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ABSTRACT OF THE DISSERTATION

Reduction Chemistry of Rare-Earth Metal Complexes:

Toward New Reactivity and Properties

by

Wenliang Huang
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2013

Professor Paula L. Diaconescu, Chair

Rare-earths are a group of metals with fascinating physical properties and intriguing chemical
reactivity. Organometallic rare-earth chemistry is of particular interest because of the increasing
number of their applications in industry and consumer goods as well as the importance of
understanding their physical and chemical properties. Despite the dominance of the trivalent
oxidation state, recently, low-valent organometallic rare-earth compounds were characterized
and showed interesting reactivity toward various molecules. The theme of this thesis is the
reduction chemistry of rare-earth metal complexes. By utilizing an electronically and

geometrically flexible ferrocene diamide ligand (NN™° = fc(NSi'BuMe,),, fc =1,1'-



ferrocenediyl), unprecedented reactivity was discovered together with the synthesis and
characterization of a series of rare-earth metal arene complexes. The fruitful reduction chemistry
allowed: (1) the discovery of a new aromatic C-H and C-F bond activation mechanism for rare-
earths; (2) the synthesis of the first scandium naphthalene complex and a reactivity study on P4
activation by rare-earth arene complexes; (3) the isolation and characterization of a 6C, 107-
electron aromatic system stabilized by coordination to rare-earth metal ions. Recently, an
improved method to access paramagnetic rare-earth starting materials for organometallic
chemistry was developed in order to study the physical and chemical properties of paramagnetic

rare-earth biphenyl complexes.
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PREFACE

Thanks to all who have helped, encouraged, supported, and inspired me during my PhD time.

Chemistry! I feel I have so much to share on it. My chemistry course started in the ninth
grade much later than mathematics and physics. My first major science competition award was
in chemistry, which helped me get admitted to an elite class in one of the best high schools in
China. The elite class was designed to train students in a specific course to win the International
Olympiad in math, physics, chemistry, biology, and computer science. At that time, the winners
of regional science competitions were granted admission to the top universities in China.
Thousands of students participated in those competitions to fight for a small number of positions.
Fortunately, I won the national first prize in chemistry and got admitted to one of the best
universities in China, Peking University. Nowadays, the high school science competition system
is blamed for killing the real interest of young students and squeezing their leisure time. In my
opinion, if you participate in the competition only for the sake of admission to university, it is
not worth it and most likely you will not succeed; however, if you participate because you are
interested, you can really benefit a lot from the numerous resources provided by the system. I
was able to listen to lectures taught by distinguished professors, get access to college level
textbooks, and, perhaps particularly important for chemistry, perform sophisticated chemical
experiments, such as the synthesis and analysis of aspirin that required both organic synthesis
and analytical measurements. While preparing for those competitions, I met Professor Zipeng
Yao, who guided me into the world of chemistry. Overall, I built up a strong chemistry

background that benefits me even now.
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However, my road since then was not smooth at all. In my first year at Peking University,
I was ambitious to get a triple major in math, physics, and chemistry because my dream was to
establish chemistry the way mathematicians and physicists established math and physics. That
only resulted in a low GPA. I realized that I had to have a more realistic goal. In my second year,
I joined a computational chemistry group led by Professor Yun-dong Wu. It was there that I first
encountered organometallic chemistry. My project was to study the mechanism of the Pauson-
Khand reaction by DFT calculations. I have to admit that the project itself did not go too well:
the proposed mechanism based on my calculations led to a highly stable intermediate, which
should have but was never observed experimentally. That was a dead end. What I learned from
that experience was that experiment not theory is the soul of chemistry.

Disappointed by the failed project and the decadent atmosphere in the graduate school, I
was pessimistic about my future when I applied for a PhD in chemistry. Fortunately, UCLA gave
me an offer at the last minute. I had no idea what field I wanted to pursue. Then came the big
moment. After the new student orientation, I was waiting outside Professor Diaconescu’s office
to ask about my performance in the entrance exam since she was the inorganic graduate student
advisor at the time. Just out of curiosity, I started to look at the papers stuck to the board outside
her office. Suddenly, I realized that this is the chemistry I dreamed to do. When it was my turn, I
told her that I would like to join her group to do the organometallic chemistry.

Here come my five years of PhD in Paula’s group. I would like to say that together we
climbed high mountains and crossed large seas. There were definitely some bad moments,
particularly in my first two years. There were more sweet moments. A particular one that I will
remember forever is: When I identified the two products in the benzene activation reaction to be

scandium hydride and scandium phenyl, I was very excited about it and planned to tell the good

Xii



news to Paula in the weekly individual meeting. She looked blue and tired at the meeting, so I
told her my research news was going to cheer her up. And it did cheer her up. Not only was that
the best moment during my PhD, the chemistry we discussed that day also became the theme of
my PhD thesis.

During my PhD, I worked on several projects involving collaborations. Dr. Thibault
Cantat at CEA, France, helped me a lot with computational studies; Dr. Jeffrey T. Miller at
Argonne National Laboratory obtained important information for my compounds using his
expertise in X-ray absorption near edge structure spectroscopy; Professor Muralee Murugesu at
University of Ottawa is collaborating with us on a single-molecule magnet project. Without those
excellent collaborators, I could not achieve as much as I had. In my last year of PhD, Professor
Karsten Meyer at Friedrich-Alexander-University Erlangen-Nuremberg invited me for an
academic visit, where I studied the EPR and Mdssbauer spectra of several compounds and
learned about the German culture. Thank you, Karsten. The list goes on and on and I need to stop
at some point. In the end, I would like to thank all my committee members for supervising my
research and academic growth.

Although research composed the majority of my life during my PhD period, I believe that
maintaining a balance life is essential to have a successful career. In reality, my life was a mess
before my wife (at that time my girlfriend) Lanfeng decided to quit her master program and
come to the U.S. to accompany me. We got married in Las Vegas in February 2009. Together we
got through a lot of difficult times. Things turned out to move in a positive direction recently.
Two years before my graduation, she got a Master’s degree in accounting and found a job in the

well-known accounting firm KPMG. We have done a lot travelling, especially road trips, these

xiii



years. When I encountered problems, I often turned to her for advice. Not being a scientist, her
perspective always gives me refreshing ideas.

Although I do not consider myself a very social person, I have still made some friends at
UCLA and I am grateful for their friendship. My labmate, Erin Broderick, shared a glove-box
with me for three years. She was the ideal labmate I could imagine to have. Even after she
graduated, we kept in touch. My former roommate, Hexiang Deng, was a graduate student in
Professor Omar Yaghi’s group. Besides being an outstanding scientist, he was also a good friend
to me. He is now a full professor in Wuhan University in China under a program for talented
young investigators. I am a heavy user of the nuclear magnetic resonance (NMR) spectrometers
and the X-ray crystallography instrument. Bob Taylor, who is in charge of the NMR facility, and
Saeed Khan, who is in charge of the X-ray crystallography laboratory, helped me a lot with
setting up elaborate NMR experiments and solving difficult molecular structures, respectively,
and they also taught me a lot about the basics of each instrument. I had a good time in the
Department of Chemistry here. I would like to acknowledge the following people Ricky Ruiz, Dr.
Johnny Pang, Dr. Ignacio Martini, Dr. Jane Strouse, and Dr. Dafni Amirsakis and thank them for
their help and advice.

Lastly but most important, I would like to thank my family. Without their full support, I
cannot imagine finishing my PhD. My parents always encouraged me to pursue my dream.
Recently, they visited Los Angeles and attended my graduation ceremony. I lived with my
grandparents in my childhood and I love them as much as I love my parents. Two years ago, my
grandpa passed away. I was not able to be with him at his last moment. I was terribly sorry when
I heard it on the phone. This is my biggest regret. Rest in peace, grandpa! I love you and will

always remember your advice to be an honest and kindly man.
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CHAPTER 1: INTRODUCTION

1.1 Rare-earth metals and their applications in industry and consumer goods

Rare-earths is a collective name for a group of elements whose physical and chemical
properties are similar and encompass scandium, yttrium, and all the lanthanides. Because of their
similar properties, they usually are found in minerals together. Such minerals were first
discovered in the late 18" cen‘[ury.1 Not until the great English physicist Henry Gwyn Jeffreys
Moseley used X-ray spectroscopy to assign atomic numbers was the exact number of lanthanides
determined to be 15. He also pointed out the absence of element 61, which was later discovered
from the fission products of uranium fuel irradiated in a graphite reactor and was named
promethium. Even Nature could only separate the rare-earths into two sub-groups: light elements
(including Sc, La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd) and heavy elements (including Tb, Dy, Ho,
Er, Tm, Yb, Lu, and Y). The rare-earths in the same sub-group usually coexist in minerals.
Unlike other metals, which are usually found concentrated in several types of minerals, rare-
earths are highly dispersed in the Earth’s crust and very few minerals (previously called “earths™)
contain a high concentration of these elements. Therefore, the term “rare earth” was coined to
describe them. However, their actual abundance is much higher compared to that of noble metals
and similar to that of some major industrial metals such as cobalt, nickel, and copper.’

The two opposite sides, their relative abundance and the difficulty in separating
individual rare-earths from the already less concentrated minerals, set up a challenging area for
generations of chemists and engineers. How to extract these elements from certain minerals and

then to separate them into individual metals are still ongoing projects. The lack of economic and



environmental benign processes limits the production of rare-earths and makes research into the
properties of their compounds an imperative.

In spite of the strenuous processes to obtain pure rare-earths, they are essential to
numerous industrial applications and consumer goods. For example, rare-earths are heavily used
in fuel-efficient hybrid cars. In a leading model of hybrid car, 1 kilogram of neodymium was
required for building the electric motor, while 10 to 15 kilograms of lanthanum was used for the
battery.” The number of applications of rare-earths is expected to explode in the future because
of their unique physical properties, especially magnetism and luminescence. Lanthanide single
molecule magnets are superior to transition metal counterparts because of the larger single ion
anisotropy (large J values for lanthanides).” Lanthanide luminescence arises from the f-f
transitions of the lanthanide ions and has high potential in hybrid materials for the use of lasers
and chemical sensors’ as well as in biomedical analyses and imaging.6 The active research on
fundamental rare-earth chemistry will undoubtedly enhance our understanding of these
fascinating elements and their complexes, and, in turn, will improve the quality of human life in

the future.

1.2 Organometallic chemistry of rare-earth metals

In the periodic table, the rare-earths are placed between alkaline earth and group 4 metals.
As a consequence, four of them, scandium, yttrium, lanthanum, and lutetium, are also classified
as group 3 metals. Unlike transition metals that usually have multiple common oxidation states,
most rare-earths only have one common oxidation state, +3. Another significant difference
between rare-earths and transition metals is that the valence electrons of the former are f

electrons, which are barely affected by the ligand field, while the ligand field has a major
2



influence for the d electrons of the latter. Rare-earths also differ from main group metals, such as
group 13 elements, in part because of their empty d orbitals available for ligand coordination.
Therefore, rare-earth metal chemistry stands on its own ground and provides unique
opportunities for synthetic chemists.

As an interdisciplinary field, the development of organometallic chemistry exploded
during the middle of the 20" century, after the milestone discovery of ferrocene (Chart 1-1).” Its
rapid growth can be recognized by the awardees of the Noble Prize in Chemistry with
contributions to organometallic chemistry, including but not limited to: 1963: K. Ziegler and G.
Natta, 1973: E. O. Fischer and G. Wilkinson, 1979: H. C. Brown and G. Wittig, 1994: G. A.
Olah, 2001: W. S. Knowles, R. Noyori, and K. B. Sharpless, 2005: Y. Chauvin, R. H. Grubbs,
and R. R. Schrock, and 2010: R. F. Heck, E.-i. Negishi, and A. Suzuki. The development of
organometallic chemistry led to numerous industrial applications, including alkene
polymerization using Zieglar-Natta catalysts and ring-opening polymerization based on alkene
metathesis. “Genuine” organometallic compounds are those containing metal-carbon bonds.
However, organometallic chemistry generally covers any compounds containing metal-element
bonds that are of largely covalent character and behave similarly to metal-carbon bonds. For
example, amides are similar to cyclopentadienyl (Cp) ligands because they have similar covalent
character and basicity.8

Not surprisingly, organometallic rare-earth chemistry also had a golden time in the
decades after the discovery ferrocene. m Ligands were found to bind rare-earth ions strongly
(Chart 1-1).” The most popular & ligands are cyclopentadienyl and its derivatives. Binary rare-
earth cyclopentadienyl complexes, CpsM, were made first,'’ followed by the metallocenes
Cp,MX'" and half-sandwich CpMX, complexes'> (M = rare-earth metals) with X being a

3



monoanionic ligand. Substituted cyclopentadienyls were next developed in order to adjust their
electronic and steric properties. The most important substituted-Cp ligand is
pentamethylcyclopentadienyl ((n°-CsMes), commonly referred to as Cp'), which is more
electron donating and more sterically demanding than the non-substituted cyclopentadienyl.
Brintzinger and Bercaw pioneered the Cp* chemistry for group 4 metals."*'* Evans,'” Watson,'®
and Tilley and Anderson'’ were among the first to synthesize Cp*,LnX complexes for different
lanthanides. Rare-earths are highly electropositive elements and prefer ionic binding similar to
alkali and alkali earth metals. As a consequence, rare-earth metal-carbon bonds are highly
polarized with a significant amount of negative charge built up on carbon. Because Cp™ is a 5C,
6m-electron aromatic system, cyclopentadienyl ligands can readily diffuse the negative charge
through resonance. Therefore, compared to ¢ bound ligands, cyclopentadienyl binds tightly to
rare-earth metals and usually serves as a good ancillary ligand facilitating many reactivity studies
on organometallic rare-earth chemistry.'®?° Until recently, the majority of that chemistry was
based on cyclopentadienyl and substituted-cyclopentadienyl as supporting ligands. The
coordination chemistry of other m ligands, such as the cyclooctatetraene dianion ((n®-CsHs)™,
commonly referred to as OCT?) that is made famous by the molecule uranocene,”' and of
heterocycles, such as boratabenzene (n°-CsHsBR)™ and tetramethylphospholyl (n°-C4sMesP)”, >
has also been explored (Chart 1-1).”** They behave similarly to cyclopentadienyl but the number
of their rare-earth metal complexes is far less because of their relative inaccessibility and

difficult modification.



Me

Me SiMe,

(n®-C5Mes)" (n°-C5H4SiMe;) (n®-CgHg)* (n®-CsHsBR) (n3-C4Me4P)"

D ==
D = <&

Ferrocene Uranocene CpzM " ct:pIIZMX ’ I(f:Psz_ .
etallocene alf-sanwic
Fe(n®-CsHs), U(n®-CgHg)2

Chart 1-1: Important organometallic complexes and selected n ligands for organometallic rare-

earth complexes (abbreviations are the same as in text).

In the last two decades, well defined ancillary ligands other than the aforementioned &
ligands have been developed by various groups (Chart 1-2). They are usually electron rich and
sterically demanding to compensate the high Lewis acidity and high coordination number of
rare-earth ions. Fryzuk and co-workers are pioneers in this area: by combining soft phosphine
donors and a hard amide donor, a series of multidentate amidophosphine ligands has been made
and incorporated into the coordination sphere of group 3 metals, including the tridentate
N(SiMe,CH,P'Pr,),,”°  tetradentate  (PhP[CHa(SiMe,)N(SiMe,)CH,],PPh)  (P.N2%),%°  and,
recently, the tetradentate fc(NP'Pry),.2” Arnold introduced porphyrins as supporting ligands for
group 3 metals,” and, later, synthesized bis(amidinate) scandium complexes as counterparts of

Cp*gM.29 Piers used bulky B-diketiminato ligands to obtain scandium dialkyl30 and cationic



monoalkyl species,”’ and developed a salicylaldiminato ligand to afford group 3 metal hydrides
upon hydrogenation by H,.** Takats introduced the sterically demanding pyrazolylborate ligands
(scorpionate) to rare-earth chemistry,” specifically for low-valent lanthanide chemistry.>* Scott
achieved the synthesis of triamidoamine complexes of rare-earths using the simple
N(CH,;CH,;NSiMe;); ligand.35 Bercaw introduced the neutral 1,4,7-trimethyl-1,4,7-
triazacyclononane (TACN) on group 3 metals™® that was later modified by Mountford with a
monoanionic pendant arm as an anchor.’’ Gade and Mountford also developed a series of
diamidopyridine and diamidoamine ligands with flexible backbones for the synthesis of
scandium alkyl or aryl complexes.”® Recently, Mindiola incorporated a pincer-type, rigid
tridentate PNP ligand, N(2-P'Pr,-4-methylphenyl),, on scandium and isolated a rare scandium
methylidene complex,”” and, later, a scandium phosphinidene complex.”” Chen developed a
series of tridentate monoanionic*' or dianionic** B-diketiminato ligands and was able to
characterize an unsupported scandium terminal imide.*’ Cavell,** Le Floch,* and Liddle*® have
synthesized formal rare-earth metal carbene complexes by incorporating carbene in the
framework of a chelating bis(iminophosphorano)methylene  (N,C*) ligand or
bis(diphenylthiophosphinoyl)methylene (S,C”) ligand. The formal carbene ligand can be viewed
as an ancillary ligand because of the stabilization caused by the delocalization of 7 electrons in
the metallocycles.

Our group previously synthesized group 3 metal monoalkyl complexes supported by

47,48

ferrocene-diamide ligands and studied their reactivity toward various organic substrates,

4959 and other unsaturated substrates.”’ The 1,1'-ferrocenediyl

including aromatic N-heterocycles
diamide ligands have the general formula fc(NR),; the system studied the most by us has R =

Si'BuMe,,>® while other versions, such as R = SiMes;,”® SiPhMe,,” adamantyl,55 2,4,6-

6



trimethylphenyl, and 3,5-dimethylphenyl,*® have been explored only briefly. Group 3 metal alkyl
complexes supported by a pincer-type pyridine-diamide ligand, 2,6-bis(2,6-di-iso-
propylanilidomethyl)pyridine (NoN™),”” were also synthesized for a reactivity comparison
study.”®

The continuous development of ancillary ligands has focused on nitrogen donors in the
field of organometallic rare-earth chemistry, as shown in the special issue “Recent Advances in
f-Element Organometallic Chemistry” appeared in Organometallics in 2013.>° Although the non-
cyclopentadienyl organometallic chemistry of rare-earths has been relatively underdeveloped,
more than two thirds of the research articles in that issue used ancillary ligands other than

cyclopentadienyl and its derivatives.
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Chart 1-2: Well defined ancillary ligands developed or introduced by various groups
(abbreviations are the same as in text) to organometallic rare-earth chemistry. The coordinating

atoms are highlighted in red.

1.3 Low-valent organometallic rare-earth chemistry

As mentioned previously, rare-earth chemistry differs mainly from transition metal
chemistry in that most rare-earth metals are redox inactive under ordinary conditions. However,
a few lanthanides can also support the +2 or +4 oxidation state. Lanthanide chemistry in the +4
oxidation state is limited to cerium(IV) compounds.60 On the other hand, the chemistry of low-

valent lanthanides is more nuanced than that of high-valent compounds.®’ Table 1-1 lists the

3+ 62 63

ionic radii for M and the spectroscopically estimated values for E°(M>"/M*")

Table 1-1: Ionic radii for M>" (effective ionic radii are listed) and spectroscopically estimated

3+/2+

values for M (all values referenced to the normal hydrogen electrode, values in brackets are

experimentally determined, NA = not applicable).

Element R (A) E'(M*/M*) (V)
Sc 0.74 NA
Y 0.90 NA
La 1.03 3.1
Ce 1.02 3.2
Pr 0.99 2.7
Nd 0.98 2.6
Pm 0.97 2.6
Sm 0.96 -1.6 (-1.5)
Eu 0.95 -0.3 (-0.3)
Gd 0.94 3.9
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Tb 0.92 -3.7

Dy 0.91 2.6
Ho 0.90 2.9
Er 0.89 3.1
Tm 0.88 2.3(-2.2)
Yb 0.87 1.1 (-1
Lu 0.86 NA

An interesting study, although not directly relevant to organometallic rare-earth
chemistry, found that most Lnl, could be synthesized using solid state techniques with two
different types of structures: those with a [Xe]d'f" configuration and those with a [Xeld'™!
conﬁgurattion.64 The former (including NdI,, Sml,, Eul,, Dyl,, Tml,, and Ybl,) are genuine
(MZ")(I), salts, while the latter (the rest of Lnl,) should be viewed as (M>")(I)x(¢") due to their
metallic character (the valence d electron is not localized on the metal but in the conduction
band). This phenomenon is well correlated to the spectroscopic estimated values of M>"": the
salt-like Lnl, are those of rare-earths having smaller values for the M**** reduction potential,
while the metallic Lnl, are those with a M>"** reduction potential close to or lower than -3.0 V
(the alkali metals have the M reduction potentials around -3.0 V). These characteristics are
also reflected in the organometallic chemistry of these elements: Eu(Il) is so stable that it is just
as common as Eu(Ill) in organometallic rare-earth chemistry.”®> Indeed, no homoleptic Eu(III)
alkyl complexes have been reported yet,” likely because the alkyl group is readily oxidized by
Eu(Ill). Yb(Il) is also common.”® A major breakthrough in this field was the isolation of
organo-samarium(Il) complexes. Divalent samarium complexes, such as Cp*zsm, are strong
reductants. For example, Cp*,Sm could reduce N, to form the first dinitrogen complex of an f
element, (Cp*>Sm)(u-n*:n>-N,) (Chart 1-3).°° The synthesis of molecular thulium, dysprosium,
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and even neodymium(II) complexes could be achieved from the corresponding metal diiodides
with the appropriate ligands.61 Cyclopentadienyls with bulky substituents like trimethylsilyl or
tert-butyl, such as 1,3-(MesSi),CsHs, Me;SiCsHa, and their fert-butyl counterparts, proved to be
successful in isolating relatively stable divalent rare-earth metal complexes. Some of them were
crystallographically characterized, including [1,3-(MesSi),CsH3,Tm(THF)®” and  [(1,2,4-
‘BusCsH,),Dy(u-Z)K(18-crown-6)] (Z = 1, BHy, Br),*® while others were proposed as reaction

intermediates.®

LnZ3/KCg system ]
Me Me
Me M (THF))(,,I z
e 2Lnz, Ny, THF N
or +2KC Z=—Ln_ J/_~Ln;mmz
Me Me ' 8 / ~N-— \
we 2LnZ,Z 2 KZor 2 KZ' z (THF)x
Me \/N/,, . Me
Me Sm\N/__, Me Ln =La, Ce, Pr, Nd, Gd, Th, Dy, Y, Ho, Er, Tm, Lu, Sc
Aﬂ Me Z= N(SiMe3)2, OCEH3tBU2-2,6, C5M95, C5H4SiM93, C5Me4H, C5HleU3; Z'= BPh4, |
Me Me . -
THE, /N(SlMes)z
e Me Me Me (Megsl)zN-;Tb W /Tb\ 'N(SiMes), | [K(18-crown-6)(THF),]*
(Me;sl)zN THF
(Cp*2Sm)y(n-nZin-Ny) [K(18-crown-6)(THF),][{[(Me3Si):N1o(THF)Tb)(u-n2n2-N,)]

SlMes 1 QED
FarN o) ‘
{ > l \ j SiMe, ‘@ 0\/ ( Tmﬂdm‘“\ j

0
ANy
i JL Meas- | By

[K(2.2.2-cryptand)]([(n°-C5H,SiMe;];M)
M =Y, Pr, Gd, Tb, Ho, Er, Lu

[Tm(dme)]y(n®-C1oHg)a(nzm*m*C1oHg)

Chart 1-3: Selected examples of low-valent organometallic rare-earth compounds and
chemically relevant systems.
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Besides isolable divalent rare-earth metal complexes, systems that behave as M(II) are
usually included with low-valent organometallic rare-earth compounds.®’ Perhaps the most
famous is the LnZ;/KCs system developed by Evans. X may be various monoanionic ligands,
including amides, aryloxides, and cyclopentadienyls and Ln may be any rare-earth metal (Chart
1-3). This system can reduce dinitrogen to form (N> 707 Recently, lanthanide complexes of the
radical trianion (N2)* have been isolated and characterized crystallographically.” It is important
to note that some lanthanide (N,)’~ complexes behave as single molecule magnets due to the spin
exchange between Ln ions and (N»)*,” and one of them, [K(18-crown-
6)(THF),][([(Me3Si):N]o(THF) Tb),(u-n%n-N,)] (Chart 1-3), is the current record holder for
exhibiting magnetic hysteresis at the highest temperature (14 K).”*

In 2008, Lappert isolated the first compound in a series of metal complexes with an
ambiguous electronic structure: [K(18-crown-6)(Et,0)]([1,3-(Me3Si),CsHs]sLa).”> The authors
proposed that it contains a lanthanum(II) ion. Recently, Evans extended this chemistry to almost
all the lanthanides (Chart 1-3).”¢7®

Rare-earth metal arene complexes also play an important role in low-valent
organometallic chemistry.”” In these compounds, the metal is usually found in the +3 oxidation
state, while the additional electrons rest in the 7* orbitals of the arene ligand. Because of the high
energy of these orbitals, such complexes can serve as strong reductants. Fryzuk synthesized
arene-bridging complexes of yttrium and lutetium supported by the cyclic P,N; ligand: the
biphenyl complexes were obtained through C-C bond formation,”® while the fused-arene

complexes by KCs reduction.*® A triple decker binary thulium(III) naphthalene dianion complex

[Tm(dme)]2(n6-C10H8)2(u2-n4:n4-C10Hg) (Chart 1-3) isolated from the reaction of Tml, and
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lithium naphthalenide in 1,2-dimethoxyethane (dme) solution highlighted the rich potential of
molecules formed from rare-earth ions and anionic arene ligands.®

Overall, low-valent organometallic rare-earth chemistry is a fast developing field with a
lot of recent exciting discoveries.”' Although cyclopentadienyl ligands feature prominently, non-
cyclopentadienyl ligands have not been explored in detail in this respect.61 The present thesis
details our efforts to explore the reduction chemistry of rare-earth metal complexes supported by

1,1'-ferrocenediyl diamide ligands.
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CHAPTER 2: PREVIOUS STUDIES OF METAL COMPLEXES SUPPORTED BY
FERROCENE-BASED DIAMIDE LIGANDS AND DEVELOPMENT OF NEW RARE-

EARTH STARTING MATERIALS

2.1 Advantages of 1,1'-ferrocenediyl diamide ligands

In 2000, Arnold reported a reliable synthesis of 1,1'-diaminoferrocene' and introduced
the trimethylsilyl silylated version fc(NHSiMe;), (Ho(NN™%)) on group 4 metals, titanium and
zirconium, to afford metal dimethyl and dibenzyl complexes (NN™%)TiMe, and (NN"™%)ZrBn,
(Bn = CH,Ph) (Chart 2-1). [(NN™%)ZrBn][(u-Bn)B(CFs)s] could be obtained by treating
(NN™3)ZrBn, with 1 equivalent of B(C¢Fs); and was studied in olefin polymerization.> Our
group first introduced the 1,1'-ferrocenediyl diamide ligands to uranium and reported (NN'2%),U
(NN™5 = 1 1"-fc(NSi'BuMe,),) and its one electron oxidation product [(NN'2%),U][BPh4] in
2007. The redox process was studied in detail and it was found that the electron communication
between two iron centers was mediated by uranium in the mix-valent (Fe(Il) and Fe(III))
complex, [(NN™%),U][BPh].* At the time, it was also observed that the ferz-butyldimethylsilyl
version, 1,1'-fc(NHSi'BuMe,), (Ho(NN™%)), was easier to handle because of its improved
solubility and gave better results in crystallization. As a consequence, later efforts focused on
this particular ligand platform. Group 3 metal monoalkyl complexes with the general formula
(NN"™5)M(CH,Ar)(THF) (M = S¢’ and Lu:® Ar = 3,5-C¢H;Me,; M = Y’ and La:® Ar = C¢Hs)

TBSYUBn,’ were successfully synthesized. The electron

and the uranium dialkyl complex (NN
donating 1,1’-ferrocenediyl group'® makes the amide donor bind strongly to the highly
electropositive group 3 metals and uranium(IV) ion. By using NN"®° as the ancillary ligand for

d’f" metal alkyl complexes, the C-H bond activation of aromatic heterocycles,'' successive C-C
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bond coupling,®'*'* dearomatization of aromatic heterocycles,® and the unprecedented ring-

opening of 1-methylimidazole,”"> 1-methylbenzimidazole,'® or other aromatic heterocycles'’

. 118,19
were observed and studied. ™

Me;Si MeaSi‘ Meztsusi ‘Si‘BuMez B MefBuSi Ti'BuMez ]
H,Ph
L we &S L w P
Nt i B(CeF ! s ™y :
/ +Zr (CeFs)3 Fe ll n '] BPhy
= @ el =Sy @ @ R @
Megst Messl Mez‘BuS| Sl‘BuMe; L Mez‘BuS| Sl'BuMez ]
(NN™3)Time, [(NN™™8)ZrBn][BnB(CgFs)s] (NNTES),u [(NNTBS),U][BPh,]
Arnold 2001 Arnold 2003 Diaconescu 2007 Diaconescu 2007
Me,'BuSi Me,'BuSi

@ JTHF @_L CHzPh

\ M = Sc and Lu: Ar = 3,5-CgH3Me, \
M =Y and La: Ar=CgzH
/ atts A
@ \CHZA, @ \CHZPh
Mez'BuSt MefBuSl
(NNTBS)M(CH,Ar)(THF) (NNTBS)U(CH,Ph),
Diaconescu 2008-2009 Diaconescu 2008

Chart 2-1: Group 4, uranium, and group 3 metal complexes supported by 1,1'-ferrocenediyl

diamide ligands.

