentials of the lanthanides,

allowing for the efficient absorption of light with sufficient excited state lifetimes to



perform productive photochemistry for small molecule activation and organic

transformations.

1.3 Examples of f-Element Photochemistry

There are limited examples of molecular f-element photochemistry.
Recently, Schelter has reported a cerium(lll) fris-amide complex displaying an 4f-
5d transitions in the visible region (Scheme 1.1).24 The strongly reducing character
of this ligand set can afford photochemical halogen atom abstraction reactions.
Schelter has also shown that the hexachlorocerate(lll) anion has been used a
potent photoreductant toward aryl chlorides due to the redox active cerium(lll)
cations behaving like d-block-type metalloradicals to engage in single electron
transfer (SET) reactions.?®> This work has been further expanded upon to
demonstrate the first photoinduced carbon(sp?)-heteroatom bond forming reaction
using a lanthanide as a photoreductant in a photoinduced Miyaura borylation.?
Schelter has advanced this work looking at the design principles of Ce(lll)
photocatalysts. They found that complexes with smaller amide ligands showed
more reducing potentials, faster electron-transfer rates, and improved efficiency

when using a photocatalytic phenylation of an aryl bromide as a model system.

Scheme 1.1. Molecular cerium halogen atom abstraction.

Cermmunyes hv, PhCH,CI Cezmmmn(SiM
(Me;Si),N~ \ N(SiMes), > (Me,Si);N~~ N(SiMes),
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In the early 2000s, Kiplinger synthesized early-actinide
pentamethylcyclopentadienyl (Cp*) complexes to study their electronic structure
and redox properties.?®> These studies with the actinides have shown that the
inclusion of nitrogen-containing ligands (ketimides) contribute to energetically low-
lying orbitals. These studies have shown that the incorporation of nitrogen-donor
ligands provides for much richer electronic properties compared to halide or alkyl
ligands and stabilizes the pentavalent state of uranium. Mixing occurs between the
states of the 5f" manifold and the charge transfer states of different parity. There
is an enhancement in the f-f bands with the ketimide ligand due to an intensity-
generating mechanism. The intensity enhancement is proportional the charge
transfer transition and is inversely proportional to the energetic separation between
the charge transfer states and the f-f states. Therefore, as the separation between
the f-f states and the charge transfer states decreases, there is an increase in f-f
transition intensity due to low-energy charge transfer transitions that are close in
energy to the f-f states. Neither the transition intensities nor the transitions, strictly
speaking, can be close to the states. This strategy has been used with transition
metals to increase the intensity of forbidden d-d transitions to generate long-lived
excited states.?” This work has progressed to show that a terminal uranium nitride
can be generated by the photolysis of an azide precursor, which releases
dinitrogen followed by insertion of the intermediate into the

pentamethylcyclopentadienyl ligand C-H bond (Scheme 1.2).28



Scheme 1.2. Molecular uranium photolysis.
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Evans has shown that with an appropriate ligand set, trivalent lanthanide

complexes can be photochemically activated leading to a powerful reductive

reactivity sufficient to reduce dinitrogen.?® For example, the heteroleptic tris(Cp*)

lanthanide complex has low-energy LMCT absorptions that can be photoactivated

to reduce dinitrogen (Scheme 1.3).2° More recently, work has been done to show

that photoreductive chemistry is possible with more easily reduced lanthanides

based on tailored ligand frameworks for LMCT transitions.3°

Scheme 1.3. Molecular lanthanide photochemically induced dinitrogen activation.

1.4

This f-element

hV, N2
—_—

- (CsMe4H),

photochemistry has applications

Applications of Lanthanide Photochemistry

in  photovoltaics,

photoredox organic chemistry, and in photoredox small molecule catalysis. The

long-lived excited states of these complexes are desirable since the excited-state



lifetime correlates with the capacity for productive photochemistry. The large redox
potentials for photoexcited lanthanide complexes can be employed to improve the
efficiency of photovoltaic devices. Tuning these lanthanide chromophores to highly
absorb upon the irradiation of visible light will enable powerful photoredox catalysis
in a variety of organic transformations. Lanthanide photoredox catalysts can also
be coupled to an electrochemical system to create a photoelectrochemical device
for chemical energy storage. These f-element complexes are also applicable as
emissive materials, complementary to sensitized f-f luminescent materials for
phosphors. The fundamental coordination chemistry and photochemistry
described here can be will have a broad impact on several scientific communities
and on the use and demand for energy in society. The development of efficient
systems for the use of light to power chemical transformations is imperative for a

sustainable energy economy.
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CHAPTER 2.  LANTHANIDE STARTING MATERIALS

21 Note on Collaboration

This chapter is based on collaborative research efforts currently under
review for publication. All authors (Thaige P. Gompa, Natalie T. Rice, Dominic R.
Russo, Luis M. Aguirre Quintana, John Bacsa and Henry S. La Pierre) agree to
the description of the work as a whole in this Master's Thesis and the reuse of
images herein. The synthetic work contributed by Brandon Yik is detailed in the

Experimental section.

2.2 Background

Starting material development is important to the synthesis and discovery
of new f-block complexes. Recent interests in the f-block include single-molecule
magnets’® and low-valent transuranic complexes.®'> The discovery and
development of new lanthanide and actinide starting materials is necessary to
further develop these fields. The development of new lanthanide complexes will
also aid in the synthesis of new transuranic complexes. Trivalent lanthanides are
the closest analogs to trivalent transuranic metals. This is due to similar ionic radii
of the lanthanides and actinides. For example, Nd% (1.01 A) would be a
representative analog for Np%* (1.01 A)."® Metal iodide starting materials are
common in actinide chemistry and thus it would be important to elucidate the

synthesis of lanthanide iodide complexes.'*
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There is literature precedence for lanthanide triiodides both in solution.
Syntheses in solution involve reaction of lanthanide (Ln) oxides or metal with
hydroiodic acid followed by dehydration with ammonium iodide."® Additional
syntheses involve the reaction of Ln oxides with ammonium iodide at high
temperatures'®'” and Ln metal with iodine, diiodoethane or iodoform.'823 A
number of reports include the preparation of f-block starting material complexes in
low-polarity solvents, including diethyl ether, to access low-coordinate and low-
valent f-block complexes.'* 242> These materials can then be solvated in THF that
can be easily crystallized in two primarily useful forms: Lnl3(THF)4 (Ln = La, Ce,
Pr) and as the mixed salt [Lnl2(THF)s][Lnl4(THF)2] (Ln = Nd, Sm, Gd, Dy, Er, Tm,
Yb).2". 2627 From here, these lanthanide iodide tetrahydrofuran adducts can be
used in metalation reactions or be derivatized to make other starting materials such

as Ln[N(TMS).]3,28 LnBns,2° and LnCp*3.%°

2.3 Results and Discussion
2.3.1 Synthesis of Lnl3(OEtz)x

The syntheses of the diethyl ether complexes of lanthanide triiodides begin
with treating lanthanide metal turnings or power (up to gram-scale) with a faintly
substoichiometric amount of iodine (<1.5 eq) in diethyl ether. The
substoichiometric amount of iodine is crucial to avoid formation of red-brown [I3]".
The mixture was stirred for 4 days, yielding the diethyl ether complex, Lnl3(OEt2)x.
The material was isolated on a sintered glass fritted funnel and washed with diethyl

ether to remove any possible residual iodine solution. The solid material may

13



contain any residual metal and must be mechanically removed before the material
can undergo further reactions. In addition, because of the different degrees of
partial solvation by diethyl ether, each batch of material must be subject to
elemental analysis to determine the amount of coordinated diethyl ether. This is

important in reactions that require precise stoichiometric control.

Scheme 2.1. Two-step synthesis of 2-Ln and 3-Ln via diethyl ether adduct, 1-Ln.
Lanthanides depicted in red are structurally characterized as 1-Ln and yields are

given over two-steps.
—  Lnly(THF); (2-Ln)

1491, Ln = La (62%),
i 73%), Pr (70%
Ln® ———  Lnly(OEty);, Ce (73%), Pr (70%)
Et,O THF
", 4 d (1-Ln) Soxhlet

L [Lnly(THF)5][Lnl4(THF),]  (3-Ln)

Ln = Nd (70%), Sm (77%), Gd (70%), Tb (82%),
Dy (91%), Ho (81%), Er (77%), Tm (60%)

2.3.2 X-ray Crystal Structures of Tbl3(OEtz)3 and Tml3(OEtz)3

Single crystal X-ray diffraction data was obtained for Ln = Ce, Pr, Nd, Sm,
Gd, Tb, Tm. The author synthesized and obtained crystal data for 1-Tb whereas
the data for other 1-Ln complexes were obtained by other members of the group.
X-ray diffraction quality single crystals were grown from a concentrated solution of
1-Ln at -35 °C. These lanthanide triiodide diethyl ether adducts take on a pseudo-
octahedral geometry with meridional orientation of the iodides and diethyl ether

molecules. The crystal structure of 1-Tb, Tblz(mer-OEt2)s, is shown in Figure 2.1.
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Figure 2.1. Molecular structure of 1-Tb with thermal ellipsoids shown at 50%
probability. H atoms are omitted for clarity.

This complex is isostructural to other 1-Ln complexes crystallographically
characterized by our group (Ln = Ce, Pr, Nd, Sm, Gd, Tb, Tm). The majority of
these complexes crystallize in the Pbcn space group (Ln = Ce, Pr, Sm, Gd, Tb),
however, 1-Nd and 1-Tm deviate and crystallize in the Pna21 and P-1 space
groups, respectively. Data collected for 1-Tm also does not give suitable
refinement, although connectivity can be confirmed. These different space groups
show the soft potential that these complexes have for crystallization and that there

is sensitivity to diethyl ether ligand loss.

15



@
HY

()

)
& (1)

/‘\ ‘B\ P /'7/
e @ *

LN
e

é;c.-

Figure 2.2. Molecular structure of 1-Tm with thermal ellipsoids shown at 50%
probability. H atoms are omitted for clarity.

The crystal structure of 1-Tb shows a pseudo-octahedral metal center that
is coordinated by two axial iodides and one equatorial iodide, along with three
meridional diethyl ether molecules. The lax-Tb-lax bond angle is 177.822(9)° and
the lax-Tb-leq bond angles are both 88.911(4)°. The Tb-lax bond lengths are both
3.0004(3) A and the Tb-leq bond length is 2.9706(4) A.