It is likely that the ferrocene backbone has a specific role in facilitating the unique
reactivity observed by our group. When the electron rich iron center of ferrocene and the
electropositive metal ion are brought into close proximity, a donor-acceptor interaction may take
place between iron and the metal.?® This type of Lewis acid-Lewis base interaction was observed
previously with both electrophilic early and late transition metals (Chart 2-2): Seyferth suggested
a weak, dative Fe to Pd bond in the compound [Fe(n’-CsH4S),]Pd(PPhs);*' Akabori later

provided a comprehensive study based on [M(n’-CsH;40),]M'(PPh;) (M = Fe or Ru, M’ = Pd or
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Ni) that supported a dative M-M’ interaction;** Arnold suggested a dative Fe to Ti bond based on
the short Fe-Ti distance in ([(NNTMS)Ti(M-Cl)]z)[B(C6F5)4]2.23 More interestingly, Arnold
observed that the Fe-Ti distance in a series of compounds with the same NN™® ligand varied
according to the electrophilicity of the titanium center: Fe-Ti distance is 3.32 A in the neutral
dialkyl complex (NN™9)TiMe,, but it shortens to 3.07 A in the Lewis acid adduct
[(NN™3TiMe][(n-Me)B(C¢Fs);] and reaches the shortest 2.49 A in the chloride bridging
dicationic complex ([(NNTMS)Ti(M-Cl)]z)[B(C6F5)4]2. Our group observed a similar trend for
group 3 metal complexes supported by the NN'®® ligand: the Fe-Sc distance is 3.16 and 2.80 A
in (NN"®%)Sc(CH,C¢H3Me»-3,5)(THF) and [(NN'®%)Sc(u-Cl)],, respectively.” A similar Fe-M
distance shortening was observed upon one electron oxidation of (NN™%),U.* Recently, our
group also reported a dative Fe-Ru interaction in [Fe(n5-C5H4NH)2]Ru(PPh3)2 and characterized

it by spectroscopic methods and DFT calculations.*
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Late transition metals
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(LINNTMS)Ti(u-C)12)[B(CeF 5)al2
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Diaconescu 2008

Chart 2-2: Organometallic complexes containing dative iron-metal bonds (which are indicated

as red dashed lines).

Besides the weak Fe-M interaction, ferrocene-based ligands inherit the redox-active

nature of ferrocene. The ferrocenium-ferrocene redox couple is usually reversible.”’

Therefore,

the ferrocene unit can serve as a redox-switch providing an indirect control of active sites for
polymerization or other chemical transformations.”®*’ Recently, our group reported a redox-
switchable catalyst used for ring-opening polymerization and the synthesis of biodegradable
materials.”®

This result highlighted the potential of the redox-active ferrocene backbone in tuning

the reactivity of the metal center found in the vicinity of ferrocene. On the other hand, the
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possibility to reduce ferrocene was evidenced by the reversible redox event observed for

+
/O).zg However, the extreme

ferrocene in 1,2-dimethoxyethane at -3.45 V (referenced to ferrocene
negative redox potential makes the assignment of this event to ferrocene”” questionable. No

other report of a reduced ferrocene species is known to us.

Based on our experimental observations and computational studies on the organometallic
compounds supported by the 1,1’-ferrocenediyl diamide ligands, we attribute the following
advantages/features to this type of ligands (Figure 2-1): (1) The redox-active ferrocene backbone
serves as an electron reservoir; (2) The weak, dative iron-metal interaction stabilizes complexes
of the Lewis acidic metal center, and, probably more important, this interaction is flexible since
the barrier for the ferrocene unit to move toward or away from the metal center is low (nearly
free rotation of Ciys-N bonds); (3) The 1,1'-ferrocenediyl diamide blocks one side of the metal
leaving the other side widely open for substrate coordination. This is particularly important when
comparing it to substituted cyclopentadienyls. From our point of view, substituted
cyclopentadienyls are usually sterically demanding, which facilitates the isolation of unstable
compounds but hinders their reactivity.*® The most common ferrocene diamide we used in the
projects discussed herein is 1,1’-fc(NHSi'BuMe,), (Ho(NN"™%)), although other derivatives such

as 1,1'-fc(NHCsH,Mes-2.4,6), (Ho(NNMES)) were also explored.
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Figure 2-1: Advantages/features of 1,1'-ferrocenediyl diamide ligands to support electrophilic

d’f" metals.

2.2 (NNTBS)MI(THF)Z (M =S¢, Y, La, and Lu) as precursors for reduction chemistry
Initially, reduction chemistry was explored using the known scandium chloride
[(NNTE s)Sc(u—Cl)]z.5 However, the reaction of [(NN? S)Sc(u-Cl)]z and potassium graphite (KCg)
in common organic solvents such as hexanes, toluene, diethyl ether (Et,0), tetrahydrofuran (THF)
did not result in any products that could be identified. It was noted that either no reaction took
place or that the reaction was not clean. We reasoned that the first step in those reactions is to
break the Sc-Cl bond and eliminate KCI in order to allow a subsequent reaction to occur.
Therefore, we hypothesized that the unsuccessful reaction of [(NN"%)Sc(p-Cl)], and KCg may

be due to the high strength of the Sc-Cl bond that hinders the elimination of KCI. By replacing
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chloride with iodide, the resulting Sc-1 bond should be weaker and it is more likely to eliminate
KI and facilitate a subsequent reaction.

(NNTBS)SCI(THF)Z could be readily prepared from (NNTBS)SC(CH2C6H3M62-3,5)(THF)
on a gram scale. Heating (NNTBS)SC(CH2C6H3M62-3,5)(THF) with 10 equivalents of
iodomethane (Mel) in toluene for 24 hours led to complete conversion to (NNTB$)SCI(THF),
(Scheme 2-1).*' The molecular structure of (NN™%)ScI(THF), is shown in Figure 2-2a. It was
noted that prolong heating of the reaction mixture could lead to the addition of Mel across the
Sc-N(amide) bond to afford a scandium diiodide complex [Fe(n’-CsHsNSi'‘BuMe,)(n’-
CsH;N(Me)(Si'BuMe,))]Scl, (Figure 2-2b). The side reaction was more prominent for
(NN™%)YBn(THF) and Mel, probably because the Y-N(amide) bond is more vulnerable to
electrophilic attack by Mel. To avoid this complication, an alternative route was developed for
the synthesis of all (NN"®*)MI(THF), (M = Sc, Y, La, and Lu) based on the fact that MesSil is
more reactive than Mel.**> Clean conversion to (NN'®*)MI(THF), was achieved by stirring 2
equivalents of Me;Sil and (NN"™%)M(CH,Ar)(THF) in toluene at 25 °C for 1 hour; the bulky
trimethylsilyl group also prevents the electrophilic attack on the M-N(amide) bond.”
(NN"™%)MI(THF), is barely soluble in saturated hydrocarbons, but readily soluble in aromatic
solvents and ethers. Except for (NN"®%)ScI(THF),, which crystallized in the space group C2/c,
all other (NN"B5)MI(THF), crystallized in the same space group, P-1, and differed only slightly
in structural parameters. In all (NN"®*)MI(THF), structures, the rare-earth ion is coordinated by
two nitrogen, two oxygen, and one iodide, while the ferrocene backbone sits oppositely to iodide.
If taking iron into account, the metal center is in a pseudo-octahedral geometry. As expected, the
Fe-M interaction is in the “off” mode (indicated by the long Fe-M distance) in the presence of

two coordinating THF molecules, which supply enough electron density to the metal center.
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Scheme 2-1: Synthesis of (NN"®*)MI(THF), (M = Sc, Y, La, and Lu): method i only worked for

(NN"™%)ScI(THF),; method ii is general for all (NN'2%)MI(THF),.

Figure 2-2: Molecular structures of (NN'®%)ScI(THF), (a) and [Fe(n’-CsH4NSi‘BuMe,)(n’-

CsH4N(Me)(Si'BuMe;))]Scl, (b). Thermal ellipsoids are drawn at the 50% probability level.
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Hydrogen atoms are omitted for clarity. Selected distances [A] and angles [°] (etrors in brackets):
(a) (NN"BSSCI(THF),: Scl-11 2.857(1), Sc1-N1 2.101(2), Sc1-O1 2.216(2), Scl-Fel 3.140(1);
N1-Scl-N1A 144.1(1), O1-Scl-O1A 170.6(1), N1-Sc1-O1 92.7(1), Fel-Scl-I1 180.0. (b)
[Fe(n’-CsH NSi'BuMe,)(n-CsHN(Me)(Si'BuMe,))]Scl:  Scl-I1 2.778(1), Scl-I3 2.784(1),
Sc1-N14 2.012(1), Sc1-N24 2.323(1), N24-C100 1.515(1), Sc1-Fe5 2.919(1), 11-Sc1-13 96.9(1),
I3-Sc1-Fe5 158.3(1), Fe5-Scl-11 104.4(1) (sum of the last three angles is 359.6), N14-Sc1-N24

127.0(1).

After obtaining the molecular structures of (NN'>*)MI(THF),, we performed a molecular
orbital analysis by using DFT calculations (Figure 2-3). Since we were going to explore the
reduction chemistry of (NN"®%)MI(THF),, the LUMO of each compound is of particular interest.
To our surprise, the LUMO of different metal iodides is not the same, although HOMO and
HOMO-1 are always the 3d orbitals of iron. For (NN"™%)ScI(THF),, the LUMO is localized on
the 3d orbital of scandium, while the LUMO+1 is the n orbital of the ferrocene backbone;
however, for (NN"®%)YI(THF),, both the LUMO and LUMO+1 are the © orbitals of the
ferrocene backbone. These unexpected results suggested the possibility of involvement of the
ferrocene backbone in electron transfer processes: an electron may be first delivered to the
ferrocene unit and then intramolecularly transferred to the rare-earth metal to activate the
substrate. However, due to the heterogeneous nature of reductions with KCg, we were unable to

study this process in more detail.
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(NNTBS)Scl(THF),

(NNTBS)YI(THF),

HOMO-1 HOMO LUMO LUMO+1

Figure 2-3: Selected molecular orbitals for (NN"®%)ScI(THF), and (NN"™%)YI(THF),. Top:

(NN")ScI(THF),; bottom: (NN'B%)YI(THF),. Hydrogen atoms are omitted for clarity.

2.3 Reaction conditions for reduction chemistry

We observed that reaction conditions are crucial to the outcome of reduction chemistry.
The choice of reductants is of great importance since the reducing power determines whether the
reaction is thermodynamically favorable. The reducing power of common reductants was
measured by electrochemical methods.”” However, it is important to note that some
heterogeneous reductants, most prominently, alkali metals or their equivalents, may initiate a

reduction reaction that is beyond their redox potential. For example, the redox couple benzene””
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was measured to be -3.4240.05 V versus SCE* and is much lower than Na™ at -2.59 V versus
SCE;25 however, the well-known Birch reduction involves electron transfer from sodium metal
to benzene as the first step.®® Solvent plays an important role in reduction chemistry as well. For
homogeneous reductants, for instance, alkali metal naphthalenides, the solvent can influence
both the thermodynamics and kinetics of the reaction by its coordination to the metal ion and its
relative permittivity.*® For heterogeneous reductants, the solvent effect is more subtle but can
still be prominent. As a typical heterogeneous reductant, KCg forms a suspension in common
organic solvents such as n-pentane, Et,O, and THF.”’ However, the reaction of KCg with acidic
protons (water, methanol, and other alcohols) in different solvents resulted in different amount of
evolved hydrogen gas. It was suggested that this difference in reactivity was caused by the fact
that the suspensions formed by KCg in n-pentane and Et,O are not as well dispersed as those
formed in THF.?’

Reductants: Potassium graphite (commonly referred to as KCg) was discovered to be the
most potassium rich form of a series of graphite intercalation compounds with potassium.” A

space-filling model of KCg is shown in Figure 2-4.
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Figure 2-4: Space-filling model of KCs: left, side view; right, top view. Use granted by Ben

Mills from the Wikimedia Commons.

KCg is probably the most widely used reductant in low-valent organometallic rare-earth
chemistry.”” The system composed of trivalent lanthanide precursors LnZ; (Z represents a
monoanionic ligand) and KCg developed by Evans proved successful in reducing dinitrogen to
form stable lanthanide dinitrogen complexes with the general formula (Z,Ln),(p-n*n*-N,).* In
addition, KCg was used in obtaining a series of divalent lanthanide complexes [K(2.2.2-
cryptand)][(CsHsSiMes);Ln] (also see Chart 1-3).*! The strategy of using KCs as a reductant was
also employed in main group chemistry to obtain structurally fascinating and fundamentally
important molecules, such as L:B(H)=B(H):L* and L:Si=Si:L* (L = :C[N(2,6-'Pr,C¢H;)CH]>)
containing a B=B bond and a Si=Si bond, respectively, although similar molecules,
L:B(Br)=B(Br):L and L:B=B:L, could also be prepared using sodium naphthalenide as a
reductant by another group.** The potential of using KCs as a reductant in organic synthesis or

transformation has been explored.’’” It was concluded that, as a reducing agent, it behaved similar
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or poorly compared to its homogeneous analogue sodium naphthalenide but it had the advantage
that it did not form any soluble by-products. It was realized that this advantage is particularly
important in organometallic chemistry.**’

We also chose KCg as the default reductant in our studies for the following reasons: (1)
The reducing power of potassium graphite is superior. Thermodynamically, it is considered as
the equivalent of potassium;*™®* kinetically, it can form suspensions in common organic solvents
so it has a greatly increased surface area compared to metallic potassium.”® (2) The by-products
of KC;s reduction are graphite and potassium halide salt that are not soluble in the organic
solvents and can be readily removed by filtration. (3) Professor Richard B. Kaner’s laboratory
(University of California, Los Angeles) prepares high quality KCg by mixing a stoichiometric
amount of potassium and graphite (usually Ium in particle size) and milling the mixture at high
temperature under an inert atmosphere. They usually prepare batches of 12 to 24 grams of KCg
that they donate to our laboratory. Since the mixing of potassium and graphite takes place inside
an inert-atmosphere glove-box at room temperature, and the reaction vessel is made of a metal
alloy, this synthetic method is safer and more efficient than the traditional methods based on
Schlenk techniques.?’ It is important to note that the mechanism and activity of KCg remains a
mystery to synthetic chemists; however, we made some effort to understand the role of KCs in
our system. This work is included in Chapter 3 section 3.2.3.

Besides KCg, we also tested other reductants, including sodium (mirror) and sodium
amalgam. Details regarding their activity and comparison to KCg are included in Chapter 3
section 3.2.2.1. Homogeneous reductants are usually preferred for reaction mechanistic studies.

However, none of the homogeneous reductants had the required reducing power to reproduce the
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results observed by us with KCg.*> Although sodium or lithium naphthalenide are strong
reductants, they are not innocent in our system (see Chapter 4).

Solvent and atmosphere: Although it was previously reported that KCg suspensions in
n-pentane, Et,0, and THF are stable at room temperature for at least 24 hours,37 we found that,
in our system, the outcome of a certain reaction was highly dependent on the solvent used. In
addition, we found that the stoichiometric addition of the coordinating solvent THF could change
reactivity when keeping other parameters constant. Details are included in Chapter 3 section
3.2.1.

The gas atmosphere under which reactions are conducted becomes relevant under strong
reducing conditions. Evans showed that LnZ3;/KCg system readily reduced N, from the N,
atmosphere™ and it was necessary to perform the reactions under argon in order to obtain
divalent lanthanide triscyclopentadienyl complexes [K(2.2.2-cryptand)][(C5H4SiMe3)3Ln].41 We
also explored the influence of different gas atmospheres (N,, Ar, H,, and reduced pressure) on

the outcome of a reaction. Details are included in Chapter 3 section 3.2.2.1.

2.4 Experimental section
Experimental details for the synthesis and characterizations of (NNTB S)MI(THF)Z
Method i: Synthesis of (NN"®%)ScI(THF),.>! (NN"™%)Sc(CH,C¢H;Me,)(THF) (0.737 g,
1.09 mmol) was dissolved in 5 mL of toluene in a Schlenk tube and excess Mel (1.750 g, 12.30
mmol) was added. The mixture was stirred at 85 °C for 24.5 h. THF (2 mL) was added to the
mixture before removing the volatiles under reduced pressure. The remaining yellow solid was
extracted with diethyl ether and layered with n-pentane. Yellow crystals were formed after

storing the solution overnight at -35 °C. The solvent was decanted and the crystals washed with
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cold n-pentane. Yield: 0.561 g, 68.1%. Single crystals suitable for X-ray diffraction were grown
from a dilute diethyl ether solution layered with n-pentane. 'H NMR (500 MHz, C¢Ds) 8, ppm:
4.04 and 3.33 (s, 8H, CH on Cp rings), 3.97 (s, 8H, CH,0), 1.41 (s, 8H, CH,CH,), 0.99 (s, 18H,
SiCCH3), 0.41 (s, 12H, SiCH3). °C NMR (126 MHz, C¢Ds) 8, ppm: 101.9 (CN on Cp rings),
71.7, 69.3, and 68.4 (CH on Cp rings and CH,0), 27.9 (SiCCH3;), 25.2 (CH,CH,0), 20.5
(SiCCHs;), and -1.6 (SiCH3). Anal. (%): Calced. for Cs3oHssN,FelO,ScSiy: C, 47.50; H, 7.17; N,
3.69. Found: C, 47.62; H, 7.25; N, 3.54.

Method ii:’' Synthesis of (NN"®%)YI(THF),. 1.0000 g of YBn3(THF); (1.723 mmol) and
0.7684 g of Hy(NN'®%) (1.728 mmol) were dissolved in THEF separately and placed in a dry
ice/acetone bath for 10 min prior to mixing. After mixing, the solution was stirred at 0 °C (using
an ice bath) for 30 min. The volatiles were then removed under reduced pressure. The resulting
yellow solid was extracted with a minimum amount of toluene and the solution filtered through
Celite. 0.6916 g of Me;Sil (3.456 mmol) was added to the aforementioned toluene solution. The
mixture was stirred at 25 °C for 1 hour. 5 mL of THF was added to the solution to quench the
extra MesSil. The volatiles were removed under reduced pressure. The remaining orange solids
were dissolved in a minimum amount of diethyl ether, layered with n-pentane, and stored at -
35 °C. Orange crystals formed after three days at -35 °C, 0.7540 g. The mother liquor was then
dried under reduced pressure and washed with hexanes. A yellow powder was collected on a
medium frit after an extensive hexanes wash, 0.3340 g. Total yield: 1.0880 g, 78.4%. ¥Y NMR
(29.4 MHz, C4Ds0, 25 °C) 8, ppm: 369.6. *Y NMR (29.4 MHz, C4Ds0, -44 °C) §, ppm: 369.9.
"H NMR (500 MHz, C¢Ds, 25 °C) 8, ppm: 4.07 and 3.10 (b, 8H, CH on Cp rings), 4.06 (b, 8H,
CH,0), 1.40 (m, 8H, CH,CH,), 1.02 (s, 18H, SiCCH), and 0.44 (s, 12H, SiCH3). >C NMR (126

MHz, C¢Dg, 25 °C) o, ppm: 102.9 (CN on Cp rings), 72.6 (CH,0), 67.6, and 67.1 (CH on Cp
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rings), 28.0 (SiCCH3), 25.0 (CH2CH;0), 20.6 (SiCCH3), and -1.0 (SiCH3). Anal. (%): Calcd. for
C30Hs4NoFelO,S1,Y: C, 44.90; H, 6.78; N, 3.49. Found: C, 44.70; H, 6.56; N, 3.47.

Synthesis of (NN"®%)ScI(THF),. 0.7500 g of Sc(CH,C¢H3sMe,-3,5)3(THF), (1.372 mmol)
and 0.6100 g of Hy(NN™® %) (1.372 mmol) were dissolved in toluene separately and placed in a
dry ice/acetone bath for 10 min prior to mixing. After mixing, the solution was stirred at 0 °C
(using an ice bath) for 1 h. The volatiles were then removed under reduced pressure. The
resulting yellow solid was extracted with toluene and the solution filtered through Celite. 0.5490
g of Me;Sil (2.744 mmol) was added to the aforementioned toluene solution. The mixture was
stirred at 25 °C for 2 h. 5 mL of THF was added to the solution to quench the extra Me;Sil. The
volatiles were removed under reduced pressure. The remaining orange solids were dissolved in a
minimum amount of diethyl ether, layered with n-pentane, and stored at -35 °C. Orange crystals
formed after three days at -35 °C, 0.5596 g. The mother liquor was then dried under reduced
pressure and washed with hexanes. A yellow powder was collected on a medium frit after an
extensive hexanes wash, 0.1991 g. Total yield: 0.7587 g, 72.9%.

Synthesis of (NN"®%)LaIl(THF). 1.0501 g of LaBns(THF); (1.670 mmol) and 0.7427 g of
H,(NN™%) (1.671 mmol) were dissolved in THF separately and placed in a dry ice/acetone bath
for 10 min prior to mixing. After mixing, the solution was stirred at 0 °C (using an ice bath) for
30 min. The volatiles were then removed under reduced pressure. The resulting yellow solid was
extracted with a minimum amount of toluene and the solution filtered through Celite. 0.6685 g of
Me;Sil (3.341 mmol) was added to the aforementioned toluene solution. The mixture was stirred
at 25 °C for 1 h. 5 mL of THF was added to the solution to quench the extra Me;Sil. The
volatiles were removed under reduced pressure. The remaining yellow solids were dispersed in

hexanes. A yellow powder was collected on a medium frit after an extensive hexanes wash.
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Yield: 1.1650 g, 89.4%. Different from other (NN"®*)MI(THF),, the molecular formula of the
product was determined by 'H NMR spectroscopy as (NN™%)La(THF). '"H NMR (500 MHz,
C4Dg0, 25 °C) 9o, ppm: 4.23 (s, 4H) and 3.13 (t, 4H), both belong to CH on Cp, 0.75 (s, 18H,
C(CHs)3), and 0.16 (s, 12H, SiCHs). >C NMR (126 MHz, C4D50, 25 °C) &, ppm: 103.0 (CN),
67.5, and 66.6 (CH on Cp), 27.7 (C(CHj3)3), 20.5 (C(CHs3)3) and -2.2 (SiCHs3). Anal. (%): Caled.
for CrgHuclFeLaN,OSi,: C, 40.01; H, 5.94; N, 3.59. Found: C, 40.04; H, 5.81; N, 3.15.

Synthesis of (NN"®%)Lul(THF),. 0.9800 g of LuBn3(THF); (1.474 mmol) and 0.6550 g
of Hy(NN"®%) (1.473 mmol) were dissolved in THF separately and placed in a dry ice/acetone
bath for 10 min prior to mixing. After mixing, the solution was stirred at 0 °C (using an ice bath)
for 30 min. The volatiles were then removed under reduced pressure. The resulting yellow solid
was extracted with a minimum amount of toluene and the solution filtered through Celite. 0.5900
g of Me;Sil (2.949 mmol) was added to the aforementioned toluene solution. The mixture was
stirred at 25 °C for 1 h. 5 mL of THF was added to the solution to quench the extra Me;Sil. The
volatiles were removed under reduced pressure. The remaining orange solids were dissolved in a
minimum amount of diethyl ether, layered with n-pentane, and stored at -35 °C. Orange crystals
formed after three days at -35 °C, 0.7488 g. The mother liquor was then dried under reduced
pressure and washed with hexanes. A yellow powder was collected on a medium frit after an
extensive hexanes wash, 0.3430 g. Total yield: 1.0918 g, 83.3%. '"H NMR (500 MHz, C¢Dg,
25 °C) o, ppm: 4.15 (m, 8H, CH,0), 4.03 and 3.18 (s, 8H, CH on Cp), 1.42 (m, 4H, CH,CH;0),
1.01 (s, 18H, C(CHs)3), and 0.42 (s, 12H, SiCH3). >C NMR (126 MHz, C¢Ds, 25 °C) 8, ppm:
102.4 (CN), 73.0, 67.3, and 67.2 (CH,O and CH on Cp), 28.1 (C(CHs)3), 25.0 (CH,CH,0), 20.8
(C(CHj3)3) and 0.8 (SiCH3). Anal. (%): Calcd. for C;oHs4IFeLuN,O,Si,: C, 40.55; H, 6.13; N,

3.15. Found: C, 40.93; H, 6.19; N, 3.06.
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CHAPTER 3: REDUCTIVE CLEAVAGE OF AROMATIC C-H AND C-F BONDS

3.1 Introduction

The carbon-hydrogen (C-H) bond is the most common chemical bond. It is also one of
the strongest single bonds and almost non-polar. Although it is difficult to achieve selective
functionalization of C-H bonds, these processes are highly desirable from an economical point of
view."? In nature, C-H bond functionalization is achieved by certain enzymes to form a hydroxyl
group.** Organometallic compounds have been found particularly useful in mediating C-H
activation.” Four types of mechanisms (Scheme 3-1) have been widely accepted for the C-H
activation reaction involving organometallic complexes: oxidative addition with electron-rich,
low-valent late transition metals,’ electrophilic activation with electron-deficient late transition
metals,6 1,2-CH addition across a metal-element multiple bond,7 and o-bond metathesis with
polarized metal-carbon bonds.® It has long been thought that oxidative addition is common for
late transition metals while o-bond metathesis is dominant for early transition metals and rare-
earth metals.” Recently, examples of electron-deficient, late transition metals mediated C-H
activation have been reported that cannot be rationalized by an oxidative addition mechanism.
Experimental and computational studies suggest a pseudo-c-bond metathesis mechanism.*"

Such discoveries blurry the line between early and late transition metals. However, to date, the

metal-centered oxidative addition mechanism is found exclusively with late transition metals.’
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Scheme 3-1: Four types of C-H activation mechanisms involving organometallic complexes
(from top to bottom): oxidative addition, o-CAM, 1,2-addition, and o-bond metathesis. The
alkyl or hydride that was eliminated from the metal complexes is highlighted in blue; the alkyl

and hydride that was activated by the metal complexes is highlighted in red.

3.2 Aromatic C-H bond activation

Herein we discuss a new type of C-H bond activation mediated by rare-earth metal
complexes that cannot be classified as c-bond metathesis. This reaction is closely related to
oxidative addition in that its products are a metal hydride and a metal aryl complex. Because it
requires reducing agents while the oxidation state of metal centers involved stays the same, we
propose the term “reductive cleavage” for this type of C-H activation. We think that this
reductive cleavage is a counterpart for rare-earth metals to the oxidative addition mechanism
found with late transition metals. In addition to C-H activation, we extend the reductive cleavage
to C-F activation (discussed in section 3.3).

Addition of 1.8 equivalents of KCg to a benzene solution of (NN™$)ScI(THF), (NN'BS =
1,1'-fc(NSi'BuMe;),) resulted in no immediate color change (Scheme 3-2). However, after 2
hours of stirring at 25 °C, the characteristic golden brown color of KCs disappeared and the
black graphite precipitated out. After a standard work-up to remove insoluble matter and
volatiles, an orange solid was obtained. The 'H NMR spectrum of the solid suggested that two
products were obtained in a 1:1 scandium molar ratio that were separated based on their different

solubilities.
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Scheme 3-2: Reaction of (NNTBS)SCI(THF)Z and KCg in neat C¢Hg or CgDg.

X-ray crystallography unambiguously established one of the products to be a scandium

hydride, [(NN"™%)Sc(THF)](n-H)2[Sc(NN'®%)] (Figure 3-la). The coordination of the THF

molecule is labile: a THF-free version [(NN'2°

)Sc(u-H)], was obtained after recrystallization of
the crude product from a toluene solution layered with n-pentane as indicated by 'H NMR
spectroscopy. The other product, a scandium phenyl complex, (NN"%)S¢(C¢Hs)(THF), was
characterized by its independent synthesis from (NN'®%)ScI(THF), and phenyl lithium (PhLi);
the crystal structure of the analogous (NN'5%)Sc(p-Me-CsH4)(THF) is shown in Figure 3-1b. The
reaction between (NN'2%)ScI(THF), and KCs could also be carried out in benzene-d; instead of
benzene. Monitoring by 'H NMR spectroscopy showed the formation of the corresponding
deuterated products [(NN"®%)Sc(u-D)], (the coordinating THF molecule is omitted since it is
labile) and (NN™%)Sc(Ce¢Ds)(THF), which were also probed by ’H NMR spectroscopy to
confirm the presence of the deuteride and perdeuterated phenyl group (Figure 3-2). This

experiment confirmed that the hydride and phenyl ligands originated from the C-H bond

cleavage of benzene.
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Figure 3-1: Molecular structures of [(NN"%)Sc(THF)](n-H)2[Sc(NN'2%)] (a) and (NN"B%)Sc(p-
Me-CeH4)(THF) (b). Thermal ellipsoids are drawn at the 50% probability level (except for
hydrides). Hydrogen atoms except hydride ligands were omitted for clarity. Selected distances
[A] and angles [°] (errors in brackets): (a) [(NNTBS)SC(THF)](u-H)z[Sc(NNTBS)]: Sc1-Sc2
3.278(2), Scl1-N3 2.093(4), Scl-N4 2.063(5), Scl-Fel 2.800(2), Sc2-N1 2.072(5), Sc2-N2
2.063(5), Sc2-O1 2.196(4), Sc2-Fe2 3.279(2); N3-Sc1-N4 115.3(2), N1-Sc2-N2 133.0(2), Fel-
Scl-Sc2 133.9(1), Fe2-Sc2-Scl 121.8(1), O1-Sc2-Scl 113.0(1). (b) (NN'®%)Sc(p-Me-
CeH4)(THF): Sc1-C1 2.250(3), Scl-N1 2.065(3), Sc1-N2 2.072(3), Sc1-O1 2.163(2), Scl-Fel
3.026(1), C1-C2 1.412(5), C2-C3 1.395(5), C3-C4 1.394(5), C4-C7 1.511(5), C4-C5 1.395(5),
C5-C6 1.404(5), C6-C1 1.408(5); N1-Scl-N2 137.5(1), C1-Scl-O1 98.0 (1), O1-Scl-Fel

152.8(1) C1-Sc1-Fel 109.2(1) (sum of the last three angles is 360.0), C2-C1-C6 114.4(3).
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Figure 3-2: ’H NMR spectrum of the crude products from the reaction of (NNTBS)SCI(THF)2 and

KCsg in neat C¢Dg (obtained in C¢Hg and referenced to residue Cg¢Dg).

We propose the following mechanism (Scheme 3-3): the reduction of (NN2%)ScI(THF),
with KCjs in the presence of benzene leads to [mNTBS)SC]z(u-C6H6) (intermediate I) featuring a
benzene dianion bridging two Sc(IIl) centers. Intermediate I undergoes C-H bond cleavage to
give a bridging hydride-aryl dinuclear complex, [(NN"®%)Sc](u-CeHs)(pu-H)[Sc(NN"®%)] (II).
Ligand redistribution from II accounts for the formation of the observed products,

[(NN"B%)Sc(p-H)], and (NN™B%)Sc(CeHs)(THF).
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Scheme 3-3: Proposed mechanism for C-H activation of benzene by the (NN'2%)ScI(THF),/KCs

system.

Support for the existence of intermediate I comes from Lappert’s work, who studied
intensively benzene reduction by alkali metals with or without the presence of lanthanide
complexes (Chart 3-1). He reported the isolation of a benzene dianion supported by rare earth
metals in the heterometallic compounds [K(l8-cr0wn—6)][(n5-1,3-(SiMe3)2-C5H3)2Ln(u2-n6:n4-
C¢Hg)] (Ln = La, Ce, and Nd) from a mixture of La(n’-1,3-(SiMes),-CsHs)s, excess potassium
metal (mirror), and 18-crown-6 in benzene. The benzene dianion is in a boat conformation and is
best described as a 1,4-cyclohexa-2,5-dienyl ligand, although no further reactivity to form metal
hydride and/or phenyl products has been reported.'' Starting from a different substituted
cyclopentadienyl complex, La(n’-1,3-(CMe3),-CsHs)s, a planar bridging benzene ligand was
found in the complex [K(18-crown-6)(m*-CeHe)>1[(n’-1,3-(CMes),-CsHz),Lal(po-1%m°-CeHg).
It was proposed that the complex contains two lanthanum(II) ions and a benzene monoanion.'? In
a subsequent article, "’ Lappert showed that the toluene radical anion could be obtained directly

from potassium metal, 18-crown-6, and toluene in a THF solution. The corresponding benzene
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radical anion could not be obtained probably due to its high reactivity, but, instead, the radical
coupled dimer [K(18-crown-6)]»(u-n:1’-CsHg-CeHg) was isolated. It is important to note that
Lappert suggested that the dimer readily dissociated to C¢Hs™ in solution."’ However, no
evidence for C-H bond activation was found in that system. In our case, monitoring the reaction
in benzene-ds by 'H NMR spectroscopy did not allow the observation of species other than the
starting material, (NN'®)ScI(THF),, and the products, [(NN"®%)Sc(u-H)], and

(NN"%)S¢(C¢Hs)(THF).
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Chart 3-1: Crystallographically characterized potassium and/or lanthanum stabilized reduced
benzene moieties by Lappert (the counter cation without close contact to the reduced arene is

omitted for clarity).

DFT calculations (collaboration with Dr. Thibault Cantat at CEA, France) support the
proposed mechanism (Figure 3-3). The bridging benzene ligand in intermediate I
[(NNTE S)Sc]z(u-CGHG) has a distorted structure and it is best described as u-n6:n2-C6H6 with one
scandium ion (Sc,) binding to all six carbon atoms (Sc;-C distances range from 2.573 to 2.764 A
in I)) and the other scandium ion (Sc;) binding tightly only to two adjacent carbon atoms (2.281
and 2.305 A). This asymmetry is more prominent in the calculated transition state: the scandium-
carbon(phenyl) bond is almost formed (the red solid line in Figure 3-3, the Sc;-C distance was
calculated to be 2.21 A, while in (NN"%)Sc(p-Me-CgH,)(THF) the Sc-Cyy distance is 2.250(3)
A), while Sc, binds mainly to the  electrons of benzene. The Fe-Sc distances also experience a
different amount of change: Sc;-Fe; (see Figure 3-3 for labeling) is 2.90 A (0.20 A shorter than
in intermediate I), while Sc,-Fe, only shows a minimum amount of change (2.99 A in the
transition state and 3.04 A in intermediate I). The asymmetry in the transition state indicates that
the two scandium ions play different roles in activating the C-H bond. In the product, compound
II, the geometric difference between the two scandium ions diminishes and they bind equally to
the bridging hydride and phenyl ligand.

A low activation barrier of 17.5 kcal/mol was found for the C-H cleavage step. This value
is consistent with the experimental observations that the C-H activation step is not rate-
determining, i.e. the rate-determining step is either the formation of intermediate I or prior to it,
since I is not observed. A comparison between a singlet and a triplet reaction coordinate, with
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the latter involving unpaired electrons, was also undertaken. The activation barrier was
calculated to be even lower than for the singlet coordinate, at 16.8 kcal/mol, but the triplet state
of intermediate I was found to be 7.8 kcal/mol higher in energy than the corresponding singlet
state. Although iron may play a role in the C-H cleavage step, it is unlikely that intermediates

and transition states with unpaired electrons are involved, i.e. iron(I) species.
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Figure 3-3: DFT calculation results for the C-H bond cleavage step of benzene activation.
Relative energies (kcal/mol) for intermediate I, the transition state, and compound II are shown
in the graph (singlet in black and triplet in blue). The calculated structures are shown with
numbers indicating selected interatomic distances (in A) (Sc in orange, Fe in purple, N in blue,

and C and H in grey).

3.2.1 Generality of the reductive cleavage of aromatic C-H bonds

Since rare earth metals usually have similar chemical reactivity, it was not surprising that
the analogues (NNTBS)YI(THF),, (NN"™)Lul(THF),, and (NN"B%)Er(THF), (see Chapter 6 for
the synthesis of (NN'®%)Erl(THF),) delivered C-H bond cleavage under the same reaction
conditions, with the formation of the corresponding metal hydride and phenyl complexes (Figure
3-4). However, the largest analogue, (NN™%)Lal(THF), did not deliver the formation of
lanthanum hydride and phenyl products. Currently, we do not fully understand the failure of
(NN'BS)Lal(THF),/KCs system.

While most rare earth metals worked, ligand choice seemed to be critical: only complexes
with ferrocene-based amide ligands, NN™5 and NNM& (NNMES = 1| 1'-fc[N(Mesityl)],, Mesityl
= C¢H,Mes-2,4,6), showed C-H activation reactivity. Neither the pincer-type pyridine-diamide
ligand, 2,6-bis(2,6-di-iso-propylanilidomethyl)pyridine, NoNP*, nor bis(trimethylsilyl)amide
scandium complexes delivered the C-H activation of benzene. The necessity of using 1,1'-
ferrocenediyl diamide ligands echoes the important role of the ferrocene backbone suggested by
DFT calculations.

After we achieved C-H activation of benzene by (NNTBS)SCI(THF)Q/KC8 system, we

revisited the reaction of [(NN'®*)Sc(u-Cl)]; and KCy in benzene. (NN'%)ScCI(THF), was

47



TBS)SC(M-CI)]Z in a small amount of THF and then removing

freshly prepared by dissolving [(NN
the volatiles under reduced pressure (the presence of the coordinating THF molecules was
confirmed by 'H NMR spectroscopy). (NN'™%)ScCI(THF),/KCs system was also able to
reductive cleavage the C-H bond of benzene. Although the reaction was messier compared to

(NN"™%)ScI(THF),/KCj system, this result highlighted the role of coordinating molecules in the

reduction chemistry.
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Figure 3-4: Generality of reductive cleavage of aromatic C-H bonds and reaction variables.
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3.2.2 Mechanistic study

3.2.2.1 Variables: Since the observation of the dianionic benzene intermediate I eluded
us, we turned to study the reaction further by changing reaction variables (Figure 3-4). The first
variable was the gas atmosphere. Evans and co-workers have shown that the common products
when treating Ln(IIl) precursors with strong reducing agents under an N, atmosphere are N,*
containing complexes.'* All our reactions were carried out under an N, atmosphere. In order to
eliminate the possibility that N,> serves as a catalyst or intermediate, we performed a reaction
under argon or under reduced pressure and found that the C-H activation reaction proceeded
similarly. This observation does not support the involvement of N,* in the C-H activation
reactions.

In order to test whether the C-H activation could proceed through a o-bond metathesis
mechanism, we carried reactions under H,. The presence of H, would favor the formation of
[(NNB%)Sc(u-H)], if the reaction followed a 6-bond metathesis mechanism, ' but our studies did
not show different results when reactions were carried out under H,. Therefore, the o-bond
metathesis mechanism does not apply.

The second variable explored was reducing agents. We decided to determine whether the
C-H bond reductive cleavage is limited to KCg as the electron source. We found out that sodium
mirror worked just as well as KCg. However, when sodium amalgam was used, no reactivity was
observed even at a high sodium concentration (2%). The incapacity of sodium amalgam to effect
a reaction may be explained by its weaker reducing power (-1.96 V vs. NHE (Normal Hydrogen
Electrode)) compared to sodium and KCj (ca. -2.7 to -3.0 V vs. NHE).'®

3.2.2.2 Kinetic isotope effects: In order to learn more about the reaction mechanism, we

determined the intermolecular and intramolecular kinetic isotope effects (KIEs) using a 1:1
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mixture of benzene and benzene-ds, and 1,3,5-trideuterobenzene, respectively (Scheme 3-4). We
first determined that the products [(NN™%)Sc(u-H)], and (NN'®%)Sc¢(C¢Hs)(THF) did not
undergo any scrambling with benzene or benzene-ds at 25 °C or higher temperatures. The
intermolecular KIE was found to be 1.0 indicating that the C-H bond cleavage step is not rate-
determining, consistent with other experimental observations and results derived from DFT
calculations. For comparison, the KIE was 2.8 for the o-bond metathesis reaction of (Cp*-
dys)ScCH; with C¢Hs and C¢Ds at 80 °C."”" The intramolecular KIE using 1,3,5-
trideuterobenzene was found to be 4.2. The fact that the intermolecular and intramolecular KIEs
were found to be different indicates that the C-H bond cleavage does not occur from the direct
insertion of a metal species into the C-H bond of benzene but rather from an intermediate
containing both the metal and benzene.'” This result is important since it supports the proposed
benzene dianion intermediate I, [(NN"?%)Sc],(u-CeHg).

3.2.2.3 Toluene regioselectivity: We also studied whether the reaction shows any
regioselectivity if toluene is used. Toluene contains four different C-H bonds: ortho-, meta-,
para-, and benzylic C-H bonds. In the reaction of scandium alkyl complexes and toluene that
follows the o-bond metathesis mechanism, Bercaw found no selectivity for the meta- and para-
positions and suggested that there was no involvement of the m system of arene in G-bond
metathesis.'> However, regioselectivity was found in the reaction of (NN"®%)ScI(THF), and KCj
in toluene. A product distribution of 6:1 for (NN"®%)Sc(m-Me-C¢H,)(THF) versus (NN"®%)Sc(o-
Me-C¢Hs)(THF)  was  obtained, without any  (NN'2%)Sc(p-Me-C¢Hy)(THF)  or
(NN"™%)S¢(CH,C¢Hs)(THF) formation observed. These experimental results agreed with DFT
calculations that showed that the C-H activation of the ortho- and meta-positions had similar

activation barriers (14.5 kcal/mol) and were 3.1 kcal/mol lower than the barrier for the para-
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position (17.6 kcal/mol); all those barriers were much lower than that for the benzylic position
(50.4 kcal/mol). The preference for the meta-C-H activation observed experimentally is likely
due to steric hindrance since the less hindered (NN"B%)Lul(THF),/KCs system gave a 1:1 ratio of
(NNTBS)Lu(m-Me-C¢H,)(THF) versus (NN"™%)Lu(o-Me-C¢H,)(THF). This selectivity disfavors a
o-bond metathesis mechanism as well as a radical mechanism, and is reminiscent of the 2,5-
selectivity observed for Birch reductions of arenes with electron donating alkyl substituents.'®
3.2.2.4 C-H activation from a dianionic naphthalene complex: Since intermediate I
could not be observed, we decided to probe whether a similar reaction would take place from an
analogous dianionic naphthalene complex [(NN™®%)Lu(THF)]»(u-n*n*-C1oHs) (Lu-naph, see

Chapter 4 for synthesis). Although the two (NN™*

)Lu(THF) moieties sit oppositely on two
different phenyl rings in the solid state as determined by X-ray crystallography, the variable
temperature 'H NMR spectroscopic study of Lu,-naph in toluene-ds showed that this complex
displays fluxional behavior in solution."’ Therefore, we hypothesized that, in solution, the two
lutetium ions may coordinate to the same phenyl ring and enable the C-H bond activation
reaction. To our delight, heating a benzene-ds solution of Lu;-naph at 50 °C led to clean C-H
bond cleavage of naphthalene exclusively at the a-position to form [(NN'®%)Lu(THF)(u-H)],
and (NNTBS)Lu(a-C10H7)(THF) in a 1:1 lutetium molar ratio. The analogous reaction with
[(NN™%)Sc](u-n*n*-C1oHs) (Scy-naph see Chapter 4) only led to trace amounts of
[(NNTBS)SC(H-H)]Z and (NNTBS)Sc(a-C10H7)(THF). Those results were attributed to the lack of
fluxional behavior of Sc,-naph in solution and to the instability of the products [(NN'2%)Sc(u-
H)]> and (NN"®%)Sc(a-CioH7)(THF) at 85 °C. For the larger rare-earth ions, no C-H bond
activation of naphthalene was observed from Y;-naph and La,-naph but rather decomposition to

unidentified species. The lack of C-H bond activation reactivity for the yttrium and lanthanum
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analogues is probably due to the weaker Lewis acidity of those ions compared to that of
scandium and lutetium.”* The unambiguous C-H bond activation of naphthalene from Lu,-naph

strongly supports the proposed mechanism involving a bridging arene dianionic intermediate.

Intermolecular kinetic isotope effect

JHF
S CgHg : CgDg = 1:1 by volume THF _‘\\\\\THF
(NNTBS)Sc—1 » (NNTBS)sc vs. (NNTBS)sc
L]
excess KCg, 25 °C \Ph Ph-ds
THF
1 : 1
Intramolecular kinetic isotope effect
oTHF ~THF
JTHF BS)q TBS)c
1,3,5-C¢H3D5 (NN'E%)sc D vs. (NN'™%)Sc
(NNTBS)sc——1| > D
excess KCg, 25 °C b
THF
D D
4.2 : 1
Toluene regioselectivity
CH;
H H \\\\\THF \\\\\THF
§THF (NNTBS)Sc” Vvs. (NNTBS)SC--" CH;
H
(NNTBS)s¢ I LI CH;
excess KCg, 25 °C
THF
6 : 1
C-H Activation from a dianionic naphthalene complex
/THF
NNTES)L H
( )Lu THF THF

CeDs wwH,

1 e,

H @ ——  » (NN®S)Lu: Lu(NNTBS) + 2 (NNTBS)Lu”
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THF

=~ TBS
H Lu(NNTBS)

THF

Scheme 3-4: Mechanistic studies: inter- and intramolecular KIEs, toluene regioselectivity, and

C-H activation from a dianionic naphthalene complex.
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3.2.3 Kinetics studies:

(NN®%)ScI(THF),/KCs system in benzene: Although the heterogeneous nature of KCg
precludes any quantitative kinetics studies, we aimed to understand the kinetics of the reductive
cleavage reaction qualitatively. We considered several reaction variables: temperature, stirring
rate, solution volume, amount of (NN'®%)ScI(THF),, amount of KCs, and benzene percentage.
By keeping the temperature, stirring rate, solution volume, and amount of (NN'2%)ScI(THF),
constant, we studied the effects of KCg and benzene percentage using the conversion of
(NN'B$)SCI(THF), as a probe.

The decay of (NN'B%)ScI(THF), was found to be linear under all conditions, i.e., there
was no observed dependence of the reaction rate on the concentration of (NN™$)SCI(THF),.
Since no estimation of the concentration nor degree of activity of KCys is available, this does not
necessary mean that the reductive cleavage of C-H bonds is zero-order in (NN™ $\SCI(THF),.
However, it strongly suggests that the first electron transfer step is heterogeneous in nature. The
amount of KCjs (the reactions were set up in parallel) was found to affect the reaction rate greatly:
changing the amount of KCg by a factor of four resulted in the reaction rate increasing by nine
times while keeping other reaction variables constant. Two reasons may account for the positive
effect of the KCg amount: (1) increased surface area as a consequence of more KCg present; (2)
increased amount of the more active K° species.?’ However, since the decay of
(NN'B$)ScI(THF), remained constant the latter is likely not important. The benzene percentage
also affected the reaction rate. The reaction of (NNTBS)SCI(THF)Q/KCg in 1:9 benzene:hexanes
was much slower than in neat benzene. However, besides the concentration of benzene, the
relative permittivity and how well dispersed KCsg in a certain organic solvent® may also be the

reason for the change in reaction rate.
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C-H bond activation from [(NNTBS)Lu(THF)]z(u-n4:n4-C10Hg): Lu,-naph is slightly
soluble in C¢Dg. This allowed a quantitative kinetics study on the C-H bond activation from Lu,-
naph. The decay of Lu;-naph was used to probe the reaction rate. It was found that the reaction
order in Luy-naph is 1.5. The Erying plot for three different reaction temperatures gave an
activation barrier of 21.2 kcal/mol. Corresponding computational studies on naphthalene C-H
activation from Lu;-naph is underway in order to compare with the experimental activation

barrier as well as to explain the regio-selective C-H activation at a-position of naphthalene.

3.3 Aromatic C-F bond activation
Despite the fact that C-F bonds are relatively rare in nature,” fluorinated organic
molecules have been found to exhibit remarkable changes in their physical properties, chemical

2425 The interest in

reactivity, and biological activity compared to their hydrocarbon counterparts.
fluorine chemistry in recent years resulted in a constantly increasing number of fluorine-
containing pharmaceutical drugs and agrochemicals® and the development of methods to

introduce fluorine into organic substrates.”’*®

However, the combustion products of fluorine-
containing molecules are usually greenhouse gases.”” Therefore, it is necessary to develop
methods to transform C-F bonds into other C-X bonds, preferably C-H bonds.*® However,
because of the strength of C-F bond as well as the relatively small size of the fluorine atom,
transformations of C-F bonds are difficult to achieve and only a few examples of lanthanide and
group 4 metal complexes are known to mediate C-F bond cleavage stoichiometrically or

catalytically.”® Given the high activity of (NN"®%)ScI(THF),/KCs toward C-H bond cleavage of

benzene, we decided to apply this system to a fluorinated benzene, C¢F.
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Although CgF¢ is incompatible with KCs, we were able to optimize the reaction
conditions to achieve clean C-F bond cleavage (Scheme 3-5). Analogous to benzene activation,
[(NNTBS)SC(H-F)]Z and (NN™%)Sc(C¢Fs)(THF) were formed in a 1:1 scandium molar ratio. The
two products were separated on the basis of their different solubilities. When the corresponding
yttrium and lutetium systems were used, only [(NN'®*)M(THF)(u-F)], was identified as the
reaction product containing the NN™® ligand. By comparing the '’F spectrum of the crude
reaction mixture with literature values,’' the by-product was confirmed to be
octafluorobiphenylene. The by-product is likely formed by p-F elimination from
(NN™5M(C¢Fs)(THF) (M = Y and Lu). A similar process is known for [n’-1,3,4-
(CMe3)3CsH,]2Ce(CgFs) and is a consequence of the high electrophilicity of rare-earth jons.*” In
addition, aliquots taken during the early stages of the reaction contained an intermediate species
as determined by NMR spectroscopy. In the case of (NN'® $)Lu(C¢Fs)(THF), the process was
slow enough to allow the identification of the intermediate species as (NN'B%)Lu(C4Fs)(THF).
The absence of 3-F elimination from (NN"%)Sc(C¢Fs)(THF) is probably due to steric hindrance

at smaller scandium 1on.
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Scheme 3-5: Aromatic C-F bond cleavage of C¢F¢ by (NNTB S)MI(THF)Z/KCg.