The Ln-lI bond length for the structurally characterized complexes in the
Pbcn space group can be compared with the lanthanide’s ionic radius. This would
demonstrate the effect of lanthanide ion contraction moving across the series.
Figure 2.3 shows this trend as metal ionic radius decreases, so does the equatorial
Ln-I bond length. The linear fit is great, with an R? value of 0.99, meaning that the
linear model fits the data very well, with a slope of 1.0764. The y-intercept in this
model is 1.975, which represents the ionic radius of an iodide anion. This value is
slightly shorter than the Shannon ionic radius for iodide, 2.2 A."3 Overall, this model

is consistent with structural implications of ionic bonding."
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Figure 2.3. Plot of the equatorial Ln-I bond distance relative to the trivalent metal
ionic radii in the Pbcn space group.
2.3.3 Synthesis and Characterization of Lnl3(THF)x

Tetrahydrofuran adducts of the lanthanide triiodides are obtained by
Soxhlet extraction of the Lnl3(OEt.)x material with THF. An advantage of a Soxhlet
extraction versus using the diethyl ether adduct is that residual metal and metal
oxide are left on the sintered glass frit of the thimble in the apparatus and the THF
adducts are more well-defined. Early lanthanides form THF adducts as a neutral
species in the form of Lnl3(THF)4 (Ln = La, Ce, Pr), whereas the late lanthanides
form adducts as a charge-separated species, [Lnl2(THF)s][Lnls(THF)2] (Ln = Nd,
Sm, Gd, Tb, Dy, Ho, Er, Tm). This two-step process of first synthesizing the diethyl
ether adduct then converting it to the THF adduct gives good to excellent yields

(60-91%). The structure (neutral or charge-separated) of the THF adduct was
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established by comparison of the lattice parameters with known structures.?'- 26-27
The charge-separated terbium triiodide THF adduct has not been previously
reported and is structurally characterized here.

Lanthanide metal content of 2-Ln and 3-Ln were determined by
complexometric titration using the disodium salt of ethylenediaminetetraacetic acid
(EDTA).32 A buffer solution was made using hexamethylenetetramine as the buffer
and Xylenol Orange as the indicator. Roughly 20-70 mg of either 2-Ln or 3-Ln was
dissolved in the buffer solution. Then, a 0.15022 M solution of EDTA in H20 was
used to titrate the sample. EDTA binds to lanthanides to form a 1:1: Ln-EDTA
complex. The endpoint of the titration is determined visually, when the solution
changes color to yellow, signaling that the end-point has been reached. Titrations
for each metal complex was completed in triplicate over a range of metal complex
masses and the averages of the triplicate are reported in Table 2.1. Overall, the
complexometric titration gave good results for the lanthanide metal content found
in 2-Ln and 3-Ln, with the largest difference of 0.24% for 2-Ce but only a 0.02%

difference for 3-Dy.
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Table 2.1. Lanthanide metal content of 2-Ln and 3-Ln found by complexometric
titration.

Complex Found Metal % Required Metal %
2-La 17.34 17.19
2-Ce 17.55 17.31
2-Pr 17.49 17.40
3-Nd 18.61 18.56
3-Sm 19.31 19.19
3-Gd 19.78 19.90
3-Tb 20.10 20.06
3-Dy 20.45 20.43
3-Ho 20.52 20.65
3-Er 20.99 20.90
3-Tm 21.48 21.06
3-Yb 21.31 21.45

2.3.4 X-ray Crystal Structure of [Tblo(THF)s][Tbl4(THF)2]

The charge-separated terbium triiodide THF adduct was synthesized as
outlined above, through the Soxhlet extraction of the Lnl3(OEt:)x residue with THF.
Crystallization from a concentrated solution of 3-Tb at room temperature yielded
single colorless prism-shaped crystals of [Tbl2(THF)s][Tbla(THF)2]. The molecular
structure of 3-Tb is shown in Figure 2.4. 3-Tb crystallizes as ion pairs with the
same structural motif as the previously reported analogous, smaller lanthanide

complexes (Ln = Nd, Sm, Gd, Yb).?"-26-27 The cation assumes a slightly distorted

19



pentagonal bipyramidal geometry with two axial, frans iodides and four equatorial
THF molecules. The anion adopts an octahedral geometry with two axial THF

molecules and four equatorial iodides.

Figure 2.4. Molecular structure of 3-Tb with thermal ellipsoids shown at 50%
probability. H atoms are omitted for clarity.
24 Conclusion

In summary, the synthesis for diethyl ether adducts of trivalent lanthanide
complexes, [Lnls(mer-OEt2)3], with the exception of Ln = Pm and Eu, has been
achieved. Structural information for Ln = Ce, Pr, Nd, Sm, Gd, Tb, and Tm has been
obtained, with Ln = Tb and Tm being reported here. These starting materials can
be converted to the well-defined THF adducts and with the structural
characterization of [Tblo(THF)s][Tbl4(THF)2], expanding the previously

characterized set of known THF adducts.
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2.5 Experimental
2.5.1 General Considerations

Unless otherwise noted, all reagents were obtained from commercial
suppliers and the syntheses and manipulations were conducted under argon with
exclusion of oxygen and water using Schlenk techniques or in an inert atmosphere
box (Vigor) under a dinitrogen (<0.1 ppm O2/H20) atmosphere. The glovebox is
equipped with two -35 °C freezers. All glassware and cannulae were stored in an
oven over-night (>8 h) at a temperature of ca. 160 °C. Celite and molecular sieves
were dried under vacuum at a temperature >250 °C for a minimum of 24 h. Diethyl
ether and tetrahydrofuran were purged with UHP-grade argon (Airgas) and passed
through columns containing Q-5 and molecular sieves in a solvent purification
system (JC Meyer Solvent Systems). All solvents in the glovebox were stored in
bottles over 3 A molecular sieves. X-ray structural determinations were performed

at the Georgia Institute of Technology on a Bruker D8 Venture diffractometer.

2.5.2 Synthetic Procedures

2.5.2.1 Tbl3(OEtz)s (2-Th)

To a slurry of terbium powder (0.4020 g, 2.529 mmol, 1.0 eq) in 20 mL of
diethyl ether in @ 100 mL Schlenk flask was added a solution of iodine (0.4960 g,
3.769 mmol, 1.49 eq) in diethyl ether (15 mL). The reaction mixture was stirred for
4 days at rt while a tan solid precipitated. The solid was isolated on a fine porosity,
sintered glass frit and washed with diethyl ether (2 x 50 mL). The solid was dried

in vacuo for several hours to yield a free flowing, white microcrystalline powder
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(1.4645 g). The precise composition of Tbl3(OEt2)x depends on duration of
exposure to vacuum.

2.5.2.2 [Tblo(THF)s][Tbla(THF)o] (3-Tb)

Tbl3(OEt2)x (1.4645 g) is subjected to Soxhlet extraction with THF yielding
a white powder (1.1205 g, 56% over two-steps). Found: Tb, 20.10%.

[Tblo(THF)s][Tbla(THF)2] requires 20.06%.

2.5.3 X-ray Diffraction Data

2.5.3.1 Tbl5(OEt2)s

Experimental. Single colorless prism-shaped crystals of Tblz(OEt2)z were
crystallized from a concentrated solution of diethyl ether at -35 °C. A suitable
crystal 0.747x%0.60x0.15 mm? was selected and mounted on a loop with paratone
oil on a Bruker D8 Venture diffractometer with MO Ka radiation and PHOTON ||
detector. The crystal was kept at 100(2) K during data collection. Using Olex2,33
the structure was solved with ShelXT3* structure solution program using Intrinsic
Phasing and refined with ShelXL®® refinement package using Least Squares
Minimization.

Crystal Data. C12H30l303Tb (M = 761.98 g/mol): monoclinic, space group
Pbcn (no. 60), a = 10.0273(6) A, b = 13.7816(9) A, ¢ = 15.7910(11) A, V=
2182.2(2) A3, Z= 4, T =100(2) K, y(Mo Ka) = 7.487 mm-", Dcalc = 2.319 g/cm?,
45138 reflections measured (5.024° < 20 < 61.016°), 3344 unique (Rint = 0.0606,
Rsigma = 0.0260) which were used in all calculations. The final Ry was 0.0235 (I >

20(l)) and wR2 was 0.0571 (all data).
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3.5.3.2 [Tblx(THF)s][Tbla(THF).]

Experimental. Single colorless  prism-shaped crystals  of
[Tbl2(THF)s][Tbla(THF)2] were crystallized from a concentrated solution of THF at
room temperature. A suitable crystal 0.183x0.124x0.109 mm? was selected and
mounted on a loop with paratone oil on a Bruker D8 Venture diffractometer with
MO Ka radiation and PHOTON |l detector. The crystal was kept at 100(2) K during
data collection. Using Olex2,®? the structure was solved with ShelXT3* structure
solution program using Intrinsic Phasing and refined with ShelXL® refinement
package using Least Squares Minimization.

Crystal Data. CogHs6lsO7Tb2 (M = 1583.96 g/mol): monoclinic, space
group C2/c (no. 15), a = 12.742(3) A, b = 12.016(3) A, ¢ = 28.632(6) A, B =
98.442(4)°, a =y = 90°,V = 4336.3(16) A3, Z=4, T=100(2) K, u(Mo Ka) = 7.542
mm-', Dcalc = 2.426 g/lcm?®, 35946 reflections measured (2.342° < 26 < 33.139°),
8278 unique (Rint = 0.0486, Rsigma = 0.0393) which were used in all calculations.

The final Ry was 0.0283 (I > 20(l)) and wR> was 0.0618 (all data).
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CHAPTER 3. SYNTHESIS AND METALATION OF AN ANIONIC

PHENYLPYRIDINE LIGAND

3.1  Note on Collaboration
This chapter contains X-ray crystals structures that were solved by Dr. John

Bacsa and Mr. Ningxin Jiang.

3.2 Background

The organic methodology community has embraced molecular
photosensitizers and has developed a wide range of powerful methodologies
dependent on photosensitizers to provide sufficient driving force to achieve
reactive intermediates.’-3 However, these methodologies are limited by the tool set
available — [Ru(bpy)s]?*, Ir(ppy)s, and their analogs (bpy = bipyridine and ppy =
phenylpyridine) are the only photosensitizers employed. The scope of substrates
is significantly limited by the redox potentials obtainable by the photoexcited states
of these complexes. Here, two initial systems are proposed, based on successful
transition metal ligands that are modified to match the redox chemistry and larger
ionic radii of the lanthanides. The strategy is to employ ligands with orthogonal r*-
orbitals of appropriate energies to induce stabilization of the excited state from
charge transfer or f-d absorptions of trivalent lanthanides. These excited states
would not be directly correlated to the lanthanide ion excited state manifold and

thus should experience an appreciable long lifetime.
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Lanthanide bipyridine and phenanthroline complexes readily disassociate
in solution.* In the case of actinide complexes, appropriate substitution on these
ligand sets is essential to prevent ground state reduction of the ligand. The strategy
then is to employ ligands with orthogonal n*-orbitals of appropriate energies to
induce stabilization of the excited state from charge transfer or f-d absorptions of
trivalent lanthanides. These excited states would not be directly correlated to the
lanthanide ion excited state manifold and thus should experience an appreciable
long lifetime. Lanthanide analogs of [Ru(bpy)s]** and Ir(ppy)s photosensitizers can
be prepared by employing para-alkyl groups on a cyclometalated phenylpyridine
analog (Figure 3.1). This architecture prevents the reduced ligands in the
photoexcited state from undergoing unproductive radical coupling reactions and
the anionic cyclometalate disfavors photodissociation. It is possible to use this
strategy to produce long-lived excited states. Using ligands with orthogonal r*
orbitals with the appropriate energy, it may be possible to stabilize the quartet state
of the charge transfer transition or f-d absorptions of trivalent lanthanides and

actinides.
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Figure 3.1. Lanthanide analog of an excited-state transition-metal photosensitizer.