The rare-earth fluorides and (NN'2%)Sc(C¢Fs)(THF) were characterized by X-ray
crystallography (Figure 3-5) and 'H and '"F NMR spectroscopy. In the molecular structure of
[(NN"B)Sc(THF)](1-F)2[Sc(NN%)], the Fe-Sc distance is 2.840(2) A. This is consistent with
previous observations by our group on iron-metal distances.> For the molecular structure of
(NN"™%)Sc(C4Fs)(THF), any agostic interaction between scandium and ortho-F could be
excluded because of the long Sc-F,,, distance (3.33 and 3.43 A); instead, a relative short Fe-Sc
distance is observed at 3.027(1) A. The ""F NMR spectra for the metal fluorides exhibited a
broad signal between -30 to -50 ppm. No *Y-""F coupling could be interpreted. The broadness
of the signal could be caused by restricted rotation of NN'2® ligand indicated by 'H NMR spectra.
Three distinct multiplets were found in the '’F NMR spectrum of (NN'2%)Sc(C¢Fs)(THF) at -119,

-155, and -161 ppm in a 2:1:2 ratio for ortho-, para-, and meta-F, respectively.
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Figure 3-5: Molecular structures of [(NN"2%)Sc(THF)](pn-F)2[Sc(NN'2%)] (only one of the two
crystallographically independent molecules selected) (a) and (NN'2%)Sc(C¢Hs)(THF) (b).
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms were omitted for
clarity. Selected distances [A] and angles [°] (errors in brackets): (a) [(NN'2%)Sc(THF)](u-
F)o[Sc(NN™%)]: Sc1-F1 2.090(4), Sc1-F2 2.083(5), Sc2-F1 2.036(5), Sc2-F2 2.045(5), Sc1-Sc2
3.310(2), Scl-N1 2.055(7), Scl-N2 2.050(8), Scl-O1 2.200(6), Sc2-N3 2.058(8), Sc2-N4
2.065(8), Sc2-Fe2 2.840(2); Scl-F1-Sc2 106.7(2), Scl-F2-Sc2 106.6(2), N1-Sc1-N2 127.7(3),
N3-Sc2-N4 114.5(3). (b) (NN™®%)Sc(C4Fs)(THF): Scl1-C1 2.308(1), Scl-N1 2.046(1), Sc1-N2
2.058(1), Sc1-O1 2.145(1), Scl-Fel 3.027(1), Scl-F1 3.429(1), Sc1-F5 3.335(1); N1-Sc1-N2
148.1(1), C27-Sc1-01 110.9(1), O1-Scl-Fel 110.3(1) C1-Scl-Fel 138.8(1) (sum of the last

three angles is 360.0).
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It is noteworthy that the C-F activation of Cg¢F could also be carried out cleanly in C¢Dg,
a non-innocent solvent for the (NN"™%)ScI(THF),/KCg system. The preference for C-F bond
activation over C-H bond (accurately, C-D bond) activation may be explained by the fact that
CeFs 1s more readily reduced compared to C¢Ds. However, although the proposed intermediate
[(NN"B%)Sc],(u-CeFe) should be more stable than intermediate I, [(NN™%)Sc],(n-CsHs), we did
not observe it by NMR spectroscopy.

Interestingly, the C-F bond cleavage of Cg¢F¢ was also achieved using rare-earth
naphthalene complexes as the reductant. [(NN"2%)Sc(u-F)], and (NN"™%)Sc(C4Fs)(THF) were
formed by heating Sc;-naph and excess CgFg (ca. 10 equiv) in C¢Dg at 85 °C, while
[(NNTBS)M(THF)(u-F)], was the sole metal product at lower temperature for the reaction of Y-
naph or Lu;-naph and C¢F¢ (for Y, T = 25 °C; for Lu, T = 50 °C). In the lutetium reaction,
(NN™%)Lu(C4Fs)(THF) could be identified in the early stages of the reaction by NMR
spectroscopy. Free naphthalene was also formed in the reaction. These results show that
potassium is not necessary in promoting the C-F bond cleavage.

The C-F bond cleavage of C¢Fg is particularly encouraging because it shows that the
reductive cleavage in the presence of KCg is compatible with polar C-F bonds. In addition, it
illustrates that the aromatic substrate does not have to be used as a solvent; a slight excess in a
mixture of ethers and inert hydrocarbons will work as well.

To the best of our knowledge, the activation of aromatic C-H/F bonds by an early
transition metal complex to form an equal molar mixture of metal hydride/fluoride and metal
phenyl complexes is unprecedented.”® The closest examples to our results are the oxidative
addition of halogens and the reductive elimination of C-C bonds to form biphenyl on a d° Zr(IV)

center supported by a redox active ortho-iminoquinone ligand reported by Heyduk.****
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3.4 Experimental section

General reaction setup, monitoring, and work-up for benzene activation by the
(NN"BHScI(THF),/KCs system (using the kinetics study as an example): 0.1500 g of
(NNTB$)SCI(THF), (0.1977 mmol) and 0.0315 g of C¢Mes (as internal standard) were dissolved
in 6.00 mL of C¢Hg. An initial aliquot was taken before the addition of 0.0429 g of KCs (1.605
equiv). Every half an hour afterwards, a 0.20 mL of aliquot was taken and volatiles were
removed under reduced pressure. The remaining solid was extracted by C¢Dg¢ and filtered
through Celite before it was examined by 'H NMR spectroscopy. The two products,
[(NN"B5)Sc(u-H)], and (NN™®%)Sc(CqHs)(THF), were identified by their characteristic proton
chemical shifts. Similar procedures applied for toluene or benzene-ds activation. C-H activations
from rare-earth naphthalene complexes were usually set up in a J-Young tube using C¢Dg as the
solvent and monitored by "H NMR spectroscopy. For the reactions ran under a gas atmosphere
other than N,, KCg was added to a frozen benzene solution of (NN'"®%)ScI(THF), in a Schlenk
tube sealed by a Teflon cap. The Schlenk tube was taken out of the glove-box and linked to a
Schlenk line while keeping the solution frozen with a dry ice/isopropanol bath. The Schlenk tube
was evacuated for 5 min and then the desired gas was filled into the tube. From that point, the
benzene solution was allowed to thaw and the reaction mixture was stirred for a designated time
under the desired gas atmosphere.

Regarding the separation of [(NN'®%)Sc(u-H)], and (NN'%)Sc(C¢Hs)(THF), since
[(NN"B%)Sc(u-H)], is far less soluble in hexanes than (NN'®%)Sc(C¢Hs)(THF), it could be
obtained pure after washing the crude reaction mixture with hexanes. However, due to the high
solubility of (NN"®%)Sc(C¢Hs)(THF) in common organic solvents, it could not be isolated pure

from this reaction. Instead, all scandium, yttrium, and lutetium aryl complexes were
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independently synthesized from (NN'2°

)MI(THF), and the corresponding aryl lithium (see
below).

Synthesis of LiCcHs: 0.5000 g iodobenzene (2.451 mmol) was dissolved in Et,O and
placed in an ice bath at 0 °C. 0.94 mL of 2.6 M n-butyl lithium (1 equiv) was added drop-wisely.
The mixture was allowed to stir at 0 °C for 30 min. Volatiles were removed under reduced
pressure. The remaining solid was first washed with hexanes and then extracted by Et,O. The
volatiles were removed again and the remaining solid was dried under reduced pressure for 2
hours. The empirical molecular formula was determined by reaction with (NNTB$)SCI(THF), to
be C¢HsLi(OEt,)o31 (molecular weight = 106.9 g/mol). Yield: 0.2266 g, 86.5%.

Synthesis of other aryl lithium (Li(p-Me-C¢Ha), Li(m-Me-CgHy), Li(o-Me-CgHy), Li(a-
CioH7), and Li(B-CoH7) is in analog to that of LiC¢Hs (from p-I-C¢HsMe, m-1-CcHsMe, o-I-
CsHsMe, a-bromonaphthalene, and B-bromonaphthalene, respectively).

Synthesis of (NN"%)Sc(0-Me-C¢Hs)(THF): 0.1000 g of (NN"™%)ScI(THF), (0.1318
mmol) was dissolved in 4 mL of Et,O. 0.0141 g Li(o-Me-C¢Hs) (1 equiv) was dissolved in 1 mL
of Et,O and drop-wisely added to the (NN"™%)ScI(THF), solution at 25 °C. The reaction mixture
was allowed to stir at 25 °C for one hour. The volatiles were removed under reduced pressure.
The remaining yellow solid was extracted into hexanes and then the volatiles were removed
under reduced pressure. Same procedure was repeated with n-pentane. The remaining solid was
dissolved in minimum amount of n-pentane and stored in a -35 °C freezer. Orange solid
precipitated out after several days. Yield: 0.0556 g, 64.8%. Anal. (%): Calcd. for
Ci3Hs3FeN,OScSi,: C, 60.91; H, 8.21; N, 4.30. Found: C, 60.52; H, 8.17; N, 3.85.

Synthesis of (NN'2%)Sc(C¢Hs)(THF), (NN2%)Y(C¢Hs)(THF), (NN"™%)Lu(C¢Hs)(THF),
(NN"™%)Sc(m-Me-C¢H,)(THF), (NN'2%)Sc(0-Me-CgHy)(THF), (NN™%)Lu(p-Me-C¢H,)(THF),
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(NN™5)Lu(m-Me-C¢Hs)(THF),  (NN™%)Lu(o-Me-C¢Hs)(THF),  (NN™%)Lu(a-C,oH;)(THF),
(NN"™%)Lu(B-C,oH7)(THF) is in analogous to that of (NN'2%)Sc(o-Me-CgHs)(THF). Note: some
rare-earth aryl complexes were contaminated by the formation of ate complex. For example,
[(NNTE S)Lu(B-C10H7)(M-B-C10H7)] [Li(THF)] was crystallized from the crude product instead of
(NN"™%)Lu(B-C1oH7)(THF) in the reaction of (NN"®%)Lul(THF), and Li(B-CoH>).

C-F bond activation of C¢Fs by (NN"®%)ScI(THF),/KCs: 0.2030 g (NN"®%)ScI(THF),
(0.2676 mmol) and 0.2480 g C¢F¢ (4.981 equiv) were weighed in a scintillation vial (20 mL) and
were dissolved in 6.0 mL of Et;0. 2.0 mL of hexanes was added. 0.1065 g KCg (2.944 equiv)
was added to the solution. The mixture was allowed to stir at 25 °C for 2.5 hours before the
volatiles were removed under reduced pressure. The crude products were determined to be
[(NN"B$)Sc(p-F)], and (NN'B%)S¢(CgFs)(THF) in 1:1 scandium molar ratio. The crude products
were extracted first by hexanes then by toluene. (NN'%)Sc(C¢Fs)(THF) crystallized as pale
yellow crystals from the hexanes extraction. Yield: 0.0535 g, 27.5% (theoretical maximum yield
s 50%). Anal. (%): Calcd. C3;Ha6FsFeN,OScSiy: C, 52.89; H, 6.38; N, 3.85. Found: C, 53.35; H,
6.60; N, 3.48. [(NN"™%)Sc(u-F)], crystallized as yellow crystals from the toluene extraction

layered with n-pentane. Yield: 0.0372 g, 27.5% (theoretical maximum yield is 50%).
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CHAPTER 4: SYNTHESIS OF RARE-EARTH FUSED-ARENE COMPLEXES AND

THEIR REACTIVITY TOWARD P4 ACTIVATION

4.1 Introduction

While we were studying the mechanism of C-H bond activation of benzene by the
(NNTB$)SCI(THF),/KCy system, we tried to isolate or observe an arene dianion as an
intermediate for aromatic C-H bond activation. Fused arenes such as naphthalene and anthracene
have a more accessible reduction potential compared to benzene.! We rationalized that a
naphthalene dianion or an anthracene dianion would be stabilized by rare-earth ions and allow its
isolation. Indeed, we successfully prepared [(NN™ S)Sc]2(pt—114:n4-C1<)Hg),2 [(NN'E S)Sc]z(u-
n®n°-C4H0),> and [(NN"BSM(THF)]o(p-n*n*-CioHs)** (M =Y, La, and Lu). In addition to
studying the C-H activation from these rare-earth naphthalene complexes (see Chapter 3), we
employed them in white phosphorus (P) activation.> Chapter 4 will focus on the synthesis and
characterization of these rare-earth fused-arene complexes and their reactivity toward P4

activation.

4.2 Scandium fused-arene complexes: synthesis, characterization, and reactivity

Rare-earths complexes of reduced arenes have been long targeted because of their
fundamental importance and their potential to be multi-electron sources for reduction chemistry.’
Arenes have outstanding stability due to their aromaticity; however, the accessibility of both
their 7 and ©" orbitals allows them to serve as multi-electron neutral or anionic ligands. Rare-
earths, because of their large ionic radii and high positive charges, can have high coordination

numbers without sacrificing the strength of interactions with a ligand. Therefore, neutral arenes
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and arene anions serve as excellent ligands for rare-earth ions.’ The first authentic arene-
lanthanide complex was reported in 1986,6 containing a neutral C¢Meg ligand. With the
development in low valent rare-earth chemistry, a few rare-earth reduced arene complexes have
been reported in the last two decades. Among them, reduced-naphthalene complexes are the
most studied and have been synthesized and characterized for most rare-earths.’

However, rare-earth reduced naphthalene complexes were missing examples of scandium
reduced naphthalene compounds. The synthesis of scandium arene complexes has been limited
to the co-condensation of scandium metal vapors and benzene derivatives with bulky substituents
(1,3,5-1‘-Bu3C6H3)7 or heteroaromatic hydrocarbons (2,4,6-#-Bus;CsH,N and 2,4,6-#-BusC;P3) to
give sandwich formal zero-valent scandium arene comple:><es;8'10 the gas-phase reaction of
scandium ion with benzene and its derivatives led to products that could only be characterized by
mass spectrometry.11 On the other hand, a series of neutral arene scandium(Ill) complexes
supported by B-diketiminato ligands have been isolated and structurally characterized.'*"® This
highlighted the strong Lewis acidity of scandium(III). Although binuclear inverted sandwiches of
yttrium and lutetium naphthalene complexes with the general formula [(P,N;)Ln],(u-arene)
(P,N; = (PhP[CH,(SiMe;)N(SiMe,)CH,],PPh), also see Chart 1-2, arene = C;oHg or a-Me-
CioH7; Ln =Y / Lu) could be prepared by the reaction of a mixture of potassium graphite (KCys)
and naphthalene or a-methylnaphthalene with the yttrium complex [(P2N2)Y).(u-Cl),] or its
lutetium analogue'* and homoleptic or mixed-halide naphthalene complexes of larger lanthanides

15-20
are known,

no scandium naphthalene complexes had been reported prior to our work.
Similarly, no scandium complex with another fused arene, such as anthracene, was known,

although reduced-anthracene complexes with other rare-earths are common.’
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We rationalized that the lack of scandium reduced arene complexes may be related to the
unique characteristics of scandium. Scandium(IIl) is the smallest among rare-earths: its ionic
radius of 0.74 A is 0.12 A smaller than that of lutetium(III).”' The large difference in ionic radius
between scandium and other rare-earths leads to special properties and reactivity of scandium

2223
complexes.”

For example, scandium(III) prefers o binding to w binding. This is best illustrated
by the product from the co-condensation of scandium metal and 1,3,5-t-Bu3C6H3.7 While other
rare-earths gave the formally zero-valent sandwich complexes (1,3,5--BusC¢H3)Ln (Ln =Y, La,
Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, and Lu),24 in the case of scandium, a second product arising
from the insertion of scandium into the C—H bond of the tert-butyl groups was also been
observed.”

Upon addition of 1.2 equiv KCg to a pre-mixed THF solution of (NN'®%)ScI(THF),
(NN = 1,1"-fc(NHSi'BuMe,),) and 0.5 equiv naphthalene (Scheme 4-1a), an immediate color
change from yellow to dark purple was observed; for comparison, in the absence of
(NN™%)ScI(THF),, the KCg/naphthalene mixture has a dark green color in THF, typical for
alkali metal naphthalenides.' The reaction mixture was allowed to stir at 25 °C for 1.5 hours, and
then the volatiles were removed under reduced pressure to get a dark red solid. Interestingly,
when extracting the dark red solid with toluene, the toluene solution turned to an intense blue
color. Single crystals suitable for X-ray crystallography were grown from a toluene solution after
storing at -35 °C for several days. The solid-state molecular structure unambiguously established
that the product was the first scandium naphthalene complex, [(NN"®%)Sc]2(u-n*n*-C1oHsg) (Sca-
naph) (Figure 4-1a).” To explore further the scope of the scandium arene synthesis, anthracene
was employed as well. 1.5 equiv KCs was added to a pre-mixed THF solution of
(NN'B$)ScI(THF), and 0.5 equiv anthracene at -78 °C and the reaction mixture was allowed to
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stir at -78 °C for 2 h. After a similar work-up as for Sc;-naph, the corresponding scandium
complex of reduced anthracene could be crystallized from hexanes and isolated in 70% yield
(Scheme 4-1b). Single crystals suitable for X-ray crystallography were grown from a

concentrated diethyl ether solution stored at -35°C for a week. The molecular structure of

[(NN"B5)Sc]o(u-nn°-Ci4H10) (Scz-anth) is shown in Figure 4-1b.

Q (NNTBS)Sc <
THF

63 %

I

a) 2 (NNTBS)sc
\ KCg, THF
T

HE 25°C,1.5h )
-2 Kl Z—=Sc(NNTBS)

b) 2 (NNTBS)S¢—1| - |
KCg, THF

-78°C,2h
-2 KI |

Scheme 4-1: a) Synthesis of Sc-naph, yield: 63%; b) synthesis of Scp-anth, yield: 70%; c)

conversion of Sca-naph to Sc;-anth.
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Figure 4-1: Molecular structures of Sc,-naph (a) and Sc,-anth (b). Thermal ellipsoids are drawn
at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected distances [A] and
angles [°]: (a) Sca-naph: Sc1-N1 2.056(4), Sc1-N2 2.090(4), Sc1-C1 2.511(4), Sc1-C2 2.503(4),
Sc1-C3 2.506(5), Sc1-C4 2.536(5), Scl-Fel 2.831(1), C1-C5A 1.421(6), C1-C2 1.428(7), C2-C3
1.368(7), C5-C5A 1.445(9); N1-Sc1-N2 110.6(2), Fel-Sc1-C1 105.1(1), Fel-Sc1-C4 167.0(1),
C5A-C1-C2 120.3(4), C1-C2-C3 118.9(4), C2-C3-C4 119.6(4), C3-C4-C5 120.9(4), C4-C5-C5A
117.0(5). (b) Scz-anth: Scl1-N1 2.057(3), Sc1-N2 2.061(3), Sc1-Fel 2.743(1) Sc2-N3 2.072(3),
Sc2-N4 2.078(3), Sc2-Fe2 2.851(1), Sc1-C1 2.583(3), Sc1-C2 2.523(3), Sc1-C3 2.543(3), Scl-
C4 2.605(3), Sc1-C14 2.833(3), Sc2-C5 2.844(3), Sc2-C6 2.442(3), Sc2-C7 2.679(3), Sc2-C12
2.707(3), Sc2-C13 2.464(3), Sc2-Cl14 2.863(3), C14-C1 1.403(4), C1-C2 1.428(5), C2-C3
1.385(5), C5-C14 1.452(4), C5-C6 1.436(4), C6-C7 1.470(4), C7-C12 1.416(4), C7-C8 1.411(5),
C8-C9 1.394(5), C9-C10 1.397(6); N1-Sc1-N2 112.0(1), N3-Sc2-N4 114.3(1), Fel-Sc1-Cl1

121.1(1), Fe2-Sc2-C6 101.3(1), Fe2-Sc2-C13 167.6(1), C4-C5-C6 124.6(3), C6-C7-C8 123.6(3).
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The molecular structure of Scp-naph is reminiscent of previously reported yttrium
naphthalene complexes.'* The naphthalene is distorted from planarity with C2/C3 and C2A/C3A
bending in opposite directions from the plane composed of the other six carbon atoms (ca. 20°
torsion angle). The C-C bonds within the naphthalene are best described as two isolated double
bonds (C2=C3 and C2A=C3A), with short distances averaging 1.37 A, and a 6C, 8n-electron
system for the six co-planar center carbon atoms. Each scandium ion binds n* to C1 through C4
(or CI1A through C4A) with similar distances averaging 2.51 A. These features are also
reminiscent of the lithium naphthalene dianion [Li(TMEDA)]z(M-n4:n4-C10Hg) (TMEDA =
tetramethylethylenediamine).”

Despite the structural parameters common with previously reported rare-earth or alkali
metal naphthalene dianion complexes, Sc,-naph features a short Fe-Sc distance of 2.83 A, which
is significantly shorter than that of (NN'2%)ScI(THF), (3.12 A) and among the shortest Fe-Sc
distances observed by our group with the NN™° ligand,***’ indicating a relatively strong
interaction between scandium and iron that might be essential to the stability of Sc-naph.
Geometrically, with the short Fe-Sc distance, the scandium ion is sterically protected by the
shielding of the ferrocene backbone. An even shorter Fe-Sc distance of 2.74 A was observed in
Sc,-anth. When using [(Me;Si),N]>ScI(THF) in place of (NN'2%)ScI(THF),, no formation of a
scandium naphthalene complex was observed. This highlighted the advantages of the NN'2°
ligand in stabilizing highly electrophilic scandium(III).

The solid-state molecular structure of Scp-anth is similar to that of [(PoN2),Y ) (u-
C14H10),14 featuring an unsymmetrical coordination mode. The two scandium ions are n6-bound
on opposite sides of the middle and an outer ring. "H NMR spectroscopy, however, indicated that

the solution structure of Scy-anth is symmetrical at 25 °C in Cg¢Dg. In order to study the
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dynamics of Scz-anth in solution, a variable temperature NMR experiment was performed
(Figure 4-2). Cooling a toluene-dg solution of Sc-anth from room temperature resulted in
broadening of the peaks; coalescence took place at -15 °C; further cooling led to the appearance
of new, sharp peaks, which are well correlated with the unsymmetrical molecular structure
obtained by X-ray crystallography. Similar fluxional behavior has been reported for
[(P2N2)2Y)a(p-CraHyo).

Conversion of Sc;-naph to Sc;-anth could also be achieved: heating a 1:1 mixture of
Sc;-naph and anthracene at 50 °C in C¢Dg for five days led to the complete conversion to Sc,-
anth and free naphthalene (Scheme 4-1¢). No significant decomposition of either Sc,-naph or
Sc;-anth was observed after heating at 70 °C in C¢Dg for one day; however, both decomposed
rapidly in THF at 70 °C, leading to free naphthalene and anthracene as well as an intractable

mixture of scandium products.
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Figure 4-2: Variable temperature 'H NMR spectra of Scy-anth in aromatic solvents (209 K to
298 K in C7Dg; 326 K to 359 K in C¢Dg). NN = NN, Peaks corresponding to low T and high
T structures are labeled and highlighted with L. and H. The coalescence peaks were labeled and

highlighted with C.

Rare-earth arene complexes are considered to be good precursors for difficult-to-
synthesize rare-earth metal compounds;’ therefore, we became interested in exploring the
reactivity of Scy-naph. The addition of 2,2'-bipyridine to a C¢Dg solution of Sc,-naph was
associated with an immediate color change from dark blue to dark green (Scheme 4-2a). The

formation of the previously characterized bipyridyl radical anion complex (NN'™%)Sc(2,2'-
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bipyridine)™ was confirmed by 'H NMR spectroscopy. The fast and clean reaction with 2,2'-

bipyridine illustrated that Sc;-naph could serve as an excellent two-electron reductant.

TBS
a) (NN™™%)Sc 2 equiv 2,2'-Bipyridine

- C1oHs 2 (NNTBS)sc
-
Toluene
, 25°C, 1 min
Z7—=Sc(NNTBS)
TBS . - Py
b) (NN'=%)Sc< 4 equiv Pyridine §
- C10H3 NNTBS S : —
> ) C\N =
Toluene . . N\SC(NNTBS)
25 °C, 10 min l
7==5c(NNTBS) Py
c) (NNTBS)sc< 2 equiv PhC=CH ) Ph
- C1oH1o (NNTBS)Sc--'--uunc:
- /I,"‘.
Toluene Cw=—Sc(NNTES)
25°C, 1 min 7
Ph

7==5c(NNTBS)
Scheme 4-2: a) Reaction of Sc;-naph with 2 equiv 2,2-bipyridine to form (NN™%)Sc(2,2'-
bipyridine) with the elimination of free naphthalene; b) reaction of Sec;-naph with 4 equiv
pyridine to form [(NN®%)Sc¢(NCsHs)o[p-(NCsHs-CsHsN)] with the elimination of free
naphthalene; c¢) reaction of Scy-naph with 2 equiv phenylacetylene to form [(NN'2%)Sc(u-

CCPh)], with the elimination of dihydronaphthalene.

Hessen showed that the scandium complex of the 2,2'-bipyridyl radical anion could be
readily accessed from a reduced 1,3-diene scandium complex;29 however, the reaction of rare-

earth arene complexes with pyridine was not known. The reaction of Sc;-naph with excess
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pyridine was attempted (Scheme 4-2b). The color of the solution changed immediately from dark
blue to pale yellow upon the addition of excess pyridine. X-ray crystallography corroborated the
isolation of a rare, reductively 4,4"-C-C coupled diamide linker that bridges the two scandium
ions in the complex [(NNTBS)SCCNC5H5)]2[u—(NCsHs-C5H5N)]. A similar reduction was reported
in the reactions of divalent thulium complexes with pyridine.”**' The reduced nature of the
diamide linker is supported by the metrical parameters of [(NN'°%)Sc¢(NCsHs)]o[p-(NCsHs-
CsHsN)]: the two carbons at the 4 and 4’ positions are sp> hybridized (average bond angles 111°
and average bond distances 1.53 A to the neighboring carbon atoms); the average distance
between scandium and the amide nitrogen is 2.10 A, 0.14 A shorter than the Sc-Npyridine distance,
and close to the average distance of scandium and the ferrocene diamide nitrogen, 2.08 A. These
structural features are comparable to those of previously reported thulium complexes.**!

Another common substrate used with rare-earth arene complexes is phenylacetylene.’
The reaction of Se;-naph with 2 equiv phenylacetylene led to the immediate formation of
[(NNTBS)SC(M-CCPh)]z (Scheme 4-2c¢) presumably from protonation of naphthalene dianion
since a mixture of dihydronaphthalene isomers was observed as by-products. X-ray
crystallography confirmed the isolation of the phenylacetylide bridging dimer with short Fe-Sc
and Sc-Sc distances. The average Fe-Sc distance is 2.89 A, close to that of Sc,-naph, indicating
a relatively strong Fe-Sc interaction. The Sc-Sc distance is 3.45 A, close to the sum of covalent
radii of 3.40 A.** The relatively short Sc-Sc distance likely does not indicate any bonding
interaction between them but is rather a consequence of the small size of the acetylide anion.

In order to understand the electronic structure of Scy-naph, DFT calculations were
carried out on the full molecule and the optimized structural parameters matched well with those

of the solid-state structure. The results indicate that Sc,-naph bears a similar electronic structure
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to that of other rare-earth naphthalene complexes.” As expected, the HOMO is comprised mostly
of naphthalene orbitals, consistent with its dianionic nature (Figure 4-3a). Charge calculations
showed that the negative charge is mainly localized on C1 and C4 (average -0.30), while C5 has
the least (-0.07), and C2 and C3 are in the middle (average -0.14), confirming the n* coordination
mode observed in the solid state. More interestingly, the nearly degenerate HOMO-1 (Figure 4-
3b) and HOMO-2 showed some orbital mixing between the 3d orbitals of iron and scandium
together with the 2p orbitals of nitrogen and carbon of the NN'®® ligand. This iron-scandium
interaction is also supported by the Mayer bond order of 0.41, which is larger than the average
Mayer bond order of the Sc-C1 and Sc-C4 bonds (0.24). Mulliken charges were also calculated
with Sc being +1.02 and Fe being -0.04. The highly positive charge on scandium and slightly
negative charge on iron indicates that the interaction between scandium and iron is mainly
electrostatic, with iron serving as a donor and scandium being the acceptor. DFT calculations
were also carried out on Scy-anth. The orbital mixing between the 3d orbitals of scandium and of
iron was found in HOMO-1 and HOMO-3. The calculated Mayer bond orders for the Fe-Sc
interactions are 0.44 and 0.41, for the outer ring bound to Sc (Scl in Figure 4-1b) and the middle
ring bound to Sc (Sc2), respectively. Mulliken charges for Scl, Sc2, Fel, and Fe2 are +1.04,
+1.07, -0.05 and -0.05, respectively, similar to the values in Scy-naph. The orbital mixing and
calculated bond orders together with the short Fe-Sc distances determined by X-ray
crystallography support the existence of a relatively strong interaction between iron and

scandium, likely essential to the stability of Sc;-naph and Sc;-anth.
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Figure 4-3: Selected molecular orbitals of Sc;-naph: (a) HOMO; (b) HOMO-1.

4.3 P4 activation by rare-earth arene complexes

4.3.1 P4 activation by scandium arene complexes

White phosphorous (Ps) activation has been long targeted by synthetic chemists.**™’

Unlike main group elements and late-transition metals,***’

the number of P,-containing early
transition metal complexes formed from direct P4 activation is much smaller.”***** Among early
transition metals, group 3 metals together with lanthanides are more Lewis acidic, leading to a

40-42

more pronounced mismatch in binding between their ions and P-anions. There was no report

of a P,-containing group 3 metal complex prior to our study; two samarium®*

and a few
actinide complexes have been reported;”* all known examples of lanthanide and actinide
mediated P4 activation involved low-valent metal complexes. As discussed in section 4.2, the

scandium naphthalene complex Sc;-naph was found to be an excellent two-electron reductant

toward a variety of substrates. Therefore, we decided to investigate the reactivity of Sc;-naph
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toward P,. It is worth noting that late transition metal arene complexes have also been used for P4
activation recently.47

The reaction of Sc;-naph and P, took place smoothly at ambient conditions and was
accompanied by the generation of free naphthalene (Scheme 4-3). The reaction could be readily
monitored by its gradual color change from dark blue to orange, which corresponded to the

conversion of Sc,-naph to the product [(NN"%)Sc]4(ua-n*m%n%n>Ps) (ScyPs).”

(NNTBS)S ¢ p o nn|u.§c(NNTBs)
(NNBS)s¢c ‘ _\
P.‘.‘\\\\P?P\; [(NNTBS)Sc]4(1sn?in?m?m?-Py)
: wpfp ScyP
P P F 4r'g
Z==5c(NNTBS /l\ :ON\§ \
( ) /P\_ (NNTBS)SC"""" ....... P-'—SC(NNTBS)
P—=P
—,— +
(NNTES)sc - C10oHg P
or-Cq4H /v\
14110 (NNTBS)SC K P P___SC(NNTBS)
\ Bl [(NN®S)Scls(z-nn?n?-P7)
P: P
SC3P7
Sc
(NNTBS)

Scheme 4-3: Reactions of Sc,-naph and Sc,-anth with P4 to form [(NN™® S)Sc]4(u4-nz:112:112:112-
Pg) (ScaPs) and [(NNB%)Sc]3(3-n"m%n>-P7) (ScsP7) with the elimination of free naphthalene or

anthracene.

The molecular structure of Sc4Pg (Figure 4-4a) can be described as having a realgar-type

Pg unit in the center and four [(NN'55

)Sc] fragments at the corners, each binding to two anionic
phosphorus atoms. A structural feature worth mentioning is the short Fe-Sc distance of 2.80 A,

likely playing a role in stabilizing the structural motif of Sc4Pg. This feature was observed in Sc,-

naph (Fe-Sc: 2.83 A) as well and considered to be essential to the stability of the scandium
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naphthalene complex. The Pg unit has local C5, symmetry, which leads to two distinct types of P-
atoms: Piyner (P2, P3, PS5, and P6) and Peomer (P1, P4, P7 and P8). The average Pinner-Pinner distance
is 231 A, 0.11 A longer than that of Piyne-Peomer- This elongation might be caused by the ring
strain and/or the electron repulsion between two lone pairs on each P, atom. The average
Pinner-Peomer distance of 2.20 A is close to the P-P interatomic distance in P4 (2.21 A)48 or a recent
updated gas phase value 2.1994(3).* The structure of the Pg unit resembles that of
(Cp »Sm)4Ps.** The Pg unit has been previously observed in some late transition metal complexes,

which were obtained from the photolysis reaction of P4 with cyclopentadienyl iron or iridium

50,51

and in the tricyclic [3.3.0.0*"Joctaphosphane.™

carbonyl species,

Figure 4-4: Molecular structures of [(NN"™%)Sc]s(iu-n*mnin?m*Ps) (a) and [(NN"2%)Sc]s(ps-
n%:n%n*-P,) (b). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity. Selected distances [A] and angles [°]: (a) [(NN"®%)Sc]s(tu-n*nn?m>-Ps):
P1-P2 2.203(2), P1-P6 2.205(2), P2-P3 2.306 (2), P2-P8 2.206(2), P3-P4 2.207(2), P3-P7

2.207(2), P4-P5 2.198(2), P5-P6 2.308(2), P5-P§ 2.201(2), P6-P7 2.205(2), Scl-P1 2.780(2),
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Sc1-P8 2.762(2), Sc1-N1 2.037(6), Sc1-N2 2.065(5), Scl-Fel 2.792(2), Sc2-Fe2 2.823(2), Sc3-
Fe3 2.813(2), Sc4-Fe4 2.791(2), P1-Sc1-P8 70.1(1), P1-Scl-Fel 175.2(1), P8-Sc1-Fel 106.3(1),
P2-P1-P6 98.5(1), P1-P2-P8 92.4(1), P1-P2-P3 101.8(1). (b) [(NN"®)Sc]s(ns-nn*n-P;): P1-
P2 2.197(2), P1-P3 2.204(2), P1-P4 2.196(2), P2-P6 2.197(2), P3-P7 2.197(2), P4-P5 2.194(2),
P5-P6 2.226(2), P5-P7 2.234(2), P6-P7 2.228(2), Sc1-P2 2.730(2), Scl1-P3 2.747(2), Sc1-N1
2.028(4), Sc1-N2 2.072(4), Scl-Fel 2.803(1), Sc2-Fe2 2.788(1), Sc3-Fe3 2.824(1), P2-P1-P3
99.9(1), P1-P2-P6 100.7(1), P5-P6-P2 103.9(1), P5-P6-P7 60.2(1), N1-Sc1-N2 116.8(2), P2-Scl-

P3 75.9(1), P2-Sc1-Fel 179.1(1), P3-Sc1-Fel 104.1(1).

Sc4Pg was also characterized by 'H, °C, and *'P NMR spectroscopy. Although the solid-
state structure has only C, symmetry, the 'H spectrum of ScsPs shows only two singlets for the
tert-butyl groups indicating that all four [(NN"®%)Sc] fragments are equivalent in solution at the
NMR timescale. Cooling down the solution to -80 °C (in toluene-ds) did not lead to splitting of

the rert-butyl peaks. This suggests that the free rotation of (NN'?3

) ligand be fast even at low
temperature. The >'P NMR spectrum features an AA'A"A"MM'M"M" spin system. The *'P
NMR spectrum and the simulation are shown in Figure 4-5. The four P omer atoms give rise to the
A part of the spectrum at 6 = 96.2 ppm. The M part arises from the four Pjy,r atoms at & = 45.7
ppm. The IJPcomer_Pinner and linnner_pinner were found to be similar at 255 Hz. One remarkable
feature is that the long range coupling constant 3J1:1_p4 is 20 Hz larger than 2Jp1_1>3, 2Jp1_1>7, and 2Jpz_
ps which are ranging from -10 to -15 Hz. Likely caused by the quadrupolar broadening

introduced by the 7/2 spin of **Sc, the A part of the spectrum is significantly broader than the

simulation, while the M part shows a good match.
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Figure 4-5: Bottom: *'P NMR spectrum of ScsPs (203 MHz, C¢Ds, 25 °C). Top: simulation

performed with Topspin™™ software.

Although Sc4Ps could be isolated cleanly, an extra set of peaks was present in the 'H and
3P NMR spectra of the crude products, indicating the presence of another P-containing species.
It was found that the two products could be readily separated based on their different solubilities:
the second product was mainly found in the n-pentane extraction of the crude product while

Sc4Pg was barely soluble in n-pentane. X-ray crystallography confirmed the isolation of the first

early transition metal P; compound, [(NN"®%)Sc]3(us-n*n*n?-P;) (ScsP;) (Figure 4-4b). The
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observation of multiple products from direct P, activation is common due to the high reactivity

3335 We found that the product distribution could be tuned by either changing

of the P4 molecule.
the stoichiometry of P, or using a different arene starting material: employing 1.0 equiv or a sub-
stoichiometric amount of P4 favored the formation of Sc4Pg; using excess P4 or the less reactive
but more labile Sc-anth (as indicated by its fluxitional behavior in solution) favored the
formation of Se;P7. Moreover, we noted that all phosphorous atoms originated from P4 are
converted to either ScyPg or Sc;P; without any P-containing side-products when we monitored
the NMR scale reaction quantitatively by *'P NMR and 'H spectroscopy.

SciP; was the first example of a Zintl-type P;>~ compound formed directly from Py

35,47,53-55
47 Three types

activation without using an alkali metal or its equivalent as reducing agents.
of phosphorous atoms are present in Sc3P7: Papex (P1), Pegge (P2, P3, P4), and Pyotiom (PS5, P6, P7).
The difference in P-P distances is smaller than that in Sc4Pg, with almost identical Papex-Pedqe and
Pedge-Prottom distances of 2.20 A and a slightly longer Ppottom-Poottom distance of 2.23 A. The P73'
unit in Sc3P; resembles that of the solid-state structure of Li3P;, although in the latter case, the
difference in P-P distances is larger. Similarly to Sc4Pg, Sc3P5 also bears a short Fe-Sc distance
of 2.80 A.

The solution '"H NMR spectrum of SczP; showed broad peaks for the NNTBS ligand at
25 °C likely due to restricted rotation. The *'P NMR spectrum showed three sets of peaks, at & =
+23.1 -118.9, and -131.4 ppm, in a 3:1:3 ratio, featuring an AA'A"MM'M"X spin system similar
to the previously reported LisP;, FesP; and P7R; (R = silyl or alkyl) cases.”®” The A part of the
spectrum arises from three P4 atoms centered at & = 23.1 ppm. The three Pyoiom atoms give rise

to the M part of the spectrum at & = -131.4 ppm, while the Py« atom appears at 6 = -118.9 ppm

as the X part. Although the P-P distances determined by X-ray crystallography are similar; the
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1Jpp values vary a lot: 1Jpapex_pedge is the smallest, at 195 Hz, the lprottom_pbomm is in the middle, at
230 Hz, and IJPapeX_Pbottom is the largest, at 320 Hz. 2Jp1_p5 and 2Jp2_p3 are remarkably high, at -55
and -53 Hz, respectively, while 2Jp2_p5 is moderate at -12 Hz. Similarly to Sc4Pg, the A part of the
experimental spectrum shows significant broadness compared to the simulated spectrum, while
the M and X part show good matches.

DFT calculations were carried out on model molecules of Scy4Pg and Sc;P~ (SitBuMez
substituents were replaced by SiMes) in order to understand their electronic structures. The two
polyphosphide complexes exhibit mostly ionic interactions between the metal and the
polyphosphide anion as described for (Cp >Sm)4Ps.** The examination of bonding orbitals with
the same symmetry, HOMO-15 for Sc4Pg and HOMO-18 for Sc3P; (Figure 4-6), revealed some
overlapping between the 3d orbitals of scandium and the 3p orbitals of phosphorous. In addition,
the calculated Mayer bond order for Sc-P is 0.53 and 0.51 for Sc4Pg and Sc;P7, respectively.
DFT calculations also support the existence of an iron-scandium interaction: Mayer bond orders

of Fe-Sc interaction were found to be 0.44 and 0.42 for Sc4Pg and Sc3P7, respectively.

HOMO-15 for Ps HOMO-18 for P7

81



Figure 4-6: Selected molecular orbitals of S¢4Pg and Sci3P;. Left: HOMO-15 for Sc4Ps; right:

HOMO-18 for SC3P7.

4.3.2 Yttrium, lanthanum, and lutetium naphthalene complexes: synthesis, characterization,
and reactivity toward P4 activation

The success of direct P4 activation by scandium arene complexes encouraged us to extend
this chemistry to other rare-earths such as yttrium, lanthanum, and lutetium. We also
hypothesized that, by changing the rare-earth ions, different product distribution from Py
activation may be observed. The yttrium, lanthanum, and lutetium naphthalene complexes were
prepared by a similar protocol to that of Sc;-naph (Scheme 4-4a). Different from Sc,-naph,
which does not coordinate THF, the other rare-earth naphthalene complexes were synthesized
with the general formula of [(NNTBS)M(THF)]z(u-n4:n4-Clng) (Mz-naph, M =Y, La, and
Lu).>* The larger ionic radii for those rare-earths compared to scandium are likely to be
responsible for the presence of a coordinating THF that could not be removed under reduced
pressure or by crystallization. With the complete series of diamagnetic rare-earth naphthalene
complexes supported by NN'2® ligand, we were able to compare their physical properties. Sc,-
naph is a black solid barely soluble in hexanes but soluble in aromatic solvents. However,
[(NN™®%)Y(THF)]»(u-n*mn*-C1oHg) (Y2-naph) is a dark-red solid barely soluble in hexanes,
aromatic solvents, and diethyl ether, but only soluble in THF. While [(NNTBS)Lu(THF)]g(u-
n*n*-CioHs) (Luy-naph) has similar physical properties to Y-naph, [(NN"®%)La(THF)]»(p-
n4:n4-C10Hg) (Lay-naph), with the largest ionic radius of all rare-earths and same molecular
formula as Y;-naph and Lu,-naph, has physical properties similar to Sc,-naph: it is a black

solid soluble in aromatic solvents and even slightly soluble in hexanes. These counterintuitive
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phenomena educated us that it is not always correct that the properties of rare-earth metal

complexes follow the trend of the size of the ions.

1.2 equiv KCg
0.5 equiv C10H3
(@) (NNTBS)MI(THF), > 0.5
M=La,x=1 - K
M=Y and Lu x =2 THF, 1 h M(NNTES)
-78 °C to 25 °C
M,-naph
THF 714 P, (NNTES)m 7™ T
-1.5 C4oHg S pln
. S ——\_P
5 (NNTBS M= -
(b) 1.5 ( ) > THE Lo MI(NNTBS)
THF, 25°C, 1 h A
_ (NNTES)M P—/f P
M(NNTES) M=Y/La/Lu ~._ |/ THF
_ P
THF MsP7

Scheme 4-4: (a) Synthesis of Mp-naph (M = Y, La, and Lu); (b) exclusive formation of

[(NNTBS)M(THF)]3(u3-n2:n2:n2-P7) (M;3P5) from P4 activation by employing M,-naph.

All M,-naph were characterized by 'H and "“C NMR spectroscopy, X-ray
crystallography, and elemental analysis. While the proton chemical shifts of the scandium,
yttrium, and lutetium naphthalene complexes were close to each other, the proton chemical shifts
of the naphthalene fragment in La,-naph were significantly upfield compared to the other three
complexes. For those, the naphthalene fragments showed two sets of multiplets in the '"H NMR
spectra: one at ca. 6 = 5 ppm and the other at 8 = 4 ppm. For lanthanum, the corresponding
proton chemical shifts were at 6 = 4.3 and 6 = 2.7 ppm, each shifted upfield by ca. 1 ppm.
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However, the BC chemical shifts for La,-naph were similar to those of other rare-earth
naphthalene complexes. The reason for the unexpected proton upfield shift for the lanthanum
naphthalene complex is not clear, especially since the >C chemical shifts were in the normal
range.

Although La,-naph crystallized in the space group P-1, different from Y,-naph and Lu,-
naph that crystallized in the space group P2,/n and are isostructural, we found that M,-naph (M
=Y, La, and Lu) have similar structural parameters. Therefore, the molecular structure of La,-
naph is shown in Figure 4-7a as representative for My-naph. The C-C distances within the
naphthalene fragment ranged from 1.37 to 1.45 A in La,-naph. The two lanthanum fragments
are 1*-coordinated to opposite sides of the naphthalene ligand. The distances between lanthanum
and the four coordinating carbon atoms were similar, ranging from 2.83 to 2.89 A. Noteworthy,
the Fe-La distance of 3.27 A is 0.12 A shorter than the sum of the covalent radii of iron and
lanthanum.*® On the contrary, the corresponding Y-Fe distance in yttrium analogue was 3.20 A,
which is close to the sum of metal covalent radii (3.22 A). As mentioned, the THF free Sc,-naph
has a Fe-Sc distance of 2.83 A, which is 0.19 A shorter than the sum of the metal covalent radii.
We previously proposed that the electron-rich iron in the ferrocene-based ligand could serve as a
Lewis base to a highly Lewis acidic rare-earth metal centre.”®’ This Lewis acid-base interaction
is weak and may be disrupted by strong Lewis bases such as THF, as was in Y,-naph, where the
additional THF coordination cancelled the weak Fe-Y interaction and resulted in a long Fe-Y
distance. However, in La,-naph, the Fe-La interaction is maintained even with one coordinating
THF. We attribute this phenomenon to the coordination unsaturation resulted from the large size

of lanthanum(IIl) compared to yttrium(III).
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Figure 4-7: Molecular structure of La-naph (a) (only one of the two crystallographically
independent molecules is shown here) and LuzP; (b). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected distances [A] and angles [°]:
(a) La-naph: Lal-N1 2.382(2), Lal-N2 2.3672(2), Lal-O1 2.5342(2), Lal-Fel 3.2659(4), Lal-
C30 2.891(2), Lal-C31 2.841(2), Lal-C32 2.827(2), Lal-C33 2.865(2), C29-C29A 1.451(5),
C29-C30 1.418(3), C30-C31 1.433(4), C31-C32 1.374(4), C32-C33 1.437(4), N1-La-N2
120.28(7), C29A-C29-C30 118.36(28), C29-C30-C31 121.00(22), C30-C31-C32 119.45(24),
C31-C32-C33 119.76(23), C32-C33-C29A 120.55(22). (b) LuzP7: Lul-N1 2.184(5), Lul-N2
2.178(5), Lu2-N3 2.187(5), Lu2-N4 2.170(5), Lu3-N5 2.197(5), Lu3-N6 2.165(5), Lul-O1
2.298(4), Lu2-02 2.290(4), Lu3-O3 2.316(4), Lul-Fel 3.320(1), Lu2-Fe2 3.265(1), Lu3-Fe3
3.372(1), Lul-P1 2.862(2), Lul-P3 2.947(2), Lu2-P1 2.865(2), Lu2-P6 2.897(2), Lu3-P6
2.876(2), Lu3-P3 2.910(2), P1-P2 2.178(2), P2-P3 2.183(2), P2-P6 2.188(2), P3-P4 2.180(3), P6-
P5 2.180(2), P1-P7 2.183(2), P4-P5 2.246(2), P5-P7 2.224(2), P7-P4 2.228(2), N1-Lu-N2
127.43(19), N3-Lu2-N4 129.08(19), N5-Lu3-N6 125.10(20), P1-Lul-P3 69.95(4), P1-Lu2-P6

70.37(4), P6-Lu3-P3 71.39(4), P1-P2-P3 99.56(8), P3-P2-P6 101.13(9), P1-P2-P6 99.02(8), P2-
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P3-P4 100.56(9), P3-P4-P5 105.34(9), P4-P5-P7 59.79(7), P5-P7-P4 60.60(7), P7-P4-P5

59.61(7).

With M;-naph in hand, we tested their reactivity toward Ps. Regardless of the
stoichiometry of P4 versus M,-naph, a single product was formed with the general formula of
[(NNTBS)M(THF)]3(u3-n2:n2:n2-P7) (M3P5). This behavior was different from that of Sc,-naph,
which led to two different products, Sc4Pg and Sc3P7. The exclusive formation of M3P7 from M-
naph raised an interesting question for the mechanism of P4 activation by rare-earth arene
complexes. It seems plausible that there are two competing reaction pathways: the first led to the
formation of M4Pg and the second led to the formation of M3P;. For scandium, the two pathways
have similar reaction barriers so both products Sc4Pg and Sc3;P; were observed; for other rare-
earths, the pathway to form M3P7is more favorable so M3;P; formed exclusively in the reaction.
However, the P4 activation reactions were too fast even at low temperature to allow any
characterization of the reaction intermediates.

With the accurate stoichiometry of P4 (Scheme 4-4b), the reaction of M,-naph and P4
went to completion and naphthalene was the only by-product. >'P NMR spectra of the crude
reaction mixture showed peaks only for M3P;. Crystalline M3P; (M =Y, La, and Lu) were
isolated in good yield after crystallization from various organic solvents. It was found that LazP;
was more soluble than Y3;P; and Lus;P; in common organic solvents: Laz;P; was soluble in
hexanes and aromatic solvents, while Y3P7 and LusP; was barely soluble in hexanes and slightly
soluble in aromatic solvents. While the solubility of LuszP; was similar to that of previously

reported Y3P7, the solubility of LasP; was different but similar to that of the THF free compound
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Sc;P;. The unexpected solubility properties of M3zP; (M = Sc, Y, La, Lu) echo the different
solubilities of M,-naph described above.

The *'P NMR spectrum of Y3P7 is of some interest because of the presence of ¥yl3lp
coupling. It is best described as an AA'A"MM™M"XYY'Y" (Y = yttrium) spin system with A at o
=-21.1, M at 6 =-130.3, and X at 6 = -82.4 ppm. However, due to the peak broadening caused
by ¥y coupling and its poor solubility in aromatic solvent, the 3lp spectrum of Y3P7 is
poorly resolved. A tentative assignment of 1Jy_p, 2JY_p, and 3Jyp confirms that the coupling
between **Y and *'P nuclei is the cause of peak broadening. The coupling constants were
estimated between 100 to 150 Hz for 1JY_p and 2JY_p and between -25 to -30 Hz for 3JY_p. The J

3p3lp coupling were found to be similar to those of Sc3P;.

values for

The molecular structure of LuzP; (Figure 4-7b) was selected to represent M3P;. While
Y;P; is isostructural to LusP,, LasP; crystallized in a different space group, and two out of the
three lanthanum ions were coordinated by diethyl ether instead of THF. Different batches of
La;P; showed different ratios between THF and diethyl ether as coordinating solvent. Similar to
La3P7, some batches of La,-naph also had diethyl ether replacing THF. We attribute the lack of

selectivity for coordinating solvent to the weaker Lewis acidity of lanthanum(IIl) compared to

that of yttrium(III) and lutetium(I1T).*°
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Table 4-1: P-P distances of M3P; (unit: A, error in brackets, all are average values). [a] Unlike

other M3P7, Sc¢;P7 has no solvent molecule coordinating to scandium.

M3 l)7 Papex'Pedge Pedge'Pbottom Pbottom'Pbottom

Se;P* 2201(2)  2.197(2) 2.229(2)
LusP;  2.183(2)  2.181(2) 2.233(2)

YiP,  2.188(2)  2.176(3) 2.238(2)
LasP;, 2.1912)  2.161(2) 2.258(2)

All M;3P; structures feature a central Zintl-type polyphosphide P;> anion surrounded by
three [(NN"®%)M(solvent)] fragments. Except for Sc3P;, which does not coordinate any THF, all
the other M3P; adopt similar coordination environment. The small ionic size of scandium may
cause the difference. The lack of THF coordination in Sc3P7 is compensated by a close contact
between scandium and the ferrocene backbone, as shown by the short Fe-Sc distance of 2.80 A,
0.22 A shorter than the sum of the covalent radii of scandium and iron.** Despite this difference
in coordination environment, P-P distances (listed in Table 4-1) show a clear trend: the larger the
rare-earth ion, the shorter is the Pegge-Pootiom distance, which is accompanied by a slight
lengthening of the other two types of P-P bonds. In alkali-earth metal stabilized P;> compounds,
the three distinguishable P-P bonds also have different distances, with the shortest being the
Pedge-Poottom and the longest being the Pyotiom-Phottom distance.®' For instance, in Sr3P14, Papex-Pedges
Pedge-Poottom, and Ppotom-Pootiom are 2.21, 2.17, and 2.25 A, respectively.62 For LazP;, the
difference among the P-P distances is comparable to those of alkali earth P;>~ binary complexes;
for Sc3P7, the difference among the P-P distances is at the minimum and is close to that observed
for silyl substituted P;R3; compounds. For instance, in P7(SiMes)s, Papex-Pedges Pedge-Poottom, and

Poottom=Prottom distances are 2.180(4), 2.192(4), and 2.214(4) A% The P-P distances seem to be a
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probe for the bonding character of M-P interaction: for covalent Si-P bond, the difference among
three types of P-P bonds is the smallest; for highly ionic Sr-P interaction, the difference among
three types of P-P bonds is the largest. If this illustration is correct, the trend observed for the P-P
distances of M3P; complexes pointed out that the character of M-P bond varies for different rare-

earth ions: the larger the rare-earth ion, the more ionic is the bond character.