Polypyridyl adducts of lanthanide and actinide complexes have been well
studied to understand the nature of a charge-transfer ground state. These studies
have mainly focused on cerium, samarium, and ytterbium metallocenes to probe
the electronic and magnetic behavior of these molecular species due to the
charge-transfer ground state.*® Here, analogous complexes using a
phenylpyridine ligand will be synthesized to study the effects of changing the
charge of the ligand and substitutions on the ligand.

The polypyridyl ligand utilized is a LX-type donor, where L is a two-electron
donor and X is a one-electron donor. The phenylpyridine contains a bromide which
can undergo lithium-halogen exchange to afford a transmetalation reagent to
undergo salt metathesis with a lanthanide halide starting material. The synthesis
of the ligand will be described later on. Pentamethylcyclopentadienyl (Cp*)
chemistry has been well studied in the lanthanides (and actinides).'®? Utilizing the
Cp* ligand as a starting point, the photochemistry of the lanthanides using the
phenylpyridine ligand can be studied. Complexes of the type Cp*2Ln(L), where Ln

= lanthanide and L = polypyridyl (bipyridine, phenanthroline, terpyridine, etc.) have
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been previously studied. To undergo salt metathesis, lanthanide starting materials
of the type Cp*2LnX(sol), where X = halide and sol = solvent, must be synthesized.
Lanthanide tribromides and trichlorides have been used to yield these types of
starting materials but involve labor-intensive dehydration of their hydrated forms.
More recently, solvated lanthanide triiodides have been utilized as convenient
lanthanide starting materials, including efforts from our group (Chapter 2). This
chapter will describe the synthesis of the ligand and of a complex bearing the

formula Cp*2Ln(L) to demonstrate first-principles of metalation using the ligand.

3.3 Results and Discussion
3.3.1 Synthesis of ppy

This phenylpyridine analog of the conventional 2-phenylpyridine ligand is
synthesized in three steps. First, a Grignard reagent is prepared from 3-tert-
butyloromobenzene and the Grignard undergoes electrophilic borylation to give
the corresponding arylboronic acid (Scheme 3.1)."3'4 Maiti’s iron-mediated cross-
coupling is then utilized to couple 3-tert-butylboronic acid to 4-tert-butylpyridine
yielding phenylpyridine (ppy), 1.' Baran has reported on the direction C-H
arylation of electron-deficient hetereocycles with arylboronic acids using catalytic
silver(l) nitrate and persulfate as a co-oxidant.'® However, this methodology
resulted in lower yields (32% vs. 46% for the Maiti procedure) for the same
substrates. The bromination of the 2-position of the phenyl ring allows for the

compound to serve as a pre-ligand for metalation reactions. Therefore, Sanford’s
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nitrogen-directed C-H bromination is used to give the bromophenylpyridine

compound (Br-ppy), 2.7

Scheme 3.1. Synthesis of the phenylpyridine ligand.

Bu Bu

'Bu 1) Mg° Bu BU  Fe(NOy); (20 mol%), NI : Pd':gié)z NI :

©/ THF, reflux, 2 h + ’\O/ K3S,0g, TFA . (5 mol%)
2) B(OMe), Z 1:1 TFT:H,0 AcOH Br
Br -42°C > rt,12h B(OH), 50 °C, 24 h 120°C,12h
Bu Bu
1 2
46% 54%

3.3.2 Synthesis and X-ray Crystal Structure of Li-ppy

The lithium salt of bromophenylpyridine compound, 2, can be synthesized
through lithium-halogen exchange with n-butyllithium in diethyl ether at -35 °C
(Scheme 3.2). Concentration of the solvent in vacuo and allowing the solution to
maintain temperature in a -35 °C freezer overnight affords the lithium salt, 2-Li, in

good yield, as yellow plates.

Scheme 3.2. Synthesis of Li-ppy.

Bu
N~ n-BulLi

Br. Et20
-35°C,1h

Bu
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Single solvent crystallization of the product from the reaction mixture affords
yellow crystals suitable for single crystal X-ray diffraction. [(ppy)Li(OEt2)] forms a
dimeric structure similar to that observed for [LiPh(TMEDA)]. (Figure 3.2).'® Here,
the lithium ions bridge the aryl groups and interact with the ipso carbons of the aryl
rings to afford a nearly planar Li2C2 core. The lithium ions are also supported by
the nitrogen on the pyridine ring and the oxygen atom on the ethereal solvent to

give the four-coordinate metal center.

Figure 3.2. Molecular structure of 2-Li with thermal ellipsoids shown at 50%
probability. H atoms are omitted for clarity.
3.3.3 Synthesis and Characterization of Cp*2Sm(ppy)

The original synthesis of Cp*2Sm(ppy), 3-Sm, involved the reaction
between divalent Cp*>Sm(THF). and Li-ppy that was generated in situ. X-ray
quality crystals were grown out of a concentrated solution of pentane at -35 °C and

yielded Cp*2Sm(ppy), 3-Sm, in a roughly 25% vyield (Figure 3.3).
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Figure 3.3. Molecular structure of 3-Sm with thermal ellipsoids shown at 50%
probability. H atoms are omitted for clarity.

The reaction between divalent Cp*>2Sm(THF)2 and 2-Li should result in a
divalent Sm metal in the product. However, the reaction product was a dark blue-
green oil and the color of the crystals were yellow. This yellow color is indicative of
a trivalent samarium complex. A Teflon stir bar was used in the reaction vessel
and could have been reduced by the intended divalent Sm anionic complex or
decomposed to from a more stable and neutral trivalent complex.

Analysis of the bond lengths and angles in the crystal structure will aid in
confirming a Sm(3+) complex. The average Sm-Cp*cent distance is 2.034 A and the
average Sm-Cring distance is 2.722(6) A, and is within the range of 2.68-2.77 A for
known Cp*2Sm(3+) complexes, and outside the range of 2.79-2.86 A for
Cp*2Sm(2+) complexes. The Sm-Ciing distance compares well to the reported
distance of 2.724(3) A for Cp*2Sm(bpy).® Additionally, the Cp*cent-Sm-Cp*cent angle

of 141.6° also compares well to that of the Cp*>Sm(bpy) complex with an angle of
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137.9°. The average Sm-N distance in Cp*2Sm(bpy) was reported to be 2.431(2)
A, which is also comparable to the Sm-N distance in 3-Sm of 2.482(5) A and Sm-
Cpheny distance of 2.459 A ° The most distinctive parameter for the characterization
of the redox-active ppy ligand is the C-C bond distance between the carbon atoms
connecting the pyridine to the phenyl moiety to access the extent of ligand
reduction (Figure 3.4). In the case of complex 3-Sm, this bond distance was
determined to be 1.488(8) A. This distance can be compared with Ln complexes
containing monoreduced bpy™ radicals [1.429(4)-1.445(17) A] and neutral bpy
[1.490(3) A]." The C-C bond distance is longer than that of monoreduced bpy~
radicals and is similar to that of neutral bpy. Hence, the XRD data support a Sm(3+)

and neutral ppy formulation.

“, 1.368(9) o, 1-394(8) @
&g, S og

Figure 3.4. Samarium-phenylpyridine core structure with the corresponding bond
distances in A of complex 3-Sm.
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Figure 3.5. Electronic spectral data for 2-phenylpyridine, 1 (ppy), and 3-Sm
[Cp*2Sm(ppy)] in hexanes.

UV-vis absorption spectra were obtained for 2-phenypyridine, ppy (2), and
Cp*2Sm(ppy) (3-Sm) in hexanes solution. The spectra are illustrated in Figure 3.5.
For comparison, the UV-vis-NIR spectra of bpy™ radical anions can be used. The
characteristic features of this radical anion are from the presence of an unpaired
electron in a * orbital. These features consist of (i) a strong-intensity band at ~400
nm, (i) a medium-intensity band at ~500 nm, and (iii) a weak band in the NIR at
~900 nm."® However, the UV-vis spectrum of 3-Sm does not contain lower energy
absorptions past 300 nm. In comparing the spectrum of 3-Sm with the free ligand
2, the two spectra are nearly superimposable and display similar features. Thus,
the UV-vis spectra support that complex 3-Sm contains a neutral ppy ligand. It is

also noteworthy that the para substitution results in a bathochromic shift of roughly
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4 nm for both ligand-centered (m — m*) transitions. Additionally, the extinction
coefficient of 3-Sm is roughly half that of free ligand.

After the synthesis of 3-Sm, the lithium salt, 2-Li, was crystallized and could
be used in metalation reactions. The lithium salt can undergo salt metathesis with
a lanthanide halide starting material. Here, one equivalent of 2-Li can be mixed
with Cp*2Sm(1)(THF) in diethyl ether at -35 °C for 24 h to yield Cp*2Sm(ppy), as

shown in Scheme 3.3.

Scheme 3.3. Synthesis of Cp*2Sm(ppy).
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2-Li 3-Sm

77%

The reaction between trivalent Cp*2Sm(I)(THF) and Li-ppy (2-Li) yields the
corresponding salt metathesis product, Cp*2Sm(ppy), 3-Sm. A concentrated
solution of 3-Sm in pentane at -35 °C gives X-ray quality crystals whose unit cell

paramters match that of the original reaction between Cp*2Sm(THF). and Li-ppy.

3.4 Conclusion
A new phenylpyridine analog was synthesized in an overall 25% yield over
three steps. This ligand can undergo lithium-halogen exchange to generate an

overall anionic lithium salt complex that can be isolated and used to complex onto
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lanthanide ions. In the case shown here, the lithium salt was ligated to generate
the Cp*2Sm(ppy) complex, in which its electronic properties can be further
explored to investigate the photochemistry and photophysics of trivalent

lanthanides.