4.3.3 Tautomerization of M;P; studied by variable temperature NMR spectroscopy
P;> is the major product of P4 activation by strong reductants or nucleophiles as well as

35,61

the “dead-end” of the decompositions of other polyphosphide species. Intense experimental

and theoretical studies have been performed on its alkali and alkali earth metal complexes. For

-66 .
6466 and it

example, Li;P; was studied by variable temperature and 2D *'P NMR spectroscopy,
was found that the *'P NMR spectrum of Li;P; in THF-dg is temperature dependent: at low
temperature (-60 °C), three distinguishable signals were observed for the three different types of
phosphorus atoms in P;”; however, upon warming, coalescence took place and, eventually, at
high temperature (50 °C) only one peak was observed. This phenomenon was attributed to a
fluxional behavior of P73'.61 The free P73' anion can tautomerize to essentially the same tautomer
(there are 1680 of them)64 by simultaneously breaking one Ppotom-Poottom bond and forming a new
P-P bond between two Peg,. atoms right next to the two Ppoiom atoms of the P-P bond that breaks.
This tautomerization mechanism, which is analogous to bullvalene tautomerization,”” was
calculated to have a low energy barrier®™ and was further supported by a topology study.®’
Apparently, this tautomerization only takes place in highly ionic compounds like Liz;P; and

Cs3P7;70 no tautomerization was observed for silyl substituted P;R; cornpounds.61 Since the

bonding character of rare-earth metals is in between ionic and covalent, and because of our
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observations of different P-P distances among the four solid state molecular structures of M3zP,
we became interested in studying the solution behavior of M3P; (M = Sc, Y, La, and Lu).

The *'P NMR spectra of Se;P7, Y3P7, and LusP7, at 25 °C in benzene-dg or toluene-ds,
were similar and showed three well resolved peaks that integrated to a 3:1:3 ratio, indicating that
the tautomerization of the P;°" anion was frozen. However, the 3'p NMR spectrum (25 °C,
benzene-ds) of LazP; showed only one, broad signal centered at -75 ppm, similarly to LisP7 in
THF-ds. Therefore, >'P NMR spectra (Figure 4-8 left) were collected from -75 °C to 107 °C
(LazP; was stable throughout the variable temperature measurement and at 85 °C for at least 24

h without any noticeable decomposition).

L
e
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- Pbottom ,-"

0 -50 -100 -150  [ppm]

Figure 4-8: Left: Overlay of *'P NMR spectra (toluene-ds) of LazP; at different temperatures.
Right: Proposed mechanism for valence tautomerization of P;> in LasP;. NN ligands and
solvent molecules were omitted for clarity. The red solid line represents the La-P bond to break.

The red dashed line represents the La-P bond to form. The blue solid line represents the P-P bond
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to break. The blue dashed line represents the P-P bond to form. The black solid line represents

the La-P and P-P bonds not affected by this particular tautomerization process.

The variable temperature *>'P NMR spectra clearly showed the fluxional behavior of P;>"
in La3P7 and a coalescence temperature comparable to that of Li3;P;. However, surprisingly, this
behavior took place in non-polar solvents (benzene-ds or toluene-ds) for LaszP5, while for LizP7 it
was only observed in polar and strongly coordinating solvents such as THF, DME (1,2-
dimethoxyethane), and TMEDA (tetramethylethylenediamine); without a strongly coordinating
solvent, Li;P; decomposed. This difference suggests two possibilities that account for the
fluxional behavior: (1) LazP; can dissociate to separate ion pairs in non-polar solvents, a
behavior that would mimic that of LisP7, and (2) the (NN"®%)La(THF) fragment can migrate
rather easily from one phosphorous atom to another, allowing the valence tautomerization to
occur. In the first case, a cationic (NN'2%)La(THF) species would have to be generated in a non-
polar solvent. Although the ferrocene backbone of the NN™® ligand can provide some electronic
stabilization and steric shielding, a coordination number of four (two nitrogen, one oxygen, and
one ferrocene donor) for lanthanum is not reasonable especially in non-polar and weakly
coordinating aromatic solvents. Therefore, we dismissed the idea of a separate ion pair in
solution. The second possible mechanism for P,> tautomerization in LasP; requires the
simultaneous breaking and formation of four La-P bonds (Figure 4-8 right). The tautomerization
involves one of the five-member rings of P> a Ppottom-Photom bond breaks while a Pedge-Pedge
bond forms; at the same time, the lanthanum fragment coordinated to that face migrates from two
Pedge atoms to two Ppoom atoms. The other two lanthanum ions only break and form one La-P

bond each. Such a process, together with the necessary breaking and formation of P-P bonds, is
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made possible by the coordination of lanthanum to two neighbouring Pe4ee atoms and two
neighbouring Pyoom atoms. To support this hypothesis, the average La-Pegg. distance is 3.10 A,
while the average La-Pyom distance is 3.54 A. The 0.44 A difference is smaller than the
corresponding distance difference in the other M3P7; (M = Sc: 0.67 A, Lu: 0.57 A, Y: 0.53 A). If
it is assumed that the metal-P distances vary linearly with the strength of the metal-P interaction,
then it will be easier to form new metal-P bonds for LaszP; than for Y3P7 > Lus;P7; > Sc3P5.
Consequently, we found that the tautomerization also took place in Y3;P; but at a high
temperature (coalescence temperature higher than 75 °C). Unfortunately, the low solubility of
Y;P; in aromatic solvents and the high coalescence temperature prevented a detailed variable

temperature >'P NMR spectroscopy study for this complex.

4.3.4 Synthesis of organic P-containing compounds from Py

Transferring the activated polyphosphide is essential to generate organophosphorus
compounds. As a proof of concept, we tested the reactivity of the group 3 metal polyphosphide
complexes with organic substrates. The reaction of Se;P; or Y;P; (Equation 4-1) with 3 equiv
Me;Sil led to the formation of the corresponding rare-earth iodide and P7(SiMe3)3,3 as confirmed
by *'P NMR spectroscopy.”® Since the only by-product is rare-earth iodide, which is used in
synthesizing the rare-earth naphthalene complexes, a synthetic cycle for the transformation of P4

to organophosphorus compounds was achieved.
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(NNTBS)QH///,,,,, 3 equiv Me;Sil

§_PXzp c.D 3 (NNTES)m
P 6“6
Equation 1: \ P.}./..hM(NNTBS) > +
(NNTBS)MP///{'P M=Sc,50°C  P;(SiMey);
Y M = Y(THF), 25 °C

4.4 Experimental section

Synthesis of Scy-naph: (NN'®%)ScI(THF), (0.363 g, 0.478 mmol) and 0.5 equiv
naphthalene (0.0324 g, 0.253 mmol) were dissolved in 5 mL of THF. The solution was cooled
down to -78 °C using a dry ice/acetone bath. Then KCg (0.080 g, 0.592 mmol) was added to the
solution. The color immediately turned to dark red. The reaction mixture was allowed to stir at
room temperature for 1.5 h. The solution was then filtered through Celite to get rid of graphite
and KI. After removing volatiles under reduced pressure, the remaining dark-red oily solid was
extracted with toluene and filtered through Celite again to get rid of residual KI. The toluene was
removed under reduced pressure, resulting in a dark-blue solid. 5 mL of diethyl ether was added
and the mixture was kept at -35 °C. After one day, the diethyl ether solution was filtered and Sc,-
naph was collected as a dark purple microcrystalline solid on the medium frit. Yield: 0.166 g,
62.9%. Single crystals suitable for X-ray diffraction were grown from a concentrated toluene
solution. "H NMR (500 MHz, C¢D) &, ppm: 5.06 and 4.02 (t, 8H, CH of naphthalene), 4.20,
4.11 and 3.99 (m, 16H, CH on Cp rings), 1.03 (s, 36H, SiCCHj3), and 0.35 and 0.16 (s, 24H,
SiCH;). >C NMR (126 MHz, C;Dy) 8, ppm: 158.4, 120.3 and 95.0 (C and CH on naphthalene),
108.0 (CN on Cp rings), 71.7, 68.9, 68.6, and 59.6 (CH on Cp rings), 27.6 (SiCCH3), -1.1 and -
2.7 (SiCHs3), SiCCHj3 is likely overlapping with solvent C;Dg peak at 21. Anal. (%): Calcd. for

CssHgaN4FerScoSiy: C, 58.79; H, 7.67; N, 5.08. Found: C, 58.44; H, 7.50; N, 4.79.
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Synthesis of Scy-anth: (NN'™ $)SCI(THF), (0.231 g, 0.304 mmol) and 0.5 equiv
anthracene (0.030 g, 0.168 mmol) were dissolved in 5 mL of THF and cooled down to -78 °C
with a dry ice/acetone bath for 15 min. 1.5 equiv KCg (0.062 g, 0.459 mmol) was then added to
the solution. The color of solution immediately turned to dark purple. The reaction mixture was
allowed to stir at -78 °C for 2 h. The THF solution was filtered through Celite to get rid of
graphite and KI. Volatiles were removed under reduced pressure. The solid was then extracted
with 10 mL of toluene and filtered through Celite again to get rid of residual KI. After removing
toluene under reduced pressure, the crystalline purple solid was dissolved in a minimum amount
of hexanes and kept at -35 °C for 3 days. The solution was decanted and the purple crystals were
dried under reduced pressure to give Scz-anth. Yield: 0.122 g, 69.7%. Single crystals suitable for
X-ray diffraction were grown from a concentrated diethyl ether solution. "H NMR (500 MHz,
CsDg) 8, ppm: 6.36 and 6.09 (b, 8H, CH on the outer two rings of anthracene), 4.02, 3.00, 3.90,
and 3.82 (s, 16H, CH on Cp rings), 3.98 (s, 2H, CH on center ring of anthracene), 0.97 (SiCCHj3),
and 0.29 (SiCHs). °C NMR (126 MHz, C¢D¢) 8, ppm: 127.9 overlapping with solvent C¢Ds in
regular >°C NMR but showing up in DEPT135 >C NMR (CH on center ring of Anthracene),
123.0 (C on Anthracene), 106.9 (CN on Cp ring), 78.2, 69.0, and 61.4 (CH on Cp ring, the peak
at 61.4 likely to be two peaks coincidently overlapping), 71.7 and 69.5 (CH on two outer rings of
anthracene), 27.7 (SiCCH3), 20.2 (SiCCHs), -0.8 and 2.5 (SiCHj3). Anal. (%): Calcd. for
CsgHggN4Fe,Sc,Sis with one molecule of hexanes (CgHi4) per Scz-anth molecule: C, 62.02; H,
8.13; N, 4.52. Found: C, 62.63; H, 7.73; N, 4.60.

Conversion of Sc;-naph to Sc;-anth: Sc;-naph (6.0 mg, 0.0054 mmol) and 1.6 equiv
anthracene (1.6 mg, 0.0090 mmol) were dissolved in C¢Dg in a J-Young tube. The mixture was
heated at 50 °C and monitored by "H NMR spectroscopy. After 16 h, there was about 34%
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conversion from Sc,-naph to Sc;-anth. As the transformation took place, the solution color
gradually changed from dark blue to dark purple. The conversion reached completion after 5
days at 50 °C. Repeating the reaction with another batch of Se;-naph synthesized separately
gave similar results: the conversion reached completion after four days at 70 °C.

Reaction of Sc;-naph and 2,2-bipyridine: Sc;-naph (14.6 mg, 0.013 mmol) was
dissolved in Cg¢Dg in a J-Young tube and 2 equiv 2,2'-bipyridine (4.1 mg, 0.026 mmol) was
added as a C¢Dg solution. The color of the solution changed immediately from dark blue to green.
'H NMR spectroscopy showed the complete consumption of Sc,-naph and 2,2'-bipyridine with
the generation of naphthalene and several broad peaks confirmed to be the corresponding 2,2'-
bipyridine radical anion complex, which was synthesized and reported previously by our group.*®

Synthesis of [(NN"®%)Sc(NCsHs)]s[p-(NCsHs-CsHsN)]: Scz-naph (0.105 g, 0.0952
mmol) was dissolved in 10 mL of toluene and kept in a dry ice/acetone bath for 15 min. Excess
pyridine (0.056 g, 0.708 mmol) was added and the mixture was warmed up to ambient
temperature and stirred for 20 min. The color changed immediately from dark blue to yellow.
After 20 min of stirring at ambient temperature, the volatiles were removed under reduced
pressure. Single crystals suitable for X-ray diffraction were grown from a concentrated hexanes
solution. After crystallization from a concentrated toluene solution layered with n-pentane, the
product was isolated as yellow crystals. Yield: 0.060 g, 48.9%. '"H NMR (300 MHz, C¢Ds) 8,
ppm: 8.76 (d, J = 4.89, 4H, 0-CH on coordinating pyridine) Hz, 7.56 (d, J = 7.68 Hz, 4H,
NCH=CH on reductive coupled 4,4’-bipyridine fragment), 6.92 (t, 2H, p-CH on coordinating
pyridine), 6.68 (t, m-CH on coordinating pyridine), 4.99 (d, J = 6.33 Hz, 4H, NCH=CH on
reductive coupled 4,4’-bipyridine fragment), 4.02 and 3.80 (b, 16H, CH on Cp rings), 3.89 (s, 2H,
CH-CH on reductive coupled 4,4’-bipyridine fragment), 0.94 (s, 36H, SiCCHs3), -0.20 (b, 24H,
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SiCH;). *C NMR (126 MHz, C¢Dg) 8, ppm: 150.2 (o-CH on coordinating pyridine), 139.7
(NCH=CH on reductive coupled 4,4’-bipyridine fragment), 136.2 (p-CH on coordinating
pyridine), 125.0 (m-CH on coordinating pyridine), 107.9 (CN on Cp rings), 93.3 (NCH=CH on
reductive coupled 4,4’-bipyridine fragment), 68.9 (b, CH on Cp rings), 45.2 (CH-CH on
reductive coupled 4,4’-bipyridine fragment), 27.9 (SiCCHj3), 20.5 (SiCCHj), -2.9 (b, SiCH3).
Anal. (%): Calcd. for CesHosNgFe,Sc,Sis: C, 59.52; H, 7.49; N, 8.68. Found: C, 59.44; H, 7.55;
N, 8.52.

Synthesis of [(NN"?%)Sc],(u-CCPh),: Scy-naph (0.224 g, 0.203 mmol) was dissolved in
10 mL of toluene and kept in a dry ice/acetone bath for 15 min. 2 equiv phenylacetylene (0.049 g,
0.48 mmol) was added as a toluene solution and the mixture was warmed up to ambient
temperature and stirred for 30 min. The color changed immediately from dark blue to green and
finally to orange. After 30 min of stirring at ambient temperature, the volatiles were removed
under reduced pressure. Single crystals suitable for X-ray diffraction were grown from a
concentrated hexanes solution. The crude product was extracted in hexanes and diethyl ether.
The hexanes extraction was kept at -35 °C. Crystals formed and were washed with cold n-
pentane, yielding 0.032 g. The diethyl ether extraction was dried giving a yellow powder (0.073
g). Combined yield: 0.105 g, 43.9%.'"H NMR (500 MHz, C¢Dg) 8, ppm: 7.77 (d, J=7.05 Hz, 4H,
0-CH on phenyl rings), 7.03 (t, 4H, m-CH on phenyl rings), 6.98 (t, 2H, p-CH on phenyl rings),
4.10 and 3.89 (t, 16H, CH on Cp rings), 1.09 (s, 36H, SiCCHs), 0.56 (s, 24H, SiCHs). >C NMR
(126 MHz, C¢Dg) o, ppm: 132.9 (0-CH on phenyl), 130.2 and 128.7 (p-CH and m-CH on phenyl),
123.0 (ipso-C on phenyl), 105.1 (CN on Cp rings), 69.0 and 68.9 (CH on Cp rings), 28.3

(SiCCH3), 20.5 (SiCCH3), -0.8 (SiCH3), the signals for the sp hybridized carbon atoms were not
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identified in the spectrum. Anal. (%): Calcd. for CsoHgsNsFe,Sc,Sia: C, 61.21; H, 7.36; N, 4.76.
Found: C, 60.32; H, 7.26; N, 4.70.

Synthesis of Sc4Pg and Sc3P7: Scy-naph (0.316 g, 0.286 mmol) was dissolved in 15 mL
of toluene in a Schlenk tube and P4 (0.036 g, 0.291 mmol) was added as a 5 mL of toluene
solution. The mixture was stirred at 25 °C for 22.5 h. The initial dark blue color turned to green
after 15 min stirring. Then the color gradually changed from green to light green and finally to
orange. After stirring, the volatiles were removed under reduced pressure. The resulting orange
solid was extracted by pentane, diethyl ether and toluene. Based on 'H NMR spectroscopy,
pentane extraction was mostly SczP7 while diethyl ether and toluene extraction contained mostly
Sc4Ps. Sc;P; was collected as orange micro-crystals precipitated from pentane. Yield: 0.100 g,
31.2 % (based on Sc). The diethyl ether and toluene extraction were combined and dried down
under reduced pressure. The resulting yellow solid was further washed with pentane to get clean
ScyPs. Yield: 0.147 g, 46.8 %. ScqPg: "H NMR (500 MHz, CgDg, 25 °C) 8, ppm: 4.65, 4.46, 4.07
4.03, 4.01, 3.96, 3.93, and 3.79 (m, 32H, CH on Cp rings), 1.20, and 1.19 (s, 72H, SiCCH3), and
0.92, 0.37, 0.36, and 0.29 (s, 48H, SiCH3). *C NMR (126 MHz, C¢Ds, 25 °C) 8, ppm: 107.4, and
105.7 (CN on Cp rings), 71.3, 71.1, 70.4, 70.1, 69.8, 66.5, and 64.3 (CH on Cp rings), 28.5, and
27.7 (SiCCH3), 20.6, and 20.1 (SiCCHs), and 2.0, 0.4, -1.2, and -1.3 (SiCH3). *'P NMR (122
MHz, C¢Dg, 25 °C) 6, ppm: 96.2 (m, 4P, Peomer), and 45.7 (m, 4P, Pipner). Anal. (%): Calcd. for
CggHi5oNgFesScsSigPg with half molecule of toluene: C, 48.97; H, 7.01; N, 4.99. Found: C, 48.76;
H, 6.60; N, 5.19. Sc3P7: 'TH NMR (500 MHz, C¢Dg, 25 °C) 8, ppm: 4.62, 4.03, 3.88, and 3.83 (b,
24H, CH on Cp rings), 1.15 (s, 54H, SiCCH;), and 0.72, and 0.35 (s, 12H, SiCHz). >C NMR
(126 MHz, C¢Dg, 25 °C) o, ppm: 106.2 (CN on Cp rings), 71.3, 69.8, 67.2, and 66.0 (CH on Cp

rings), 28.1 (SiCCHj), 20.3 (SiCCHj), and 0.2, and -0.3 (SiCHj). *'P NMR (122 MHz, C¢Ds,
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25 °C) 5, ppm: 23.2 (m, 3P, Pegge), -118.9 (m, 1P, Pypex), and -131.4 (m, 3P, Ppottom). Anal. (%):
Calcd. for CggHi14NgFesScsSigP; with one molecule of hexanes: C, 48.98; H, 7.31; N, 4.75.
Found: C, 48.77; H, 7.29; N, 4.89.

Synthesis of Y,-naph: (NN'"®*)YI(THF), (0.410 g, 0.511 mmol) and 0.5 equiv
naphthalene (0.0350 g, 0.273 mmol) were dissolved in 10 mL of THF. The solution was cooled
down to -78 °C using a dry ice/acetone bath. Then KCg (0.125 g, 0.925 mmol) was added to the
solution. The color immediately turned to dark red. The reaction mixture was allowed to stir at
room temperature for 2 h. 6 mL of hexanes was added to the reaction mixture to minimize the
solubility of salt KI. The solution was then filtered through Celite. The solid left on Celite was
washed with 4 mL THF/hexanes (3:1 ratio). After removing volatiles under reduced pressure, the
remaining reddish-purple solid was transferred into a vial using 18 mL of THF. The THF was
removed under reduced pressure, resulting in a reddish-purple solid. 6 mL of diethyl ether was
added and the mixture was kept at -35 °C. After one day, the diethyl ether solution was filtered
and Y,-naph was collected as a reddish-purple solid on the medium frit. Yield: 0.214 g, 62.6 %.
"H NMR (500 MHz, C¢Ds, 25 °C) 8, ppm: 5.09 and 3.94 (t, 8H, CH of naphthalene), 4.33, 4.13
and 3.87 (b, 24H, CH on Cp rings and CH,0), 1.42 (b, 8H, CH,CH;0), 1.07 (s, 36H, SiCCH,),
and 0.22 and 0.13 (s, 24H, SiCH3). "H NMR (500 MHz, C4Dz0, 25 °C) &, ppm: 5.01 and 3.66 (t,
8H, CH of naphthalene), 4.25, and 3.83 (b, 16H, CH on Cp rings), 0.73 (s, 36H, SiCCHs), and -
0.03 (s, 24H, SiCH3). *C NMR (126 MHz, C4D30, 25 °C) 8, ppm: 158.3, 118.3 and 94.3 (C and
CH on naphthalene), 108.4 (CN on Cp rings), signals of CH on Cp rings were covered by solvent
C4DgO peaks, 28.5 (SiCCH;), 21.2 (SiCCHs;) and -1.7 (SiCHj3). Anal. (%): Calcd. for

C62H100N4FezOZSi4Y2: C, 55.77; H, 7.55; N, 4.20. Found: C, 55.22; H, 7.20; N, 4.53.
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Synthesis of Lay-naph: (NN'®%)Lal(THF) (0.5326 g, 0.682 mmol) and naphthalene
(0.0416 g, 0.325 mmol) were weighed in a scintillation vial. 10 mL of THF was added to make a
yellow solution, which was cooled down to -78 °C with a dry ice / acetone bath. KCg (0.106 g,
0.784 mmol) was added to the solution. The reaction mixture was allowed to warm up to 25 °C
and stirred for 3 h. The resulting dark red solution was filtered through Celite and dried under
reduced pressure. The remaining red solid was dispersed in Et,O and stored in a -35 °C freezer
for 5 days. A blackerystalline solid was collected on a medium frit after filtration. Yield: 0.289 g,
59.0%. 'H NMR (500 MHz, C¢Dg, 25 °C) o, ppm: 4.28 and 2.73 (br s, 4H each, CH on
naphthalene fragement), 4.20 and 3.85 (br s, 8H each, CH on Cp rings), 4.09 (br s, 2H, CH,0 on
THF), 3.61 (br s, 8H, CH,O on Et,0), 1.52 (br s, 2H, CH>,CH,O on THF), 1.26 (m, 12H,
CH;CH,0 on Et,0), 1.01 (s, 36H, (CHs);C), and 0.30 (s, 24H, SiCH;). °C NMR (126 MHz,
CsDgs, 25 °C) o, ppm: 156.8, 122.0, 99.5, and 71.0 (C or CH on naphthalene fragment), 109.4
(CN on Cp rings), broad peaks around 66.8 (CH on Cp rings), 27.7 ((CH3);C), 20.7 ((CHs);0),
and -2.4 (SiCHs). An analytical pure sample was obtained by recrystallization from a
concentrated hexanes solution in a -35 °C freezer for two days. Anal. (%): Calcd. for
Ce2Hi9oN4O,Fe La,Sis, Mw = 1435.354: C, 51.88; H, 7.02; N, 3.90. Found: C, 51.28; H, 7.05; N,
3.46.

Synthesis of Lus-naph: (NN"%)Lul(THF), (0.2005 g, 0.226 mmol) and naphthalene
(0.0156 g, 0.122 mmol) were weighed in a scintillation vial. 6 mL of THF was added to make a
yellow solution which was cooled down to -78 °C with a dry ice / acetone bath. KCg (0.451 g,
0.334 mmol) was added to the solution. The reaction mixture was allowed to warm up to 25 °C
and stirred for 1 h. The resulting dark red solution was filtered through Celite and dried under
reduced pressure. The remaining red solid was dispersed in Et,O and stored in a -35 °C freezer
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for 2 days. A red solid was collected on a medium frit after filtration. Yield: 0.0866 g, 51.1%. 'H
NMR (500 MHz, C;Ds, 25 °C) o, ppm: 5.17 and 4.23 (br s, 4H each, CH on naphthalene
fragment), 3.96 and 3.87 (br s, 8H each, CH on Cp rings), broad peaks around 3.90 (br, 8H,
CH,0 on THF), 1.42 (br s, 2H, CH,CH,0 on THF), 1.07 (s, 36H, (CH3);C), and 0.26 and 0.15 (s,
12H each, SiCH3). "*C NMR (126 MHz, C;Ds, 25 °C) &, ppm: 154.9, 117.8, and 95.2 (C or CH
on naphthalene fragment), broad peaks around 68.8 (CH on Cp rings), 65.9 (CH,O on THF),
28.1 ((CH3);5C), 25.7 (CH,CH,O on THF), and -1.0 and -2.8 (SiCHj3). Some peaks were missing
due to low solubility of Lu-naph or may be masked by deuterated solvent peaks. Anal. (%):
Calcd. for Ce;Hi00N4O-Fe,LuySiy, Mw = 1507.476: C, 49.39; H, 6.69; N, 3.72. Found: C, 44.78;
H, 6.04; N, 3.57. Although multiple samples were submitted for analysis all results were
significantly low in carbon. It is possible that fine powders of Lu,-naph are extremely air and
moisture sensitive and decompose upon handling.

Synthesis of Y3;P7: Y,-naph (0.150 g, 0.112 mmol) was dissolved in 10 mL of THF and
cooled down to -78 °C with a dry ice/acetone bath for 15 min. P4 (0.0189 g, 0.153 mmol) was
then added as a THF solution. The color of solution gradually changed from reddish-purple to
orange. After stirring for 1 h at 25 °C, the volatiles were removed under reduced pressure. The
resulting orange solid was washed with pentane until the pentane wash was very light yellow.
Y;P; was isolated as a yellow powder. Yield: 0.106 g, 69.7%. '"H NMR (500 MHz, C¢Dg, 25 °C)
S, ppm: 4.18, 3.94, and 3.41 (b, 24H, CH on Cp rings), 4.04 (b, 12H, CH,0), 1.48 (b, 12H,
CH,CH,), 1.19 (s, 54H, SiCCHs), and 0.61, and 0.28 (s, 24H, SiCH3). Due to low solubility of
Y3P; in C¢Ds, the °C NMR experiment was performed at higher temperature (75 °C). The 'H
NMR spectrum at 75 °C is also included here since it was different from that at 25 °C. "H NMR

(500 MHz, C¢Dg, 75 °C) o, ppm: 4.13, 4.04, and 3.55 (b, 24H, CH on Cp rings), 3.95 (b, 12H,

100



CH,0), 1.55 (b, 12H, CH,CH,), 1.13 (s, 54H, SiCCHs), and 0.55, and 0.29 (s, 24H, SiCH3). °C
NMR (126 MHz, C¢Dg, 75 °C) o, ppm: 106.1 (CN on Cp rings), 70.3, 69.1, and 66.4 (CH on Cp
rings), 68.4 (CH,0), 28.3 (SiCCH3), 25.5 (CH,CH,0), 20.6 (SiCCH3), and -0.5 (SiCH3). °'P
NMR (122 MHz, C¢Ds, 25 °C) 8, ppm: -20.4 (b, 3P, Pegge), -81.8 (b, 1P, Pc,p), and -130.4 (b, 3P,
Puoottom). Anal. (%): Calcd. for C;sH;33NgFe;O3P7SigY; with one molecule of toluene, C;Hg: C,
48.16; H, 6.94; N, 3.96. Found: C, 47.88; H, 6.99; N, 3.87.
Synthesis of La;P;: To a solution of La,-naph (0.1584 g, 0.110 mmol) in 6 mL of THF,

P4 (0.0160 g, 0.129 mmol) was added. The color of the solution changed gradually from dark red
to orange in 5 min. The reaction mixture was allowed to stir at 25 °C for 1 h. The volatiles were
removed under reduced pressure. The resulting yellow-orange solid was extracted in hexanes.
After storing in a -35 °C freezer for 6 days, yellow crystals formed and were isolated by
decanting the mother liquor and washing with cold n-pentane. Yield: 0.0677 g, 42.3%. The
formula of single crystals was found to be [(NN"B%)La(THF)][(NN®%)La(OEt,)],P-. The 2:1
ratio of Et;O:THF of that batch was confirmed by integration of the corresponding peaks in the
'H NMR spectrum. However, a 'H NMR spectrum of another batch, prepared independently,
showed exclusively THF as the coordinating solvent molecule. 'H NMR (500 MHz, C;Ds, 25 °C)
o, ppm: broad peaks centered at 4.11, 3.81, and 3.28 (br, 24H total, CH on Cp rings), 3.97 (br s,
6H, CH,0 on THF), 3.56 (br s, 6H, CH,0 on Et;,0), 1.55 (br s, 6H, CH,CH,0 on THF), 1.14 (br
s, 9H, CH;CH,0 on Et,0), 1.10 (s, 54H, (CH;);C), and 0.44 (br s, 36H, SiCH;). >C NMR (126
MHz, C;Dg, 25 °C) o, ppm: 104.9 (CN on Cp rings), broad peaks centered at 69.2, 68.2, and 65.0
(CH on Cp rings), 28.0 ((CH3);C), 25.3 ((CH3)3C), and -1.7 (SiCHj3). Anal. (%): Calcd. for
C73H149NgOsFesLasP7Sig, Mw = 2181.620: C, 42.94; H, 6.56; N, 3.85. Found: C, 43.30; H, 6.75;

N, 3.51.
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Synthesis of Lu3P;. To a solution of Luy-naph (0.200 g, 0.133 mmol) in 12 mL of THF,
P4 (0.0227 g, 0.183 mmol) was added. The color changed gradually from dark red to orange in
10 min. The reaction mixture was allowed to stir at 25 °C for 1 h. The volatiles were removed
under reduced pressure. The resulted yellow-orange solid was dissolved in 4 mL of toluene and
layered with 2 mL of n-pentane. After storing in a -35 °C freezer for 2 days, yellow crystals
formed and were isolated by decanting the mother liquor and washing with cold n-pentane. Yield:
0.109 g, 53.9%. "H NMR (500 MHz, C;Ds, 25 °C) 8, ppm: 4.13, 4.07, 3.89, and 3.49 (s, 4H each,
CH on Cp rings), 4.03 (br s, 12H, CH,0 on THF), 1.53 (br s, 12H, CH>,CH,0 on THF), 1.12 (s,
54H, (CHs);C), and 0.56 and 0.25 (s, 12H each, SiCHz). °C NMR (126 MHz, C;Ds, 25 °C) 8,
ppm: 103.8 (CN on Cp rings), 71.0, 67.6, and 65.3 (CH on Cp rings), 28.4 ((CH3);C), 25.5
((CH3)3C), and -0.4 and -0.5 (SiCH3). Anal. (%): Calcd. for C7sH;33N¢OsFesLusP;Sic with one
molecule of n-pentane, Mw = 2357.922: C, 42.28; H, 6.41; N, 3.56. Found: C, 41.93; H, 6.40; N,
3.52.

General reaction set-up for the reaction of M;P; (M = S¢, Y) and Me3Sil: 0.015 g
M;P; was dissolved in C¢Dg in a J-Young tube. Excess TMSI was added at room temperature
and the reaction was monitored by 'H NMR spectroscopy. For M = Sc, no obvious change was
observed after 1 h at room temperature; so, the J-Young tube was heated at 50 °C. The
transformation reached completion after 23 h at 50 °C with the formation of [(NNTBS)SC(M-I)]Q
and P;(SiMe;);, which was confirmed by >'P NMR spectra. For M = Y, the transformation took
place at 25 °C and reached completion after 9 h. The formation of [(NN'®%)Y(u-I)], and
P(SiMe;); were confirmed by "H and *'P NMR spectroscopy, respectively.

Note: The attempt to transfer the Ps* unit in ScqPs with Me;Sil was not successful. Even

after prolonged heating (2 days) at 100 °C with excess MesSil, Sc4Ps remained intact.
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CHAPTER 5: SYNTHESIS AND CHARACTERIZATION OF RARE-EARTH

BIPHENYL COMPLEXES: A 6C, 10n-ELECTRON AROMATIC SYSTEM

Special remarks: The research described in this chapter was achieved by collaboration with two
outstanding research groups: (1) Florian Dulong!"! and Dr. Thibault Cantat'"! contributed with the
density functional theory (DFT) calculations; (2) Dr. Tianpin Wu'?"*! and Dr. Jeffrey T. Miller!”
contributed with the X-ray absorption near edge structure (XANES) spectroscopy results. Their

contributions are essential to this research.

Aftiliations for our collaborators:

[1] CEA, IRAMIS, SIS2M, CNRS UMR 3299 91191 Gif-sur-Yvette, France

[2] Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne,
[linois 60439

[3] Current affiliation: X-ray Science Division, Advanced Photon Source, Argonne National

Laboratory, 9700 South Cass Avenue, Lemont, Illinois 60439

5.1 Introduction

Ever since Michael Faraday isolated benzene in 1825, aromaticity has become one of the
most useful chemical concepts.' Its scope encompasses not only two-dimensional but also three-
dimensional systems, and not only & but also o orbitals.” Oftentimes, however, aromaticity is
difficult to define and a host of geometric, energetic, and magnetic criteria has been proposed to
evaluate its strength in series of compounds, with disputable success and always stimulating

debate. As such, the classic aromaticity of annulene and benzenoid compounds (Chart 5-1) is still
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best predicted and determined by the simple yet powerful Hiickel’s (4n+2) m-electron rule.’ The
later discovery of aromaticity in azulene reinforced Hiickel’s rule since the unfavorable charge
separation in the system is compensated by the fulfillment of the (4n+2) m-electron
requirement.*” Besides the naturally occurring neutral aromatic species, the charged all-carbon
systems that meet the (4n+2) m-electron rule have long been targeted by synthetic chemists.
Cyclopentadienyl has been known to organic chemists by readily deprotonating 1,3-
cyclopentadiene.® In 1954, Doering and Knox convincingly showed the structure of
cycloheptatrienylium (tropylium) ion.” In 1960, Katz reported the first direct evidence for the
presence of the flat cyclooctatetracne dianion in solution.*” The electronic structure of
metallocenes with the general formula of (n’-C;H7)M(1°>-CsRs) (M = group 4 metals, R = H or
Me) has been experimentally and computationally studied in detail, with strong debates over the
charge of the C;Hy ligand.m’11 However, no unambiguous evidence for (C7H7)3' has been
presented so far. The last of the series, a benzene tetraanion that is predicted to be a 6C, 107-

electron aromatic system, stands as Mount Everest in synthetic chemistry.
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Naturally occurred neutral aromatic species

Benzene Naphthalene Azulene
6C, 6n 10C, 10x 10C, 10x

SHe9X0c,

Synthetically achieved charged aromatic systems

Cyclopentadienyl Tropylium Cyclooctatetraene Biphenyl Benzene
5C, 6n 7C, 67 dianion tetraanion tetraanion
8C, 10n 6C, 10x 6C, 10
Long known 1954 1960 2013 Predicted
Doering and Knox Katz Diaconescu but unknown

Chart 5-1: Examples of all-carbon aromatic systems: top, naturally occurring neutral aromatic
species; bottom, synthetically achieved charge aromatic systems, all are known except for the

benzene tetraanion.

The hypothetical C¢Hs"~ was shown computationally' to have the largest orbital overlap
and the strongest bonds compared to its 107t-electron heteroaromatic analogues.'>'* Despite the
successful synthesis of S3N3',15 P64',16 and Te62+,17 however, there are no reports of C6H64' or its
derivatives, likely due to its high negative charge. A successful approach to stabilize benzene
polyanions relies on the use of lanthanides and actinides to support the highly reduced benzene
ring by coordination. Lappert and co-workers reported the isolation of [(Cp",La),(u-n"n°-CeHg)]
(Cp" = n°-1,3-+-Bu,CsHs), which was formulated as an ionic aggregate containing two La(II)

ions and the benzene radical anion,'® and [K(l8-cr0wn—6)][(Cp"QLn)(u-n6:n4-C6H6)] (Cp" = n5-
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1,3-(SiMes),CsHs; Ln = La, Ce, Nd), containing Ln(IIl) and a benzene 1,4-dianion.19 For
actinides, several groups reported that benzene or its derivatives can serve as a bridging ligand

2023 Magnetic susceptibility measurements, X-ray absorption near

between two uranium ions.
edge structure (XANES) spectroscopy, and density functional theory (DFT) studies showed that
most of these complexes can be described as having a benzene (or a substituted benzene) dianion

2125 Liddle and coworkers suggested a [toluene]* ligand in

bridging two U(III) centers
[U(TsXy)]z(u-n6:n6-C6H5Me)] (Ts™ = HC(SiMesNAr)s; Ar=3,5-Me,CsHs);>%° the evidence
presented there, however, does not allow an irrefutable interpretation of its electronic structure,
especially when taking the multiple accessible oxidation states for uranium into account.

We describe for the first time the isolation of tetraanionic, substituted benzenes, which
are stabilized by coordination to group 3 metals and an aryl substituent. Overall, the energetic,
structural, and magnetic data derived from experiments and theory for complexes incorporating
these tetraanionic ligands point to the phenyl ring coordinated to the group 3 metal ions having a
10m-electron aromatic system. The nature of the benzene tetraanion and the aromaticity of the 6C,

10m-electron system are established based on X-ray crystallographic studies, multi-nuclei NMR

spectroscopy, X-ray absorption spectroscopy, and density functional theory (DFT) calculations.

5.2 Synthesis and structural characterization of rare-earth biphenyl complexes

We previously reported that 1,1’-ferrocenediyl diamide ligand NN™®% (NN'®® = 1 1"-
fc(NSi'BuMe;),)?’ can support rare-earth complexes of fused arenes™ (see also Chapter 4) and
have since focused on expanding this chemistry to non-fused benzenoid derivatives. Biphenyl
was chosen because the two phenyl rings are only weakly conjugated” and it has a more

accessible reduction potential than benzene ([biphenyl]O/ “at -2.69 V, [benzene]”” at -3.42 V, and
110



[naphthalene]”” at -2.50 V; these values are referenced to the saturated calomel electrode (SCE)
and were calculated from the references).’’”' Addition of potassium graphite (KCs) to a pre-
mixed tetrahydrofuran (THF) solution of (NN'B$)YI(THF), and biphenyl at -78 °C led to a dark
purple solution upon warming to room temperature (Scheme 5-1). Dark crystals suitable for X-
ray crystallography obtained after a standard work up allowed us to determine the molecular
structure of the product as [(NNTBS)Y]2[K(toluene)]z(u-biphenyl) (Y2K;-biph) (Figure 5-1a).
The two yttrium ions coordinate to opposite sides of the same phenyl ring in an n° fashion, while
the two potassium ions coordinate to the other biphenyl ring in an n° fashion as well. Assuming
that yttrium is Y(III) and potassium is K(I), the biphenyl ligand carries a 4- charge. XANES
spectroscopy studies, commonly used to correlate the electronic structure of metal centers with
formal oxidation states,’” agree with the formulation of yttrium as Y(III) and of iron as Fe(II) in

Ysz-biph.

@—r‘q\ THE TzHrl(:l @

M—I + 4 KCg + arene

@ 25 °C, 10 min ‘;@

Me{BuSn MeZ‘BuS| SltBuMez

(soV)K—— 77— \/\/ K(solv)
Me,'BuSi MeztBuS| 5 SltBuMez

solv = THF / Et,0 / toluene
M,Ko-biph: arene = biphenyl, Ry =R;=H,M=Sc/Y/La/Lu
Y,K,-terph: arene = p-terphenyl, Ry = phenyl, R, =H,M =Y
Lu,K,-TPB, arene = 1,3,5-triphenylbenzene (TPB), R; =H, Rz = phenyl, M = Lu

Scheme 5-1: Synthesis of quadruply reduced substituted benzene complexes M,K,-biph (M =

Sc, Y, La, and Lu), Y,K,-terph, and Lu;K,-TPB.
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Figure 5-1: Thermal-ellipsoid (50% probability) representation of Y2K,-biph (a) and the anion
of [K(18-crown-6)(THF), s L[[(NN"®%)Y],(u-biphenyl)] (Y2-biph-K;-crown,) (b). Hydrogen and
solvent atoms and disordered counter cations are omitted for clarity. Details of structural

parameters are presented in Figure 5-3 and Table 5-2.

The unusual binding mode of biphenyl in Y,K,-biph with yttrium and potassium
coordinating to different rings is of fundamental importance since it suggests that the two
aromatic rings are not equivalent. This coordination mode is maintained in solution. The 'H
NMR spectra of Y,K;-biph at 25 ° C, -45 °C, or -89 °C in THF-ds all showed two distinct sets of
signals for the phenyl rings. The "H NMR pattern for the ring coordinated to the yttrium centers
is shifted upfield, while that for the other ring appears in the expected aromatic region (complete
assignment of 'H, ">C chemical shifts is summarized in Table 5-1). In addition, *C['H] NMR
spectroscopy showed that the signals for the ortho- and meta-carbon atoms of the ring

coordinating to yttrium are triplets due to coupling to *Y;*® the para- and ipso-carbon atoms,
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being the farthest from the yttrium ions, are not coupled to them and appear as singlets. These
findings are consistent with the fact that only one of the two phenyl rings is coordinated to both
yttrium ions in a symmetrical fashion in solution.

It is worth mentioning that previously reported lanthanide arene complexes usually
exhibit fluxional behavior in solution even when their solid-state structures indicate that the two
metal centers coordinate in an asymmetric fashion, as reported for doubly reduced biphenyl
yttrium complexes.> In our case, no fluxional behavior was observed in solution. In addition, the
isolation of the 18-crown-6 version of Y;K,-biph, [K(l8-crown—6)(THF)1.5]2[[(NNTBS)Y]2(H-
biphenyl)] (Y,-biph-K;-crown,), indicated that the coordination of potassium ions to the
biphenyl ligand is not required to maintain the rigid structure. The solid-state molecular structure
of Y,-biph-K;-crown, (Figure 5-1b) showed the presence of separated ion pairs of
[[(NN™%)Y],(u-biphenyl)]* and two [K(18-crown-6)(THF),s]". The chemical shifts of the
resonances in the 'H and >C NMR spectra (THF-ds, 25 °C and -45 °C) of Y,-biph-K;-crown;
were only slightly different from those of the corresponding resonances documented for Y,K,-
biph, suggesting that Y,K,-biph is likely a separated ion pair in THF-ds solution as well. We
also observed that Y,K,-biph formed exclusively even when sub-stoichiometric amounts of KCg
were used, suggesting that the quadruply reduced biphenyl in Y,K,-biph is more stable than a
doubly reduced yttrium biphenyl complex.** In addition, a comproportionation reaction between
(NNB)Y(THF), and Y,Kj-biph did not occur to give a doubly reduced biphenyl complex.
Attempts were made to oxidize selectively the quadruply reduced arene to a doubly reduced

species but they failed (Scheme 5-2).
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21, 21,

-78°C, 15 min -78 °C, 15 min
i THF THF
Y,Kz-biph T 2 (NNTBS)Y|(THF), Y,-biph-Ky-crown, ———— 2 (NNTBS)Y|(THF),
- -2KI
- biphenyl - biphenyl

- 2 18-crown-6

2 Anthracene 2 Anthracene

- 78 °C, 45 min -78 °C, 45 min
0°C, 15 min i 0 °C, 15 min
YoKz-biph ————= 2 [(NNTBS)y —— | Y2-biph-Ky-crown; — 2 (NNTBS)y —— ‘
-2KI - biphenyl
- biphenyl
[K(solv)]* [K(18-crown-6)(solv)]*

Scheme 5-2: Oxidation attempts involving Y,K,-biph and Y,-biph-K;-crown, (sub-
stoichiometric amount of oxidants were applied in all cases but only resulted in incomplete

reaction with excess Y,K,-biph or Y,-biph-K;-crown, left intact).

The synthesis of Y,K;-biph is not an isolated instance: other group 3 metals, namely,
scandium, lanthanum, and lutetium form Sc;K;-biph, La;K,-biph, and Lu,K;-biph,
respectively, following a synthetic protocol analogous to that for Y,K,-biph (Figure 5-1).
However, for the smaller rare-earths, especially scandium, the yield of Se;K,-biph (ca. 30%)
was much lower than Y,K;-biph (ca. 60%). [NN"®%)Sc(u-H)], and [(NN"%)Sc(C¢H,4Ph)] could
be identified in the "H NMR spectrum of the crude product, presumably from the C-H activation
of biphenyl following a similar reductive cleavage mechanism as discussed in Chapter 3.
Although the formation of MK,-biph is fast (completed in less than 10 min at 25 °C), the side
reaction of C-H activation of biphenyl is more prominent with the highly Lewis acidic scandium.
This phenomenon was observed, to a lesser extent, in the synthesis of Lu,K,-biph.

The 'H and *C NMR spectra and solid-state molecular structures of M,K,-biph (M = Sc,

La, and Lu) reflect their similarity to Y,K,-biph (see Table 5-1 and Table 5-2). The generality of
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this reduction reaction also applies to other non-fused arenes. When using p-terphenyl instead of
biphenyl, [(NN"™)Y],[K(THF),]5[p-(p-terphenyl)] (Y:Kz-terph) was obtained (Scheme 5-1).
The solid-state molecular structure (Figure 5-2a) and solution 'H and '*C NMR spectra of Y,K;-
terph (Table 5-1) showed that one of the end rings was bridging the two yttrium centers. 1,3,5-
triphenylbenzene was also examined in the reaction with lutetium (Scheme 5-1). Compound
[(NN"®%)Lu],[K(THF),]5[p-1,3,5-CeHsPhs] (Lu;K,-TPB, Ph = CgHs) is analogous to Lu,Kj-

biph, with one end ring coordinating to the two lutetium fragments (Figure 5-2b).

Figure 5-2: Thermal-ellipsoid (50% probability) representation of Y,K,-terph (a) and Lu,K,-
TPB (b). Hydrogen and solvent atoms are omitted for clarity. Details of structural parameters are

presented in Table 5-2.
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The confirmed features of the bridging arenes, namely quadruple reduction, rigid
coordination mode, and the relative stability over the doubly reduced complexes brought up the
fundamental question of whether these species could be considered examples of a 6C, 10x-
electron aromatic system according to Hiickel’s (4n+2) m-electron rule. Structurally, an ideal
aromatic system exhibits similar bond lengths and planarity of the atoms involved in =«
conjugation. In C6H64', because the two e, vacant orbitals (74 and nts, Figure 5-4d) of benzene
are filled, there is one net © bonding orbital. Compounds M,K,-biph (M =Y, Sc, and Lu), Y»-
biph-K;,-crown,, Y,;K,-terph, and Lu,K,-TPB exhibit similar C-C distances of the coordinated
phenyl ring (average of 1.46 A for Y,K,-biph and 1.47 A for Y,-biph-K;-crown, in Figure 5-3,
see Table 5-2 for other complexes) that are significantly different and longer than those in
neutral biphenyl (1.39 to 1.42 A for intra-ring and 1.48 A for inter-ring distances)’> or the non-
coordinated ring (1.41 A for Y,K,-biph and 1.38 A for Y,-biph-K;-crown;). The average
distance of 1.47 A (Y,-biph-K;-crown,) is the longest reported average C-C distance within a
single benzene ring, and close to the value calculated for the elusive C¢Hg" (1.507 A; this value
was found to be consistent with the presence of aromatic character; the calculated values for the
electron-rich heteroaromatics were found to be higher than experimental values).'> The fact that
the C-C distances within the ring coordinated to yttrium of Y,K,-biph (1.49, 1.48, and 1.42 A)
or Y,-biph-Kz-crown; (1.50, 1.49, and 1.44 A) are slightly different and that the values for the
Cipso-Cipso distances and the C-C bonds in the non-coordinating ring vary may be explained by
the localized molecular orbital model and corresponding drawing of resonance canonical
structures'? or by taking into account small contributions from other resonance structures (see
Figure 5-5 and related text). All six C-C-C angles in the coordinated phenyl ring are close to

120°, which is the calculated value for the hypothetical C6H64' with Dgp symmetry.12 It was

116



noticed that the phenyl ring coordinated to yttrium exhibited a small torsion angle (defined by

the atoms C24, C25, C25*, and C24*) of 11.4° (Ysz-biph) or 12.4° (Yz-biph-Kz-CFOWIlz). This

angle was slightly larger in Sc;Ks-biph (20.4°) and Lu;K»-biph (19.7°). These distortions may

be caused by a second-order Jahn-Teller effect that is well documented for reduced arenes.*

a
1.400(3) _Cso. 1.400(3)
*47.8(3\
29 122.0(2)"2°
1.391(3) 1.391(3)
121.6(2)
C28"L  115. D/Czs
1448(3) 7 1:448(3)
1.414(4)

1.486(2) .Co6 . 1.486(2)
/ 17. 6(%

Cas™  110.5(2)

25
1.477(3) | 1.477(3)

| 120.0(2)
Caa' L 121 42 Cas

Y 1422(2)

Y

1.422(2)

Y2K2-biph

1 329(11) Ca0 1-329(11)
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1 405(8) c,” 1.405(8)
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*As 0EN

c
25 119.8(5)"25
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C24’ C24

121.9(
/ 441(6)

1.441(6)

Y,-biph-K,-crown,

Figure 5-3: Metrical parameters for the biphenyl ligand in Y,K,-biph (a) and Y,-biph-Kj-

crown; (b). Distances are in [A] and angles in [°], with the errors showed in parentheses. For Y-

biph-K;,-crown,, C,9 and C; are disordered, therefore, the C,9-C3¢ distance and the Cys-Cy9-Csg

and Cy9-C39-Cyo™ angles are not reliable.
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5.3 Electronic structures of the biphenyl tetraanion: a density functional theory study
Density functional theory (DFT) calculations showed that the optimized structures for the
model dianion 2-Y* (Si'BuMe, was replaced by SiMes; potassium counter cations were omitted)
of Y,K,-biph or Y,-biph-K;-crown, are in excellent agreement with the experimental findings,
with average C-C distances of 1.472-1.479 A for the coordinated phenyl ring. The ground state
was found to be a singlet, with no unpaired electrons on the yttrium ions and an iron(Il)
electronic configuration, in agreement with the oxidation states derived from the XANES
measurements. As depicted in Figure 5-4, inspection of the Kohn-Sham frontier molecular
orbitals confirms the presence of a benzene unit reduced by four electrons. Indeed, the highest
occupied molecular orbital (HOMO) and HOMO-1 clearly result from the population of the two
ey, vacant orbitals (4 and 7s) of the benzene motif. The computed natural bond orbital (NBO)
charges for the coordinated benzene ring (-1.90 to -1.95) and the uncoordinated phenyl group (-
0.26 to -0.27) are significantly different. This confirms the experimental observation that
negative charges are mainly localized on the coordinated phenyl ring, while the uncoordinated
phenyl ring acts only as an electron withdrawing group. Importantly, the putative complex 5-Y*,
in which each yttrium ion is coordinated to a different benzene ring, could also be investigated
computationally for comparison. HOMO and HOMO-1 of 5-Y* (Figure 5-4f) establish that only
one e, vacant orbital (ms) on each ring is occupied, leaving two anti-aromatic 8m-electron
ligands. The charge distribution in 5-Y* is symmetrical, each ring bearing a charge of -1.05.
More interestingly, the anti-aromatic character of 5-Y*" is attested by the 20.7 kcal/mol energy
gap with respect to its more stable aromatic isomer 2-Y*, in agreement with the absence of

fluxionality established experimentally.
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Figure 5-4: DFT calculations on the electronic structure, energetic, and magnetic properties of

HOMO

[ “TSIST -T¥7%
<Dwzox

anions 2-Y* (G symmetry) and 5-Y® (S, symmetry). (a) Calculated NBO charges for the
tetraanionic biphenyl ligand and yttrium, C-C distances for the tetraanionic biphenyl ligand, and
comparison between the experimental and calculated **Y chemical shift for 2-Y*. (b)
Equilibrium between the tetraanionic substituted benzene complex (2-Y*) and a hypothetical
tetraanionic biphenyl complex, in which each ring coordinated to yttrium is dianionic (5-Y%). (¢)
Calculated NBO charges for the tetraanionic biphenyl ligand and yttrium, C-C distances for the
tetraanionic biphenyl ligand, and calculated *'Y chemical shift for 5-Y*". (d) Frontier molecular
orbitals in free benzene. () HOMO and HOMO-1 Kohn-Sham orbitals of 2-Y*". (f) HOMO and

HOMO-1 Kohn-Sham orbitals of 5-Y>".
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5.4 Experimental evidence for aromaticity of quadruply reduced phenyl ring: an ¥Y NMR
spectroscopic study

Among experimental methods to determine aromaticity, chemical shifts of NMR active
nuclei at specific positions are especially useful.”’ Fortunately, among rare-earths, yttrium has a
100% naturally abundant isotope with spin 1/2. Although Y suffers from low sensitivity (1/133
of that of *C) and requires prolonged relaxation times in solution (typically over 300 seconds),”®
we obtained ¥’Y chemical shifts for a series of compounds (Table 5-3) containing different
groups, including halide, alkyl, and the aromatic anion Cp: (NNTBS)YI(THF), (Y-D),
(NN'B%)Y(CH,C¢H;s)(THF), (Y-Bn), and (NN™%)Y(Cp)(THF) (Y-Cp) together with Y,;K,-biph
and Y,Kp-terph. We found that the value (in ppm) of the ¥Y chemical shift decreased in the
series: Y-Bn (+436), Y-1 (+370), Y K,-terph (+213), Y,K,-biph (+189), Y-Cp (+69). This
result confirms significant aromatic ring current effects of the phenyl ring coordinating to
yttrium in Y,K,-biph and Y;K,-terph since %Y chemical shifts in Y,K,-biph and Y,K,-terph
are different from Y-Bn and Y-I, but closer to Y-Cp, which contains the aromatic ligand Cp.
The %Y downfield shifts of Y,K,-biph and Y,K,-terph compared to that of Y-Cp are expected
because the net © bond order in the non-coordinating phenyl ring is 1, while in cyclopentadienyl
the net © bond order is 2. Computational studies of NMR parameters have proved successful in
the past for organometallic complexes, even for heavy atoms such as **Y.*’ The calculated Y
chemical shifts (in ppm) for Y-Bn (+451), Y-I (+350), Y,K,-terph (+212), Y,K;-biph (+181),
and Y-Cp (+77) are in excellent agreement with the experimental values and allowed us to
compute the ¥Y chemical shift of the anti-aromatic isomer [5-Y]* to be +559 ppm. This change
ongoing from Y,K,-biph to 5-Y corroborates the structural, electronic, and energetic data
discussed above and points to the aromatic character of Y,K,-biph. The fact that Y,K,-biph and
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Y;K,-terph have similar chemical shifts that are greatly different from those of Y-I and Y-Cp
supports the assignment of a 6C, 10m-electron aromatic system for the yttrium-coordinated
phenyl ring. Altogether, these results support the description of Y,K,-biph (and Y,K,-terph) as
coordinated 6C, 10m-electron tetraanionic benzene ligands. The correct match of the trend of ®Y
chemical shifts found by us also demonstrates the potential of utilizing ®Y NMR spectroscopy in

characterizing aromatic currents in highly reduced m-conjugated systems.