3.5 Experimental
3.5.1 General Considerations

Unless otherwise noted, all reagents were obtained from commercial
suppliers and the syntheses and manipulations were conducted under argon with
exclusion of oxygen and water using Schlenk techniques or in an inert atmosphere
box (Vigor) under a dinitrogen (<0.1 ppm O2/H20) atmosphere. The glovebox is
equipped with two -35 °C freezers. All glassware and cannulae were stored in an
oven over-night (>8 h) at a temperature of ca. 160 °C. Celite and molecular sieves
were dried under vacuum at a temperature >250 °C for a minimum of 24 h. CeDs
was stored over 3 A molecular sieves and then vacuum-transferred from purple
sodium/benzophenone prior to use. Pentane, n-hexane, diethyl ether, toluene, and
tetrahydrofuran were purged with UHP-grade argon (Airgas) and passed through
columns containing Q-5 and molecular sieves in a solvent purification system (JC
Meyer Solvent Systems). All solvents in the glovebox were stored in bottles over
3 A molecular sieves. Trimethyl borate was dried over sodium, then distilled and
degassed. Pentamethylcyclopentadiene was freeze-pump-thawed three times and
then stored over 3 A molecular sieves. Smlx(THF)2,2 (Cp*).Sm(THF)22! and

(Cp*)2Sm(1)(THF)?? were all synthesized according to reported procedures. NMR
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spectra were obtained on a Bruker Advance Ill 400 MHz or Bruker Advance Ill HD
500 MHz spectrometer at 298 K, unless otherwise noted. 'H and '*C NMR
chemical shifts are reported in 8, parts per million. '"H and '*C NMR are references
to the residual proton and carbon resonances of the solvent, respectively.?® Peak
position is listed, followed by peak multiplicity, integration value, and proton
assignment, where applicable. Multiplicity and shape are indicated by one or more
of the following abbreviations: s (singlet); d (doublet); t (triplet); q (quartet); dd
(doublet of doublets); td (triplet of doublets); m (multiplet); br (broad). UV-vis-NIR
spectra were obtained on a Schimadzu UV-3101PC. FT-IR spectra were obtained
on a Bruker Alpha-P FT-IR with an ATR platinum diamond reflector accessory.
Elemental analyses were determined at Robertson Microlit Laboratories
(Ledgewood, NJ). X-ray structural determinations were performed at the Georgia

Institute of Technology on a Bruker D8 Venture diffractometer.

3.5.2 Synthetic Procedures

3.5.2.1 4-tert-butyl-2-(3-tert-butyl)phenylpyridine (1)

To a three-neck 250-mL round-bottom flask was added magnesium
turnings (1.25 g, 51.4 mmol, 1.1 eq) and 3-tert-butyloromobenzene (2.0 g, 9.4
mmol, 0.2 eq). THF (10 mL) was added via addition funnel, to which a crystal of
iodine was also added. Then, the remaining 3-tert-butyloromobenzene (8.0 g, 37.5
mmol, 0.8 eq) was slowly added via addition funnel. The solution was heated to
reflux for 2 h under argon. The Gringard was cooled to rt and then diluted with THF

(to double its volume). The solution was slowly transferred via cannula over 20 min
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to a cooled solution (-40 °C) of trimethyl borate (9.0 mL, 93.8 mmol, 2.0 eq)
dissolved in THF (100 mL), forming a white precipitate. Note: If the Grignard
became too viscous, THF was added to the solution. The mixture was allowed to
stir and warm to rt overnight. After quenching with 1 M HCI to pH 2, the mixture
was extracted with dichloromethane (2 x 60 mL) and the organic layer was dried
over sodium sulfate and was dried in vacuo. The solid was recrystallized in
hexanes with a small amount of ethyl acetate. Cooling the solution to rt crashes
out an off-white solid, which was then filtered from the solution. The solution was
then further cooled to afford the product as a white solid (4.20 g, 50%). The crude
product can be used in the next step without further purification. To an oven-dried
350 mL Schlenk flask with a Teflon tap was added potassium persulfate (17.27 g,
63.90 mmol), iron nitrate nonahydrate (1.290 g, 20 mol%), 4-tert-butylpyridine
(2.34 mL, 16.0 mmol, 1.0 eq), and trifluoroacetic acid (2.20 mL, 19.2 mmol, 1.2 eq).
Then, a,o,a-trifluorotoluene (62 mL) and distilled water (62 mL) were added. The
vessel was sealed and stirred for 10 min at rt. Then, 3-tert-butylboronic acid (8.530
g, 47.9 mmol, 3.0 eq) was added to the mixture. The reaction mixture again sealed
and was vigorously stirred and heated at 50 °C for 24 h. The reaction mixture was
cooled to rt and extracted with ethyl acetate (3 x 60 mL) and washed with saturated
sodium bicarbonate solution (1 x 60 mL). The organic layers were combined and
dried over sodium sulfate. The resulting product was concentrated in vacuo and
purified by column chromatography on neutral alumina (Rf = 0.61 in 90%
hexanes/10% EtOAc) to afford the product as a golden yellow solid, which can be

further recrystallized in hexanes to give a white solid (1.952 g, 46%). "H NMR (500
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MHz, CDCls, 8): 8.61 (dd, J = 5.3, 0.6 Hz, 1H, Ar-H), 8.02 (t, J = 1.7 Hz, 1H, Ar-H),
7.71(dt, J= 7.7, 1.7 Hz, 1H, Ar-H), 7.68 (dd, J = 1.9, 0.6 Hz, 1H, Ar-H), 7.46 (ddd,
J=7.7,1.9,1.3 Hz, 1H, Ar-H), 7.41 (t, J = 7.7 Hz, 1H, Ar-H), 7.23 (dd, J = 5.3, 1.9
Hz, 1H, Ar-H), 1.40 (s, 9H, C(CHa)s), 1.37 (s, 9H, C(CHs)s). 'H NMR (500 MHz,
CeDs, 3): 8.65 (dd, J = 5.2, 0.7 Hz, 1H, Ar-H), 8.60 (t, J = 1.7 Hz, 1H, Ar-H), 7.97
(dt, J = 7.8, 1.3 Hz, 1H, Ar-H), 7.74 (dd, J = 1.8, 0.7 Hz, 1H, Ar-H), 7.37 (ddd, J =
7.8,1.8, 1.3 Hz, 1H, Ar-H), 7.33 (dd, J = 1.8, 0.7 Hz, 1H, Ar-H), 6.84 (dd, J = 5.2,
1.7 Hz, 1H, Ar-H), 1.32 (s, 9H, C(CHs)s3), 1.10 (s, 9H, C(CHs)3). 3C NMR (126 MHz,
CDCls, 5): 160.71 (aryl-C), 158.37 (aryl-C), 151.73 (aryl-C), 149.66 (aryl-C), 140.07
(aryl-C), 128.48 (aryl-C), 125.98 (aryl-C), 124.42 (aryl-C), 124.29 (aryl-C), 119.30
(aryl-C), 118.17 (aryl-C), 35.02 (C(CHa)s), 34.99 (C(CHs)s), 31.57 (C(CHs)s), 30.76
(C(CHs)s). Anal. Calcd for C1gH2sN: C, 85.34; H, 9.42; N, 5.24. Found: C, 85.21; H,

9.07; N 5.27.
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Figure 3.6. 'H NMR (500 MHz, CDCls) of ppy (1). Residual water is noted by *.
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Figure 3.9. ATR-FTIR spectrum of ppy (1).

3.5.2.2 2-(2-bromo-5-tert-butylphenyl)-4-tert-butylpyridine (2)

To a 50 mL Schlenk flask with a Teflon tap was added a solution of 1 (2.14
g, 8.00 mmol, 1.0 eq), N-bromosuccinimide (1.71 g, 9.60 mmol, 1.2 eq), and
palladium(ll) acetate (0.090 g, 5 mol%) in acetic acid (35 mL). The vessel was
sealed, and the mixture was vigorously stirred and heated at 120 °C for 12 h. The
solvent was removed in vacuo and the residue was purified by column
chromatography on silica gel (Rf = 0.32 in 10% EtOAc in hexanes) to afford the
golden yellow oil. Volatiles were removed in vacuo on a Schlenk line to 3.0 mTorr
before placing the oil in a -80 °C freezer overnight. Allowing the oil to warm up to

rt yields a pale yellow solid. The product was then sublimed (70 °C, 3.0 mTorr) to
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yield a white solid (1.6072 g, 58%). 'H NMR (500 MHz, CDCls, 8): 8.61 (dd, J =
5.3,0.7 Hz, 1H, Ar-H), 7.61 (dd, J = 2.2, 0.7 Hz, 1H, Ar-H), 7.58 (d, J = 5.3 Hz,
1H, Ar-H), 7.56 (d, J = 2.2 Hz, 1H, Ar-H), 7.28 (dd, J = 3.4, 2.2 Hz, 1H, Ar-H),
7.27 (dd, J = 3.4, 2.2 Hz 1H, Ar-H), 1.36 (s, 9H, C(CHa)s), 1.34 (s, 9H, C(CHa)3).
'H NMR (500 MHz, CsDs, 5): 8.63 (dd, J = 5.3, 0.8 Hz, 1H, Ar-H), 7.96 (d, J = 2.6
Hz, 1H, Ar-H), 7.77 (dd, J = 1.9, 0.8 Hz, 1H, Ar-H), 7.53 (d, J = 8.4 Hz, 1H, Ar-H),
6.95 (dd, J = 8.4, 2.6 Hz, 1H, Ar-H), 6.86 (dd, J = 5.3, 1.9 Hz, 1H, Ar-H), 1.14 (s,
9H, C(CHs)s), 1.11 (s, 9H, C(CHs)s). '3C NMR (126 MHz, CDCls, 5): 159.72 (aryl-
C), 158.56 (aryl-C), 150.86 (aryl-C), 149.40 (aryl-C), 141.18 (aryl-C), 132.94 (aryl-
C), 128.63 (aryl-C), 127.16 (aryl-C), 122.54 (aryl-C), 119.47 (aryl-C), 118.83 (aryl-
C), 34.98 (C(CHa)s), 34.82 (C(CHa)s), 31.38 (C(CHs)s), 30.66 (C(CHs)s). Anal.

Calcd for C19H24BrN: C, 65.90; H, 6.99; N, 4.04. Found: C, 65.57; H, 6.87; N 3.97.
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Figure 3.13. ATR-FTIR spectrum of Br-ppy (2).

3.5.2.3 Li-ppy (2-Li)

In a 20 mL scintillation vial, 2 (0.588 g, 1.70 mmol, 1.0 eq), was dissolved
diethyl ether (5 mL). The solution was then chilled in a -35 °C freezer for 20 min
before n-BuLi (0.77 mL, 1.70 mmol, 1.0 eq, 2.2 M in hexanes) was added dropwise
to the solution while remaining in the freezer. The solution was swirled for 30 s
every 10 min for 1 h. The yellow solution was then concentrated in vacuo before
allowing the product to crystallize overnight, yielding yellow crystals (0.380 g, 82%).
Due to the thermal instability of this complex, elemental analysis and NMR data

were unable to be obtained.
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3.5.2.4 Cp*2Sm(ppy) (3-Sm)

In a 20 mL scintillation vial, Cp*Sm(I)(THF) (0.101 g, 0.156 mmol, 1.0 eq)
was dissolved in diethyl ether (2 mL). The solution was then chilled in a -35 °C
freezer for 20 min before a chilled (-35 °C) solution of 2-Li (0.054 g, 0.15 mmol,
1.0 eq) in diethyl ether (2 mL) was added dropwise to the solution while remaining
in the freezer. The dark orange solution was swirled for 30 s every hour for 6 h with
the solution turning yellow. The solution was left in the freezer for an additional 18
h before the yellow solution was concentrated in vacuo before allowing the product
to crystalize overnight, yielding yellow crystals (0.087 g, 77%). "H NMR (400 MHz,
CeDs, 8): 10.00 (d, J = 1.0 Hz, 1 H, Ar-H), 9.29 (d, J = 1.0 Hz, 1H, Ar-H), 6.49 (s,
1H, Ar-H), 2.56 (s, 1H, Ar-H), 1.99 (s, 9H, C(CHs)s), 1.37 (s, 30H, Cp*-H), 0.65 (s,
9H, C(CHs)3), -3.08 (br, 1H, Ar-H), -14.19 (br, 1H, Ar-H).

3.5.2.5 Cp*2Sm(ppy) via Cp*2Sm(THF)>

To a 50 mL Schlenk flask equipped with a stir bar was added a solution of
2 (0.155 g, 0.448 mmol, 1.0 eq) in THF (8 mL). The Schlenk flask was chilled to -
78 °C and n-BuLi (0.16 mL, 0.45 mmol, 1.0 eq, 2.8 M in hexanes) was slowly added
dropwise via syringe during which the light-yellow solution turned a deeper yellow
color. The temperature was maintained, and the solution was allowed to stir for 6
h. The solution was then cannula transferred to a chilled (-78 °C) 100 mL Schlenk
flask equipped with a stir bar and charged with Cp2Sm(THF), (0.266 g, 0.448
mmol, 1.0 eq) in THF (8 mL). The solution was slowly warmed up to room
temperature over the course of 4 h and was then allowed to stir for an additional

12 h. The volatiles were evaporated in vacuo, triturated with pentane (3 x 2 mL),
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taken up with pentane, and the product was filtered over Celite in fine porosity,

sintered glass frit. The filtrate was evaporated in vacuo yielding a dark blue-green

residue. Mass recovery: 0.279 g (86%).
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Figure 3.14. "H NMR (400 MHz, CsDs) of Cp*2Sm(ppy) (3-Sm). Residual pentane

is noted by *.

3.5.3 X-ray Diffraction Data

3.5.3.1 Li-ppy (2-Li)

Experimental. Single yellow, prism-shaped crystals of Li-ppy were

crystallized from a concentrated solution in pentane at -35 °C. A suitable crystal
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0.206x0.276x%0.332 mm? was selected and mounted on a loop with paratone oil
on a Bruker D8 Venture diffractometer with MO Ka radiation and PHOTON |I
detector. The crystal was kept at 100.01 K during data collection. Using Olex2,%*
the structure was solved with ShelXT?® structure solution program using Intrinsic
Phasing and refined with ShelXL?® refinement package using Least Squares
Minimization.

Crystal Data. C1gsH272LisNgOg (M = 2779.60 g/mol): monoclinic, space
group P24/c (no. 14), a = 20.617(4) A, b = 11.25560(19) A, ¢ = 18.923(3) A, B =
97.974(6)°, V= 4348.9(13) A3, Z= 1, T= 100.01 K, y(Mo Ka)= 0.063 mm™,
Dcalc = 1.061 g/cm?3, 62175 reflections measured (4.346° < 26 < 56.562°), 10782
unique (Rint = 0.0796, Rsigma = 0.0562) which were used in all calculations. The
final Ry was 0.0534 (I > 20(l)) and wR2 was 0.1430 (all data).

3.5.3.2 Cp*2Sm(ppy) (3-Sm)

Experimental. Single yellow, plate-shaped crystals of Cp*>2Sm(ppy) were
crystallized from a concentrated solution in pentane at -35 °C. A suitable crystal
0.154x0.464x0.656 mm? was selected and mounted on a loop with paratone oil
on a Bruker D8 Venture diffractometer with Mo Ka radiation and PHOTON |I
detector. The crystal was kept at 100(2) K during data collection. Using Olex2,%*
the structure was solved with ShelXT?® structure solution program using Intrinsic
Phasing and refined with ShelXL?® refinement package using Least Squares
Minimization.

Crystal Data. C3sHs4sNoSm (M = 689.18 g/mol): orthorhombic, space

group Pbca (no. 61), a = 17.474(5) A, b = 18.571(5) A, ¢ = 24.759(8) A, V=
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8035(4) A3, Z=8, T= 100(2) K, y(Mo Ka) = 1.485 mm", Dcalc = 1.139 g/cm?,
128869 reflections measured (4.59° < 26 < 72.864°), 17682 unique (Rint = 0.1020,
Rsigma = 0.0690) which were used in all calculations. The final Ry was 0.1156 (I >

20(l)) and wR2 was 0.3176 (all data).
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APPENDIX A. SYNTHESIS AND ATTEMPTED METALATION OF

A TRIAMINE PINCER LIGAND

A.1 Background

Photoluminescent complexes have gained much attention for possible uses
as biological imaging agents,’ sensors,? phototherapy,® and in the solar energy
conversion process.* In the mid-2000s, Peters reported an amido-bridged
bimetallic copper system that is derived from a bis(phosphine)amide chelate
ligand.® The ligand includes an overall anionic PNP core, ([PNP] = bis(2-
(diisobutylphosphino)phenylamide), which displays good quantum yield (¢ > 0.65)
and lifetime (7 > 10 us). When the chelate is bound to copper, the ligand appears
to create a rigid environment around the copper centers that suppresses solvent-
induced exciplex formation due to sterics and limits ligand dissociation from the
excited state.

It is possible to use this PNP ligand as influence for an analogous ligand
system for the lanthanides. Peters’ ligand features two neutral phosphine donors.
This however does not match the valency needed for the lanthanides. It is
necessary to change the relatively neutral and soft phosphine to a harder, anionic
donor, such as a nitrogen-based base to match the harder acidic nature of the
lanthanides. A core with the nitrogenous base exists in the literature, an NNN
core.® Bimetallic lanthanide complexes can be synthesized by utilizing a bulky
trianionic pincer ligand architecture based on the dimeric, luminescent copper(l)

complexes developed by Peters (Figure A.1.) This ligand system features a
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synthetically accessible isopropyl appendment on the outer nitrogen atoms as well

as tert-butyl groups para to the central nitrogen for added steric bulk.

Peters, 2005 Target bimetallic lanthanide complex.
Figure A.1. Lanthanide analog of a highly luminescent bimetallic transition metal

complex.

Since the lanthanides favor higher coordination numbers, the bulky pincer
ligand system is expected to drive dimerization in the absence of coordinating
solvents (such as tetrahydrofuran or pyridine). The trianionic ligand is redox-active
and has two stable oxidized states achieved by sequential one electron oxidation
(Figure A.2). Therefore, the bimetallic complex may be expected to have up to four
accessible ligand-based redox states. The redox feature can allow for tuning the
energies of the m or * orbitals via reduction or oxidation of the ligand. Therefore,
these complexes can tune the metal f~orbital valence to the = energy of the ligand
by choice of the lanthanide metal centers. With this system, MLCT, MMCT, and f-

d transitions can be expected to occur.
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Q Q Q
Figure A.2. Redox states of the trianionic ligand.

A.2 Results and Discussion
A.2.1 Synthesis of B“FP((INNN)H3

The synthesis for ligand synthesis has been previously reported.® However,
efforts to replicate the synthesis of this ligand were problematic. The initial
conversion from the diarylamine to the corresponding ortho nitration product with
isoamyl nitrite yield a mixture of products. Although the desired dinitroarylamine
was observed, a nitrosoamine species was observed in the FT-IR spectrum of the
reaction product. Attempts to reduce the mixture of products with zinc metal and
ammonium chloride led to incomplete reduction to give the triamine. Therefore, the
synthesis of the ligand was redesigned to avoid these complications (Scheme A.1.).
Commercially available bis(4-tert-butylphenyl)amine (1) was purified through
recrystallization in methanol. The recrystallized product is protected with an acyl
group (2) to avoid reduction at the amine.” Selective ortho nitration is accomplished
using fuming nitric acid (3), then subsequent deprotection under basic conditions
gives the dinitroarylamine (4).” The nitro groups are reduced with Pd/C and sodium

borohydride to yield triammine, BY(NNN)Hs (5).8 Reductive amination of BY(NNN)Hs
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using acetone and sodium cyanoborohydride yields the isopropyl-substituted pre-

ligand, B4-P(NNN)H3 (6).%

Scheme A.1. Synthesis of tridenate ligand, BY“"P(NNN)Hs.

Bu Bu Bu Bu

Ac,0 HNO, KOH
NH —_— NAC —4 NAc —_—_—— NH
reflux, 1 h Ac,0/AcOH EtOH
0°C,15h reflux, 2.5 h
NO, 93% NO,
Bu Bu Bu Bu
1 2 3 4
recrystallized in MeOH 98% 83% 93%
88%
Bu Bu
/Pr
N, Me,CO, HCI NH
PU/C, NaBH, NACNBH,
EtOH, H,0 MeOH
60°C,2h NH, 0°C—-rt,12h NH
A
Pr
Bu Bu
BU(NNN)H (5) BUPr(NNN)Hj (6)
61% 51%

A.2.2 Metalation Studies with B4“P(NNN)H3

Metalation of this ligand could be accomplished through many routes
including protonolysis and transmetalation. Initial metalations were performed
using lanthanum and yttrium. In the trivalent state, both of these metals are
diamagnetic and consequently reactions involving these metals can be followed
by '"H NMR spectroscopy. Furthermore, yttrium features an abundant NMR-active
nucleus, Y, which would allow future further characterization. These two metals

also provide an important size disparity, yttrium being on the small end of rare-
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earth metals and lanthanum on the larger end, which can provide insight into the
importance of metal ion size when using this ligand.

Metalation through a protonolysis route involves the use of a lanthanide
starting material featuring an internal base and its reactivity with the protonated
form of the ligand. A convenient and well-defined lanthanide starting material is a
lanthanide trisamide. In this case, a 1:1 stoichiometric reaction between
Ln[N(TMS).]s and B4“P(NNN)H3 in solvents including hexane, diethyl ether, diethyl
ether/toluene, and benzene-ds have not been successful in metalation (Scheme
A.2A). The "H NMR of these reaction products show broad resonances in both the
alkyl and aromatic region indicative of the formation of oligomeric and/or polymeric
species. Attempts to synthesize the tris(potassium) salt, B4 (NNN)Ks, have also
proven unsuccessful (Scheme A.2B). Using bases such as hydride or benzyl gives
incomplete deprotonation of the ligand. "H NMR of these reaction products show
deprotonation of the side side-arm amines, but incomplete deprotonation of the
center amine. The triamine could also be deprotonated with a stronger base such
as n-butyllithium at low temperatures to generate the tris(lithium) salt in situ
followed by subsequent salt metathesis with a lanthanide triiodide (Scheme A.2C).
However, 'TH NMR indicate that formation of oligomeric species was also present,
as shown by broad resonances in the spectrum, just like in the cases with the

hydride and benzyl bases.
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Scheme A.2. Failed metalation pathways to synthesize 6-Ln.
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A route that holds promise for metalation includes the synthesis of the
monopotassium salt, BUP(NNN)K (Scheme A.3). It possible to take advantage of
the many redox states of the ligand to generate a stable species that can be used
for metalation. Here, the full reduced form of the ligand is oxidized by electrons
using the hypervalent iodide reagent, Phl(OAc);, and is simultaneously
deprotonated using potassium hydride to give a monoanionic, oxidized state of the
ligand.® Preliminary studies suggest that this route is feasible for metalation. A
lanthanide triiodide can undergo salt metathesis with 4P (NNN)K and potentially
yield a monometallic species in the presence of neutral donor ligands (e.g. pyridine)
to saturate the coordination sphere. This product could then be reduced by two
electrons to give the fully reduced ligand and generate the target bimetallic

complex.
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Scheme A.3. Pathway to synthesize 6-Ln through monopotassium salt, 8-K.
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In summary, a new synthetic method to make a triamine, tridentate pincer

ligand is reported herein. This experimental procedure generates the B“P((NNN)H3

ligand in five steps. Several metalation strategies including protonolysis and

transmetalation have been explored but have not been fruitful. Sequential

oxidation and deprotonation the fully reduced form of the ligand to yield a

monoanionic salt is currently thought to be the best route to achieve a

monometallic species. Two electron reduction of the monometallic complex can be

completed to synthesize the bimetallic complex and be studied to investigate the

photochemical and photophysical properties of bimetallic lanthanide complexes.
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A.4 Experimental
A.4.1 General Considerations

Unless otherwise noted, all reagents were obtained from commercial
suppliers and the syntheses and manipulations were conducted under argon with
exclusion of oxygen and water using Schlenk techniques or in an inert atmosphere
box (Vigor) under a dinitrogen (<0.1 ppm O2/H20) atmosphere. The glovebox is
equipped with two -35 °C freezers. All glassware and cannulae were stored in an
oven over-night (>8 h) at a temperature of ca. 160 °C. Celite and molecular sieves
were dried under vacuum at a temperature >250 °C for a minimum of 24 h. CeDs
was stored over 3 A molecular sieves and then vacuum-transferred from purple
sodium/benzophenone prior to use. Pentane, n-hexane, diethyl ether, toluene, and
tetrahydrofuran were purged with UHP-grade argon (Airgas) and passed through
columns containing Q-5 and molecular sieves in a solvent purification system (JC
Meyer Solvent Systems). All solvents in the glovebox were stored in bottles over
3 A molecular sieves. Acetone was dried over Drierite, then distilled and degassed.
NMR spectra were obtained on a Bruker Advance 11l 400 MHz or Bruker Advance
l1l HD 500 MHz spectrometer at 298 K, unless otherwise noted. 'H chemical shifts
are reported in 8, parts per million. '"H references to the residual proton
resonances of the solvent.’® Peak position is listed, followed by peak multiplicity,
integration value, and proton assignment, where applicable. Multiplicity and shape
are indicated by one or more of the following abbreviations: s (singlet); d (doublet);

t (triplet); q (quartet); dd (doublet of doublets); td (triplet of doublets); m (multiplet);
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br (broad). Elemental analyses were determined at Robertson Microlit

Laboratories (Ledgewood, NJ).

A.4.2 Synthetic Procedures

A.4.2.1 Bis(4-tert-butyl)phenylacetamide (2)

To 250 mL round-bottom flask was dissolved bis(4-tert-butyl)phenyl amine
(6.90 g, 24.5 mmol) in acetic anhydride (50 mL) and refluxed under air for 1 h.
Upon cooling, the mixture precipitated a white solid, which was washed with water
and dried in vacuo to give the product as a white solid (7.78 g, 98%). "H-NMR (400
MHz, CDCl3, 8): 7.36 (br, 4H, Ar-H), 7.19 (dt, J = 4.3 Hz, 2.4 Hz, 4H, Ar-H), 2.04 (s,
3H, C(=0)CHs), 1.30 (s, 18H, C(CHs)3). Anal. Calcd for C22H29NO: C, 81.62 (81.69),
H, 9.05 (9.04), N 4.28 (4.33). Anal. Calcd for C22H29NO: C, 81.69; H, 9.04; N, 4.33.

Found: C, 81.62; H, 9.05; N 4.28.
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Figure A.3. '"H NMR (400 MHz, CDClIs) of 1. Residual water and silicone grease
are noted by * and #, respectively.

A.4.2.2 Bis(4-tert-butyl-2-nitrophenyl)acetamide (3)

To a 100 mL round-bottom flask in an ice bath was added fuming nitric acid
(6.82 g, 97.4 mmol, 10.5 eq), acetic acid (16.7 mL, 292 mmol), and acetic
anhydride (14.25 mL, 150 mmol). The solution was allowed to stir for 5 min before
2 (3.0 g, 9.3 mmol, 1.0 eq) was slowly added. Two extra additions of the fuming
nitric acid/acetic acid/acetic anhydride solution was added 30 and 60 min, after the
addition of 2, but was prepared in a 100 mL round bottom flask and stirred for 5
min before the addition of the mixture. The light-yellow reaction solution was

allowed to stir for an additional 30 min after the last addition of the acid solution.
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Then, water was slowly added via squirt bottle while stirring to precipitate out a
yellow solid. The solid was filtered and washed with distilled water and dried in
vacuo. The solid recrystallized in ethanol to afford yellow crystals (3.17 g, 83%).
"H-NMR (500 MHz, CDCls, §): 8.04 (d, J = 1.8 Hz, 1H, Ar-H), 7.93 (d, J = 2.3 Hz,
1H, Ar-H), 7.70-7.69 (m, 2H, Ar-H), 7.53 (dd, J = 8.4 Hz, 2.3 Hz, 1H, Ar-H), 7.08
(d, J = 8.4 Hz, 1H, Ar-H), 2.00 (s, 3H, C(=0O)CHz), 1.38 (s, 9H, C(CHz)3), 1.32 (s,

9H, C(CHs)3).
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Figure A.4. "H NMR (500 MHz, CDCls) of 3.
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A.4.2.3 Bis(4-tert-butyl-2-nitrophenyl)amine (4)

To a 250 mL round-bottom flask was dissolved 3 (2.15 g, 5.20 mmol, 1.0
eq) in ethanol (100 mL) and heated to reflux under air. Then, KOH pellets (0.37 g,
6.5 mmol, 1.25 eq) was slowly added. The dark red reaction mixture was stirred at
reflux for 2.5 h under air. After cooling to rt, the reaction vessel was placed in an
ice bath and water was slowly added via squirt bottle while stirring to precipitate
out a fine orange solid. The reaction vessel was then placed into the refrigerator
for 2 h. The resulting precipitate was filtered, washed with water, and dried in vacuo
to give the orange solid (0.65 g, 83%). Note: If the deprotection is not complete,
the solid may be recrystallized in ethanol to give the pure product as dark red
crystals. "H-NMR (500 MHz, CDCls3, 8): 10.85 (s, 1H, Ar2N-H), 8.18 (d, J = 2.1 Hz,
2H, Ar-H), 7.54 (dd, J = 8.8, 2.2 Hz, 2H, Ar-H), 7.50 (dd, J = 8.8 Hz, 2H, Ar-H),

1.35 (s, 18H, C(CHs)3).

68



10.85
18
17
56
55
54
53
51
49

1.35

1.00 = -
199 = ——
17.96=

70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
ppm

11.0 10.5 10.0 95 90 85 8.0

Figure A.5. '"H NMR (500 MHz, CDCIs) of 4. Residual water is noted by *.

A.4.2.4 BY(NNN)Hs (5)

To a solution of sodium borohydride (0.204 g, 5.38 mmol, 4 eq) in H2O (5
mL) in a 100 mL round-bottom flask was added Pd/C (0.013 g, 0.1 mol%). Then a
suspension of 4 (0.500 g, 1.35 mmol, 1.0 eq) in ethanol (40 mL) was added into
the reaction vessel. A reflux condenser was appended, and the mixture was
heated at 60 °C for 2 h. Upon cooling to rt, the mixture was acidified to pH 3 with
1 M HCI and then basified to pH 10 with 1 M NaOH. The organic layer was
extracted with diethyl ether (3 x 40 mL), washed with water (1 x 40 mL), and then

with saturated sodium chloride solution (1 x 40 mL). The combined aqueous layers
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were extracted once more with diethyl ether (1 x 40 mL). The organic layers were
combined, dried over sodium sulfate, and the volatiles were evaporated in vacuo.
The product was purified by column chromatography on silica gel (Rs= 0.06 in 20%
EtOAc in hexanes, then 100% EtOAc) to afford the product as a dark brown solid
(0.25 g, 61%). '"H-NMR (500 MHz, CDCl3, §): 6.82 (d, J = 2.1 Hz, 2H, Ar-H), 6.76
(dd, J = 8.2, 2.2 Hz, 2H, Ar-H), 6.66 (d, J = 8.2 Hz, 2H, Ar-H), 4.82 (s, 1H, AraN-

H), 3.60 (s, 4H, N-H>), 1.28 (s, 18H, C(CHs)a).
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Figure A.6. '"H NMR (500 MHz, CDCls) of 5. Residual water is noted by *.
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A.4.2.5 BUP(NNN)H3 (6)

To a 500 mL Schlenk flask equipped with a stir bar was added BY(NNN)Hs
(6.10 g, 19.6 mmol, 1.0 eq). Under an inert atmosphere, degassed methanol (250
mL) added via cannula into the flask. Degassed acetone (3.60 mL, 49.0 mmol, 2.5
eq) and degassed conc. HCI (1.55 mL, 49.0 mmol, 2.5 eq) were added to the flask
via syringe. The dark red solution (with dark green hues, demonstrating formation
of imine) was stirred in an ice/water bath for 1 h before a solid addition tube
containing NaCNBHj3 (6.15 g, 97.9 mmol, 5.0 eq) was appended to the Schlenk
flask. The solid addition tube was upended as the solution stirred. After 1 h, a white
solid began to precipitate from the solution. The mixture was allowed to stir at rt
for 16 h before the volatiles were evaporated in vacuo and the red/white residue
was treated with water. The organic layer was extracted with DCM (3 x 300 mL),
then dried over sodium sulfate and the volatiles were evaporated in vacuo and
purified by column chromatography on silica gel (Rr = 0.20 in 15% EtOAc in
hexanes). The red/white solid was then recrystallized in hexanes (many times) to
afford a white solid (3.05 g, 39%). "H-NMR (500 MHz, CDCls, 3): 6.76 (s, 2H, Ar-
H), 6.67 (d, J = 1.1 Hz, 4H, Ar-H), 4.76 (s, 1H, Ar2N-H), 3.65 (sept, J = 6.2 Hz, 2H,
CH(CHs3)2), 3.51 (br, 2H, Ar(N-H)Pr), 1.30 (s, 9H, C(CHs)3), 1.19 (s, 12H, J = 6.2
Hz, CH(CHs)2). 'TH-NMR (500 MHz, CeDs, 3): 6.88 (d, J = 2.1 Hz, 2H, Ar-H), 6.80
(d, J = 8.1 Hz, 2H, Ar-H), 6.75 (dd, J = 8.1, 2.1 Hz, 2H, Ar-H), 4.78 (s, Ar.N-H),
3.50 (br, 4H, Ar(N-H)'Pr, CH(CH3)2), 1.34 (s, 18H, C(CHs)3), 0.98 (d, J = 6.2 Hz,

12H, CH(CH5)2).
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Figure A.7. '"H NMR (500 MHz, CDCIs) of 6. Residual water is noted by *.
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APPENDIX B. SYNTHESIS AND METALATION OF AN

IMIDOPHOSPHORANE LIGAND

B.1 Note on Collaboration
This chapter contains X-ray crystals structures that were solved by Dr. John
Bacsa. The work completed here is collaborative with ligand synthesis completed

by Ms. Natalie Rice.

B.2 Background

It is well-known that samarium diiodide has capabilities to reduce organic
bromides and iodides, the reduction of organic chlorides is difficult. In a report from
Inanaga in the 1980s, samarium diiodide solutions in THF were shown to reduce
alkyl and aryl halides with the addition of hexamethylphosphoramide (HMPA).!
Later studies by McDonald show that tripyrrolidinophosphoric acid triamide (TPPA)

(Figure B.1) can also be used to enhance the reactivity of samarium diiodide.?

(o] (o]

1] 11

< \""NMe, Z\"
et O

HMPA TPPA

Figure B.1. Structures of HMPA and TPPA.

TPPA has a slight advantage over HMPA due to its greater Lewis basicity.

The versatility of this reagent in organic synthesis is further enhanced by its ability
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to promote both one- and two-electron reduction processes. HMPA additives have
been shown to increase the reducing ability of samarium diiodide in part by
dissociating samarium diiodide aggregates in solution, allowing for extra
equivalents of amide additive to perturb the electron-donating orbital of the metal,
raising its energy and thus making the Sm(2+)/Sm(3+) reduction potential more
negative.® Cossy and Portella have also shown that HMPA, under UV irradiation,
is an efficient electron donor in the case of cyclizing §,e-unsaturated ketones.*
Ogawa reports that visible light increases the reduction potential of samarium
diiodide enough to reduce organic chlorides.® The UV-vis spectrum in THF shows

absorbances at 565 and 617 nm which is identified as a 4f®¢ — 4f°5d" transition and

the reduction process is thought to involve a single-electron transfer from the
photoexcited Sml, species to the organic chloride.® Coupling these systems
together, it may be expected that HMPA analogs can be photochemically activated

if used as a ligand in samarium systems (Figure B.2).

(RaN); \ 74 (NR2)s
0 RoNiPsy N/
Smiy(THF), - - =~ Sm
2(THF), Me,N” N NVe, IZ> SN SNy
NMe, /[ //N A\ (NRy)3
(RoN)3 (NRy)3
samarium diiodide - HMPA Target lanthanide complex with HPMA-like ligand.

Figure B.2. Lanthanide bimetallic bearing an HMPA-like ligand.

A bimetallic complex with an anionic analog of HMPA can be envisioned.

Imidophosphoranes, [(R2N)3sP=N]-, are 10 and 2w donors and bind to metals with
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a strong nitrogen donor atom but also provides steric control of the substituents at
the phosphorus atom. This weak field ligand will allow for changing the relative
energies of the 4f orbitals into the 5d orbital manifold, which will change the
excitation energy needed for an electronic transition and make excitations more

accessible.

B.3 Results and Discussion
B.3.1 Synthesis of Ka[(pip)3PN]4

The tris(piperidinyl)imidophosphorane ligand, [NP(pip)s]-, is prepared as the
potassium salt, KINP(pip)3] (1-K) by literature procedures.’
Tris(piperdinyl)phopsphine is first oxidized with trimethylsilyl azide and then
desilylated using methanol. The resulting imine is deprotonated with potassium
benzyl to yield the potassium salt, 1-K, which forms a tetrameric cluster. After
evaporating the reaction volatiles in vacuo, the residue is taken up in THF, filtered
through a fine-porosity sintered glass frit packed with Celite, and is precipitated

from solution at -35 °C. After decantation, 1-K is obtained as a white solid.

Scheme B.1. Synthesis of 1-K.

—l K+
PP Tmsn,  TMS PP o ys0,  H PP KBn PP
-—pip — 3 N=p-=pip N=p-=pip —_— ~“N=p=-=pip
AN . tol. . MeOH N\ . tol. N\ .
PP reflux, 12 h pip 1, 24 h pip rn,3h pip

1-K

52%
(over three-steps)
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B.3.2 Synthesis and Characterization of Samarium Complexes

Initially, 1-K is reacted with Sml3(THF )35 in a three to one ratio respectively,
agitated manually periodically for four hours, then let to react at room temperature
for a total of 16 h. The product is extracted in n-pentane, precipitated from solution
at -35 °C, and XRD quality crystals are grown via hexane evaporation. Previously
results in the group for analogous reactions yielded the formation of lanthanide
dimers, for which there are two bridging and two terminal ligands, [Ln2{(pip)3sPN}s].
However, this reaction resulted in incomplete salt metathesis, giving the samarium

monoiodide dimer, [Sm2{(pip)sPN}sl], 2-Sm, Figure B.3.

Figure B.3. Molecular structure of 2-Sm with thermal ellipsoids shown at 50%
probability. H atoms and bridging piperidine carbons have been omitted for clarity.

Attempts to replicate the synthesis of the samarium monoiodide dimer were
completed by the reaction of one equivalent of Sml3(THF)3 s with 2.5 equivalents

of the ligand salt using the same workup procedure and crystallization conditions
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as previously described. This reaction gave a neutral tetrahomoleptic samarium
monometallic complex, 3-Sm, Figure B.4. This complex crystallizes with two
distinct geometries in the asymmetric unit cell. The potassium atom on the one of
the geometries is supported by a capping THF molecule and three of the imido
nitrogens. The other is not capped by THF and is only supported by two imido

nitrogens.

Figure B.4. Molecular structure of 3-Sm with thermal ellipsoids shown at 50%
probability. H atoms and bridging piperidine carbons have been omitted for clarity.

Following further purification of the ligand salt, the salt metathesis of
Sml3(THF)3.5 with three equivalents of ligand, stirring at room temperature for 24 h
in addition to the manual agitation method previously described for 16 h resulted
in the sole isolation of the hexakis samarium dimer, [Sm2{(pip)sPN}s], 4-Sm, Figure

B.5.
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Figure B.5. Molecular structure of 4-Sm with thermal ellipsoids shown at 50%
probability. H atoms and bridging piperidine carbons have been omitted for clarity.
B.3.3 Synthesis and X-ray Crystal Structure of [Yb2{(pip)3PN}s]

The short atomic distances between the lanthanide metal centers is
encouraging for the study of lanthanide photochemistry, as f-d transitions may be
present in lanthanides with low-lying excited states, such as samarium, europium,
ytterbium, and other multinuclear lanthanide complexes. Due to the low redox
couple in samarium, europium, and ytterbium, these lanthanides have accessible
divalent states. The lanthanide diiodide THF adducts, Lnl2(THF)2 (Ln = Sm, Eu,
Yb), may also be used. The divalent lanthanides can be used to explore lower
energy f-d transitions. Due to the very negative redox couple of Sm(2+/3+), a less
reducing lanthanide, ytterbium, was initially explored to prevent the formation of

by-products from spontaneous redox events.
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Figure B.6. Molecular structure of 5-Yb with thermal ellipsoids shown at 50%
probability. H atoms and bridging piperidine carbons have been omitted for clarity.

The reaction of Yblx(THF)2 with 1-K resulted in a unique bimetallic
compound in which the metals are bridged by three ligands and has two terminal
ligands, 5-Yb, Figure B.6. Conceivably, the three bridging ligands bring the two
metal ions strikingly close together exhibiting an interatomic distance of 3.008 A.
Considering valence electron count, this bimetallic is a mixed valent Yb(2+)/Yb(3+)
species, suggesting that an auto-redox event occurred during the reaction. This
mixed valent complex is potentially interesting for MMCT investigations.
Comparing the Yb-N distances, one Yb-N set has an average distance of 2.493(9)
A and the other with an average Yb-N distance of 2.200(8) A. Since divalent
ytterbium has a larger ionic radius than trivalent ytterbium, the crystal structure
suggests that the electron is localized yielding two discrete valence states. This
complex might allow for the study of how the metal the interaction and overlap of

valence orbitals affects bonding, thermodynamics, and reactivity.
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B.4 Conclusion

A novel anionic imidophosphorane ligand was used to synthesize systems
to explore the photochemistry of bimetallic lanthanide systems. A variety of
monometallic and homobimetallic samarium systems were synthesized in addition
to an interesting homobimetallic ytterbium complex. This complex presents a
unique opportunity to study the photochemistry of bimetallic lanthanide systems in

addition to problems in bonding in the lanthanides.

B.5 Experimental
B.5.1 General Considerations

Unless otherwise noted, all reagents were obtained from commercial
suppliers and the syntheses and manipulations were conducted under argon with
exclusion of oxygen and water using Schlenk techniques or in an inert atmosphere
box (Vigor) under a dinitrogen (< 0.1 ppm O2/H20) atmosphere. The glovebox is
equipped with two -35 °C freezers. All glassware and cannulae were stored in an
oven over-night (> 8 h) at a temperature of ca. 160 °C. Celite and molecular sieves
were dried under vacuum at a temperature >250 °C for a minimum of 24 h. CeDs
was stored over 3 A molecular sieves and then vacuum-transferred from purple
sodium/benzophenone prior to use. Pentane, n-hexane, diethyl ether, toluene, and
tetrahydrofuran were purged with UHP-grade argon (Airgas) and passed through
columns containing Q-5 and molecular sieves in a solvent purification system (JC
Meyer Solvent Systems). All solvents in the glovebox were stored in bottles over

3 A molecular sieves. Methanol was dried by refluxing magnesium turnings

82



activated with iodine for 12 h, then distilled and stored over 3 A molecular sieves.
THF adducts of lanthanide triiodide starting materials were prepared according to
literature procedures.® Potassium tert-butoxide was sublimed prior to use.
Potassium benzyl was prepared according to a published procedure.®
Tris(piperidinyl)phosphine was prepared to a published procedure.’ Potassium
tris(piperidinyl)imidophosphorane was synthesized according to a reported
procedure.” UV-vis-NIR spectra were obtained on a Schimadzu UV-3101PC. X-
ray structural determinations were performed at the Georgia Institute of

Technology on a Bruker D8 Venture diffractometer.

B.5.2 Synthetic Procedures

B.5.2.1 [Smz{(pip)sPN}sl] (2-Sm)

In a 20 mL scintillation vial charged with Sml3(THF)s5 (0.230 g, 0.294
mmol, 1.0 eq), K[(pip)3sPN] (0.304 g, 0.881 mmol, 3.0 eq) was added as a solution
in THF (8 mL). A white precipitate formed immediately with a concomitant color
change from yellow to colorless. The reaction mixture was stirred with a glass stir
bar for 24 h. The mixture was filtered through a fine porosity, sintered glass frit, the
filtrate was reduced to a residue in vacuo and was then triturated three times with
n-pentane (3 x 2 mL). The resulting solid was taken up in n-pentane and filtered
through a pipette filter with Celite, the solution as concentrated to less than 1 mL
and XRD quality crystals were grown at room temperature via the slow evaporation
of hexanes from a solution of product in a 4 mL vial inside a 20 mL vial with

paratone oil in the outer vial.
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B.5.2.2 K[Sm{(pip)sPN}J(THF)K[Sm{(pip)sPN}4] (3-Sm)

In a 20 mL scintillation vial charged with Sml3(THF)35 (0.170 g, 0.310
mmol, 1.0 eq), K[(pip)3sPN] (0.313 g, 0.930 mmol, 3.0 eq) was added as a solution
in THF (8 mL). A white precipitate formed immediately with a concomitant color
change from yellow to colorless. The reaction mixture was stirred with a glass stir
bar for 24 h. The mixture was filtered through a fine porosity, sintered glass frit, the
filtrate was reduced to a residue in vacuo and was then triturated three times with
n-pentane (3 x 2 mL). The resulting solid was taken up in n-pentane and filtered
through a pipette filter with Celite, the solution as concentrated to less than 1 mL
and XRD quality crystals were grown at room temperature via the slow evaporation
of hexanes from a solution of product in a 4 mL vial inside a 20 mL vial with
paratone oil in the outer vial.

B.5.2.3 [Sm2{(pip)sPN}e] (4-Sm)

In a 20 mL scintillation vial charged with Sml3(THF)s5 (0.230 g, 0.294
mmol, 1.0 eq), K[(pip)3sPN] (0.304 g, 0.881 mmol, 3.0 eq) was added as a solution
in THF (8 mL). A white precipitate formed immediately with a concomitant color
change from yellow to colorless. The reaction mixture was stirred with a glass stir
bar for 24 h. The mixture was filtered through a fine porosity, sintered glass frit, the
filtrate was reduced to a residue in vacuo and was then triturated three times with
n-pentane (3 x 2 mL). The resulting solid was taken up in n-pentane and filtered
through a pipette filter with Celite, the solution as concentrated to less than 1 mL

and XRD quality crystals were grown at room temperature via the slow evaporation
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of hexanes from a solution of product in a 4 mL vial inside a 20 mL vial with
paratone oil in the outer vial.

B.5.2.4 [Ybo{(pip)sP}ls] (4-Yb)

In a 20 mL scintillation vial charged with Ybl2(THF)2(0.255 g, 0.447 mmol,
1.0 eq), K[(pip)3PN] (0.309 g, 0.893 mmol, 2.0 eq) was added as a solution in THF
(8 mL). A white precipitate formed immediately. The reaction mixture was stirred
with a glass stir bar for 24 h. The mixture was filtered through a fine porosity,
sintered glass frit, the filtrate was reduced to a residue in vacuo and was then
triturated three times with n-pentane (3 x 2 mL). The resulting residue was taken
up in n-pentane and filtered through a pipette filter with Celite, the solution as
concentrated to less than 1 mL, and XRD quality crystals were grown at room
temperature via the slow evaporation of hexanes from a solution of product in a 4

mL vial inside a 20 mL vial with paratone oil in the outer vial.

B.5.3 X-ray Diffraction Data

B.5.3.1 [Smy{(pip)sPN}sl] (2-Sm)

Experimental. Single colorless, prism-shaped crystals of 2-Sm were
crystallized from a concentrated solution in pentane at -35 °C. A suitable crystal
0.130%0.327x0.291 mm? was selected and mounted on a loop with paratone oil
on a Bruker D8 Venture diffractometer with MO Ka radiation and PHOTON |I
detector. The crystal was kept at 100(2) K during data collection. Using Olex2,"!

the structure was solved with ShelXT'? structure solution program using Intrinsic
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Phasing and refined with ShelXL'® refinement package using Least Squares
Minimization.

Crystal Data. CgiH163IN20P5Sm2 (M = 2000.76 g/mol): triclinic, space
group P-1 (no. 2), a = 14.8950(8) A, b = 14.8860(8) A, ¢ = 25.6496(13) A, a =
100.405(2)°, B = 90.628(2)°, y = 117.106(2)°, V = 4951.0(5) A3, Z=2, T = 100(2)
K, y(Mo Ka) = 1.616 mm', Dcalc = 1.342 g/cm?®, 125386 reflections measured
(4.338° < 26 < 72.648°), 47602 unique (Rint = 0.0353, Rsigma = 0.0475) which were
used in all calculations. The final Ry was 0.0377 (I > 20(l)) and wR2 was 0.0951
(all data).

B.4.3.2 K[Sm{(pip)sPN}J(THF)K[Sm{(pip)sPN}4] (3-Sm)

Experimental. Single colorless, prism-shaped crystals of 3-Sm were
crystallized from a concentrated solution in pentane at -35 °C. A suitable crystal
0.575x0.364x223 mm? was selected and mounted on a loop with paratone oil on
a Bruker D8 Venture diffractometer with MO Ka radiation and PHOTON Il detector.
The crystal was kept at 100(2) K during data collection. Using Olex2,"" the
structure was solved with ShelXT'2 structure solution program using Intrinsic
Phasing and refined with ShelXL'® refinement package using Least Squares
Minimization.

Crystal Data. C124H248K2N320PsSm2 (M = 2830.19 g/mol): triclinic, space
group P-1 (no. 2), a = 13.3158(8) A, b = 20.797(14) A, ¢ = 26.3842(17) A, a =
90.315(3)°, B = 94.147(2)°, y = 93.069(3)°, V = 7277.6(8) A%, Z= 2, T=100(2) K,
u(Mo Ka)= 1.001 mm™, Dcalc = 1.292 g/cm3, 229680 reflections measured

(5.112° < 26 < 61.994°), 46373 unique (Rint = 0.0638, Rsigma = 0.0548) which were
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used in all calculations. The final Ry was 0.0414 (I > 20(l)) and wR2 was 0.1031
(all data).

B.5.3.3 [Sm2{(pip)sPN}e] (4-Sm)

Experimental. Single colorless, prism-shaped crystals of 4-Sm were
crystallized from a concentrated solution in pentane at -35 °C. A suitable crystal
0.326x0.321x0.272 mm? was selected and mounted on a loop with paratone oil
on a Bruker D8 Venture diffractometer with MO Ka radiation and PHOTON |I
detector. The crystal was kept at 100(2) K during data collection. Using Olex2,"!
the structure was solved with ShelXT'? structure solution program using Intrinsic
Phasing and refined with ShelXL'® refinement package using Least Squares
Minimization.

Crystal Data. CooH180N24PsSm2 (M = 2085.09 g/mol): monoclinic, space
group P21/c (no. 14), a = 15.4034(6) A, b = 24.8126(11) A, ¢ = 29.2672(12) A, B =
99.8760(15)°, V= 11020.1(8) A3, Z= 4, T=100(2) K, p(Mo Ka) = 1.193 mm-",
Dcalc = 1.257 g/cm?, 285162 reflections measured (4.322° < 20 < 62.044°), 35126
unique (Rint = 0.0471, Rsigma = 0.0276) which were used in all calculations. The
final R1 was 0.0304 (I > 20(l)) and wR2 was 0.0782 (all data).

B.5.3.4 [Ybo{(pip)sPN}s] (5-Yb)

Experimental. Single green, prism-shaped crystals of 5-Yb were
crystallized from a concentrated solution in pentane at -35 °C. A suitable crystal
0.429x0.214x0.177 mm? was selected and mounted on a loop with paratone oil
on a Bruker D8 Venture diffractometer with MO Ka radiation and PHOTON |I

detector. The crystal was kept at 100(2) K during data collection. Using Olex2,"!
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the structure was solved with ShelXT'? structure solution program using Intrinsic
Phasing and refined with ShelXL'® refinement package using Least Squares
Minimization.

Crystal Data. C7sH1s50IN20PsYb2 (M = 1833.07 g/mol): orthorhombic,
space group Pna2+ (no. 33), a = 25.5413(16) A, b = 24.1508(14) A, ¢ = 14.0691 A,
V =8678.4(9) A3, Z=4, T=100(2) K, y(Mo Ka) = 2.286 mm™', Dcalc = 1.403 g/cm?,
224846 reflections measured (4.626° < 20 <60.148°), 25420 unique (Rint = 0.0825,
Rsigma = 0.0507) which were used in all calculations. The final R1 was 0.0921 (I >

20(l)) and wR2 was 0.2800 (all data).
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