5.5 Discussion on benzene tetraanions and aromaticity

The isolation of tetraanionic, substituted benzenes was possible because of their
coordination to rare-earth ions. Based on experimental and computational data, we propose that
the phenyl ring coordinated to the group 3 metal ions has a 10m-electron aromatic system. *Y
NMR spectroscopy and DFT calculations of the tetraanionic biphenyl metal complexes were
instrumental in understanding the proposed electronic structure. In addition to the group 3 metals,
the phenyl substituents of the reduced benzene ring also have a stabilizing influence on the four-
electron reduction state of the arene ligands.

Besides the structures described above, we also considered the possibility of two limit
Lewis structures that may describe the distribution of the additional four electrons in the reduced
arene ligands: a 7C, 10m-electron structure, in which a trianionic benzyl fragment is substituted
by a pentadienyl anion, and the 6C, 107m-electron structure, discussed above, in which the four
highest energy electrons are located on a single benzene ring and the phenyl substituent remains
neutral (Figure 5-5). The two limit structures differ by the amount of electronic density located
on the phenyl substituent. Model complexes 6-Y> and 7-Y~ illustrate each Lewis structure,

respectively; their geometrical and electronic characteristics were investigated computationally
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(Figure 5-5). While 6-Y* has frontier molecular orbitals, bond lengths, and charge distributions
similar to the 2-Y* model, the computational data gathered for complex 7-Y" strongly differ
from those of 2-Y*. Indeed, the exocyclic C=C bond in 7-Y~ is much shorter than in 2-Y*
(calculated values of 1.37 vs. 1.45 A) and HOMO-1 is mostly located on the exocyclic C=C
bond, leaving the ms orbital of the benzene ring vacant (Supplementary Figure S102).
Additionally, the **Y chemical shift computed for 6-Y* (117 ppm) is more shielded than the shift

calculated for 7-Y™ (311 ppm) and closer to 2-Y* (181 ppm).

A
H__H
) :
(NNTBS)Y _@_Y(NNTBS) - - - I """ > (NNTBS)Y ‘é_Y(NNTBS)
@

%
Model complex 6-Y* 6C,10x aromatic 7C,10n aromatic Model complex 7-Y"
system system

Figure 5-5: Possible Lewis structures for the tetraanionic ligands in Y;K;-biph, Y»:-biph-K,-

crown,, and Y,K,-terph and drawing of model complexes 6-Y> and 7-Y".

An interesting analogy between the present work and two reports by Pierrefixe and
Bickelhaupt®*' can be made: in those reports, it was shown that the regular structure of
aromatics cores with equivalent partial double bonds (6C, 6m- and 10C, 10m-electron systems)
stems from the o skeleton and not from the m-electrons. Naphthalene prefers localized double
bonds, a behavior that can be understood from the fact that the © overlap increases as the C-C

bond becomes shorter and reaches its maximum at 0 A. On the other hand, c-bond overlap
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achieves its optimum around 1.5 A for all C-C bonds. Thus, the ¢ electrons are responsible for
the highly symmetric structure. From this work, it follows that reducing the aromatic 6C, 67-
electron system towards the 6C, 10m-electron system weakens the bond localizing tendency of
the 7 electrons because e type orbitals are being filled. Pierrefixe and Bickelhaupt illustrated
that effect by going from benzene to planar cyclohexane (6C, 12m). Although the benzene
tetraanion described by us is thermodynamically less stable and more reactive (it has to be
stabilized through coordination) than benzene, according to the structural considerations
described by Pierrefixe and Bickelhaupt, it shows higher aromaticity than benzene.

The benzene tetraanionic fragments reported here expand the series of all-carbon
aromatic systems. Although C¢Hg" in its free form may prove elusive to synthetic chemists, the
examples reported here further our understanding of aromaticity and of the ability of metal

complexes to stabilize reactive fragments.

5.6 Experimental section

Synthesis of [(NN"®%)M],[K(solvent)],(u-biphenyl), M;Ky-biph: The procedures for
synthesizing arene-bridged complexes are similar and only that for Y,K,-biph is described
below.

Synthesis of Y;K;-biph: 0.4680 g of Y-I (0.583 mmol) and 0.0450 g of biphenyl (0.292
mmol) were weighed in the same vial and dissolved in 8 mL of THF. The solution was placed in
a dry ice/acetone bath for 10 min prior to the addition of 0.1890 g KCs (1.40 mmol). After the
addition, the mixture was taken out from the dry ice/acetone bath and stirred at 25 °C for 10 min.
Right after the addition, the solution color changed from bright yellow to dark. The solution was

then filtered through Celite adding a small amount of Et,O to help the transfer. The volatiles
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were removed under reduced pressure. The remaining dark solids were dispersed in Et,0O,
transferred to a vial, and stored at -35 °C for one day. Black microcrystals were collected on a
medium frit. Yield: 0.2420 g, 57.6%. Single crystals suitable for X-ray crystallography were
obtained from a THF solution layered with toluene and hexanes with a molecular formula of
[(NN"B%)Y],[K(toluene)]o(p-biphenyl).

¥Y NMR spectroscopy details: All ¥Y NMR spectra were measured on a Bruker
AV600 spectrometer with a 5 mm broadband probe with z-gradient at frequency 29.40 MHz
using C4Ds0 as a solvent. Two data collection settings were used: zg30 pulse grogram with d1 =
59 sec and ns = 1024 or more; zg90 pulse grogram with d1 = 300 sec and ns = 160 or more. Y
chemical shifts were referenced to YCl; in DO used as an external standard (0 ppm) at 25 °C.
Y-Bn, Y-I, Y(CH,C¢Hs)3;(THF)3, Y-Cp, and Cp3;Y(THF) were measured at 25 °C; Y,K,-biph
and Y,;K,-terph were measured between -40 to -50 °C to avoid decomposition during data
collection. A temperature dependence study was carried out for Y-I and Y-Cp. Y-I: 25 °C,
+369.6 ppm; -44 °C, +369.9 ppm. Y-Cp: 25 °C, +68.8 ppm; -44 °C, +69.6 ppm. The study

showed little temperature dependence of *’Y chemical shifts.

5.7 Supplementary tables

Table 5-1: Summary of 'H and >C NMR chemical shifts assignment for M,K,-biph (M = Sc, Y,
La, and Lu, labelled as Sc;, Y, Lay, and Lu,, respectively, in the table), and Y;K,-terph
(labelled as th), Lu,K>-TPB (labelled as TLuz), and Y,-biph-K;-crown, (labelled as Y,C) (all
measured at -40 to -50 °C). Note: same labelling system for other Tables. T1-T6 for p-

terphenyl and P1-P6 for 1,3,5-triphenylbenzene (the other equivalent ring was omitted for
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clarity). The proton was labelled the same as the carbon attached to it (for example, H1 on C1).

The values in purple for proton and in red for carbon are on the phenyl ring coordinated to rare-

earth ions.
P3Py
P, Ps
PP
/32_03 Cs—Cy To---T;
\ \ l" \\
Ci ™ /C4_C7 K CqoTy Ty

\ |

Ce—Cs C12-Cqq Te - Ts
Y, Sc, La, Lu, Y,C ty, TLu,
H1 402 423 420 376 3.83 413 3.77
H2 385 417 389  3.59 3.76 382 3.77
H3 200 369 287 292 3.03 285 3.00
HS 606 653 581  6.03 6.27 506 6.4
HY 6.17 643 591 621 6.16 652 NA
H10 503 552 473 5.03 5.0 NA  5.60
H(T2,P2) NA NA NA NA NA 700 7.26
H(T3,P3) NA NA NA NA NA 6.86  7.59
H(T4,P4) NA NA NA NA NA 642 715
C1 849 831 881 861 78.8 919  87.9
C2 684 781 737 23 67.4 704 731
C3 521 639 615 569 54.0 504 584
C4 760 798 820 782 74.7 853 814
c7 1388 1423 1356 1372 1424 1314 1367
cs 1143 1167 1138 1142 1158 1151 1122
C9 1286 1284 1285 1283 1272 1240 1408
C10 1032 1085 1000 1021 1065  110.1 945
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T1(P1) NA NA NA NA NA 140.6  144.2

T2(P2) NA NA NA NA NA 119.6  126.0
T3(P3) NA NA NA NA NA 128.5 1285
T4(P4) NA NA NA NA NA 1184 1264

Table 5-2: Structural parameters for Y,K,-biph, Sc,K,-biph, Lu;K,-biph, Y;-biph-K,-crown,,
Y;K,-terph, and Lu;K,-TPB derived from X-ray crystallography. Note: *These values contain

large errors due to the disorder of C9 and C10 atoms in Y;-biph-K;-crown,.

P3----Py4
P, Ps
Py--Pg
CZ_C3 Cg_Cg Tz""Tg
Ci M /C4_C7 K /010‘" 1 T4
Ce—Cs C12—Cy4 Te-Ts
Yz SCZ Lllz YZC th TLllz
C1-C2 1.422 1.436 1.413 1.441 1.420 1.436
C2-C3 1.477 1.474 1.474 1.496 1.476 1.493
C3-C4 1.486 1.481 1.498 1.489 1.484 1.492
C4-C7 1.414 1.418 1.416 1.477 1.411 1.420
C7-C8 1.448 1.444 1.438 1.405 1.444 1.439
C8-C9 1.391 1.390 1.390 1.405 1.372 1.391
C9-C10 1.402 1.405 1.399 1.329% 1.423 1.420
M-C1 2.547 2.367 2.512 2.536 2.569 2.511
M-C2 2.606 2.448 2.599 2.604 2.613 2.599
M-C3 2.487 2.319 2.395 2.453 2.502 2.403
M-C4 2.565 2.516 2.535 2.522 2.568 2.553
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3.066 - 3.064 - 3.079 - NA 3.099 - 3.156 -

K-C(7-12) 3.189 3.344 3.205 3.231 3.279

C10-T1(P1) NA NA NA NA 1.465 1.493
TI(P1)-T2(P2) NA NA NA NA 1.412 1.382
T2(P2)-T3(P3) NA NA NA NA 1.381 1.394
T3(P3)-T4(P4) NA NA NA NA 1.376 1.379

C8-C7-C12 115 114 115 117 113 115
C3-C4-C7-C8 5 -8 3 1 4 5

Table 5-3: *’Y chemical shifts for a series of yttrium compounds (all in THF-ds, external
referenced to YCl; in DO, ppm). Numbers in red were measured around -45 to -55 °C and those

in black measured at 25 °C.

YBny(THF); Y-Bn Y-  Y;Ky-biph Y;Kr-terph  Y-Cp Cps;Y(THF)

+370 +69
+740 +436  (+370) +189 +213 (+70) -407
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CHAPTER 6: PARAMAGNETIC RARE-EARTH CHEMISTRY: SYNTHESIS OF
PARAMAGNETIC RARE-EARTH STARTING MATERIALS AND THE RESULTING

BIPHENYL COMPLEXES

6.1 Introduction

The organometallic chemistry of rare-earths not only uncovers rich reactivity but also
provides new opportunities for their applications ranging from catalysis to materials." Among
organometallic rare-earth complexes, those of scandium, yttrium, lanthanum, and lutetium
(group 3 metals) are studied far more in detail due to their diamagnetic nature, which facilitates
characterization of their complexes by nuclear magnetic resonance (NMR) spectroscopy. All
other rare-earth ions, except for Ce(IV) and Yb(II), have a partially filled 4f shell. Therefore,
their complexes are paramagnetic in nature, which complicates the characterization of their
complexes by common 'H and ?C NMR spectroscopic techniques, as most are essentially NMR
silent due to the huge paramagnetic shifts as well as the line broadening caused by the unpaired
4f electrons.

Although difficult to study, paramagnetic lanthanide chemistry is just as important as
group 3 metal chemistry. From a fundamental perspective, since the chemical reactivities of rare-
earths depend heavily on the ionic radii of the M(III) ions, it is necessary to fill the knowledge
gap between lanthanum and yttrium: the ionic radius of La(IIl), Y(III), and Lu(III) is 1.03, 0.90,
and 0.86 A, respectively;? while the gap between Y(III) and Lu(IIl) is small at 0.04 A, the gap
between La(IIl) and Y(III) is large at 0.13 A. From a general scope, unpaired 4f electrons
contribute to the interesting properties and applications of lanthanides. For example, lanthanide

luminescence that is indebted to the 4f-4f transition has a constantly increasing number of
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applications in industry and medicine.>* The magnetic properties of paramagnetic lanthanides
form another area of interest.” Neodymium magnets and samarium-cobalt magnets are some of
the strongest permanent magnets currently known.®’ Lanthanide single-molecule magnets are
found to be superior to those of transition metal complexes because of the large single ion
anisotropy.® However, while a large choice of ancillary ligands has been developed for rare-earth
metals recently, few of them have been employed to paramagnetic lanthanide ions.”'® The lack
of relatively inexpensive and convenient-to-access paramagnetic lanthanide starting materials is
probably the main obstacle that restricts the design and synthesis of new such complexes.
Lanthanide trisalkyl complexes are widely used starting materials for organometallic
rare-earth chemistry.!" Methyl, benzyl, and trimethylsilylmethyl are among the most commonly
employed alkyl groups. The synthesis of lanthanide trisalkyl complexes is usually achieved by
salt metathesis between lanthanide halides and alkali metal alkyl reagents. Although this route
has been successfully applied to various compounds, there are still some lanthanide trisalkyl
complexes that have not been isolated and/or structurally characterized. This may be attributed to
the Schlenk-type equilibrium occurring between the lanthanide trisalkyl complexes and mixed
alkyl halide species while in the presence of an alkali metal halide in solution.'” By introducing
N-chelating benzyl ligands, the isolation of trisalkyl complexes was possible for almost all

13-15

lanthanides despite their ionic size difference. In another approach, lanthanide trisalkyl

complexes were generated in situ and then protonated by amines or alcohols to form mono- or

bisalkyl lanthanide complexes supported by various ancillary ligands.'>'%"®

Recently, by
employing lanthanide triiodide (Lnl;) and potassium benzyl (KCH,Ce¢Hs, KBn), a series of

lanthanide trisbenzyl complexes, Ln(CH,Cg¢Hs)3, has been successfully synthesized and isolated
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for various sizes of lanthanide ions.'” However, a major drawback of this method is that the
starting materials Lnls are not readily accessible from lanthanide oxides but instead are obtained
from the more expensive lanthanide elements (for instance, the price (on 8/21/2013) listed on
us.vwr.com is ca. $1 per gram for La,O;3 and ca. $10 per gram for the element).”

This chapter discusses our efforts in developing a convenient and inexpensive synthetic
route for paramagnetic lanthanide trisbenzyls as starting materials for their organometallic
chemistry. An in situ method to synthesize rare-earth benzyl and iodide complexes supported by
a 1,1'-ferrocenediyl diamide ligand (1,1'-fc(NSi'‘BuMe,),, NNTBS) directly from MX;(THF), (X =
Cl or Br) for all rare-earths (except for promethium and europium; ytterbium gave different
results than other rare-earths, which will be discussed later in the chapter) is presented. Further
contributing to the applicability of these starting materials, all metal halides used were prepared
from the less-expensive corresponding oxides. With (NN™$)MI(THF), (M = all rare-earths
except europium and radioactive promethium) on hand, we synthesized biphenyl tetraanion
complexes analogous to those discussed in Chapter 5 and have already got two exciting results:
(1) [(NNTBS)Dy]z[K(OEtz)]z(u-biphenyl) behaves as a single-molecule magnet; (2)
[(NN"%)Yb],[K(OEt,)]o(u-biphenyl) contains two Yb(II) ions instead of Yb(III) and is
structurally different from other rare-earth biphenyl complexes in spite of the same molecular

formula.

6.2 Synthesis of rare-earth trisbenzyl complexes from rare-earth oxides
Since 2005, our lab has focused on studying diamagnetic rare-earth metal chemistry.”'™’

We successfully introduced a series of ferrocene-based diamide ligands on scandium, yttrium,
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lanthanum and lutetium by using a protonation reaction between the corresponding 1,1'-
ferrocene diamine and M(CH,Ar)3;(THF) (for M = Sc and Lu, Ar = 3,5-C¢H3(CHj3); and x = 2;
for M =Y and La, Ar = C¢Hs and x = 3).21’22 M(CH,Ar)3;(THF), was synthesized from KCH,Ar
and MX;3(THF), (for M =Sc, X =Br,y=2.5;forM=La, X=Br,y=4;forLn=Y,X=CL y =
35;forM=Lu, X=ClLy= 3),21’22’38'40 where each metal halide was obtained from the less-

21,41,42

expensive corresponding oxide. In practice, we noticed that the syntheses of

M(CHAr);(THF), from MX3(THF), were not always successful: they suffered from low

reproducibility.
1. HX, NH4X
125 OC, air THF
M203 > MX3 — MX3(THF)y
2. Gradual heating to 140, 50°C,2h

250, and 360 °C (6-8 h each)
under reduced pressure

M=Sc:X=Cl,y=15;X=Br,y=2.5 Notes:
M=La/Ce/Pr/Nd/Sm:X=Br,y=4 1.CeO,, PrgO44, Tb,0; were used in place
M=La:X=Cly=1 of M,03; Ce(IV) and Pr(IV) were reduced
M=Nd: X=Cl,y=25; X=Br,y=4 in situ but not for Th(IV).
M=Gd/Tb/Dy: X=Br,y=3.5 2. For Eu, EuBrj3 was not directly
M=Gd: X=Cl,y=3.5 available from this method;
M=Y/Ho/Er/Tm: X=Cl,y=3.5 instead EuBr, was obtained and
M=Yb/Lu:X=Cl,y=3 tranformed to EuBryl by |5

MX3 = EuBry: y=2; MX3=EuBrl:y=4
Scheme 6-1: Synthesis of MX3(THF), from rare-earth oxides. This synthetic route required less

than four days to complete. Typical scales of the reaction are for 25 or 50 mmol of M,03.*
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We found that the choice of halide, MCl; or MBr3, and, to a lesser extent, the choice of
potassium benzyl, KBn or K(CH,C¢HsMe,-3,5), is crucial to the success of the rare-earth
trisbenzyl synthesis. For example, while ScBr3y(THF),s is a good precursor for both
Sc(CH,CgH3Me;-3,5);(THF), and Sc(CH,CsHs)3(THF); synthesis, ScCl3(THF); s only works for
Sc(CH,Ph)3;(THF); but not for Sc(CH,CgHsMe,-3,5);(THF),. These puzzling results were
intriguing to us. Therefore, we decided not only to optimize the synthesis of diamagnetic rare-
earth trisbenzyls but also to develop a general synthetic route for the synthesis of all rare-earth
trisbenzyls.

The first step was to improve our synthesis of rare-earth halides. The synthesis of
anhydrous MX; from M,O; has been intensely pursued by rare-earth chemists* and is now a
standard procedure for X = Cl or Br.** We followed those procedures to prepare MX; (X = Cl or
Br) from the readily available rare-earth oxides (for Ce, Pr, and Tb, we used the most common
high-valent or mixed-valent oxides CeO,, PrsO,, and TbsO5). As shown in Scheme 6-1, we have
successfully prepared MXj for all rare-earths. The synthesis is similar with several exceptions: (1)
EuBr; could not be obtained by this method due to its decomposition to EuBr; and Br; at high
temperature;45 instead, the obtained EuBr; was transformed to EuBr,I through oxidation by Iy; (2)
For CeO, and Pr¢O;;, the M(IV) species were readily reduced in situ by hydrobromic acid;
however, for Tb4O; (which may be viewed as Tb,Os3 + 2 TbO,), only the Tb(III) species could be
transformed into TbBrs;, while the Tb(IV) species remained intact and a filtration had to be
performed to remove it (although we cannot rule out that prolong heating/refluxing of TbO, in
concentrated hydrobromic acid may lead to the reduction of TbO,; we only heated the mixture at

125 °C for ca. 2 h before starting to removing water by constant air flow).
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We usually make the THF adduct of MXj3 prior to employing it in the synthesis of the
corresponding rare-earth trisbenzyl complex. This enables us to determine the number of THF
molecules per rare-earth ion by a simple calculation based on the masses of MX; and
MX;(THF)y. The results are listed in Table 6-1. Usually, the calculated number is rounded up to
the next half unit. For instance, the value of y for LaBr3(THF), was calculated to be 3.75, so yo
was assigned to 4.0 and a formula of LaBr;(THF)s was used in subsequent synthesis. Besides
calculations based on masses, we performed elemental analysis (for C, H, and N) for some of
them to verify our assignment on molecular formula of MX;3(THF),. The results are included in
the experimental section of this chapter. Gathering the y, values for all MXs, two trends were
observed: (1) For the bromides MBr3(THF)y, the larger the metal ion size, the larger is the yo
value (LaBr3(THF)4, GdBr3(THF);, and ScBr3(THF), s represent large, medium, and small rare-
earths, respectively). (2) For the chlorides MCI3(THF),, the medium rare-earths have the largest
yo values, such as GdCl3(THF); 5 and YCI3(THF); s, while the small rare-earths have smaller
values as indicated by YbCl;(THF); and LuCls(THF);. The most astonishing fact comes from the
largest rare-earths, LaCl;(THF); has a y, value even smaller than the smallest rare-earth
ScCI3(THF); 5. (3) Combining the trends for the THF adducts of rare-earth bromides and
chlorides, it is interesting to note the following facts: (1) for large rare-earths (La and Nd in table
6-1), the bromide has a larger y, values than that of chlorides; (2) for medium rare-earths (Gd in
table 6-1), the bromide and chloride have similar y, values for their THF adducts. These results
are counterintuitive: (1) for rare-earths, the larger the cation, the larger is its coordinating number;
(2) Br is larger than CI” so it should be more steric demanding. While all rare-earth bromides

are discrete molecules or ion pairs, the rare-earth chlorides are not: for large rare-earths, the
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chlorides are polymeric in nature; for medium and small rare-earths, the chlorides are monomeric
or ion pairs.”’ The difference between rare-earth bromides and chlorides is likely because of their
relative Lewis acidity. Since metal bromides are usually stronger Lewis acid than the
corresponding chlorides,® all rare-earth bromides are strong enough Lewis acid to form
monomeric adducts or ionic pairs with THF; however, only the medium and small rare-earth
chlorides are strong enough Lewis acid to form monomeric adducts or ionic pairs with THF. The
trends we observed in MX3(THF), synthesis turned out to be crucial to the successful synthesis

of rare-earth trisbenzyl complexes.

Table 6-1: Summary of MX3 and MX3(THF), synthesis

X, Mass of  Yield % Mass of Calculated Assigned Assigned
MX3 (g) fromoxides MX3(THF)y (g) y Yo Formula
'ScCl; 9.59 63.4 14.58 1.09 1.5 ScCl;(THF), 5
'ScBr; 20.21 70.9 30.31 1.97 2.5 ScBr3(THF), 5
'ycCls 16.61 85.1 30.89 2.98 3.5 YCI3(THF); 5
'LaCl; 16.64 67.8 20.10 0.71 1.0 LaCl3(THF),
'LaBr; 26.55 70.1 45.52 3.75 4.0 LaBr;(THF)4
*CeBr; 18.30 96.4 31.41 3.77 4.0 CeBr3(THF)4
PrBr;  17.69 92.9 30.57 3.85 4.0 PrBr;(THF),
'NdCl; 19.70 78.6 31.40 2.06 2.5 NdCI3(THF), 5
'NdBr;  27.80 72.4 46.81 3.64 4.0 NdBr3;(THF),
*SmBr; 13.45 69.0 22.50 3.64 4.0 SmBr3;(THF)4
*EuBr, 15.25 97.8 31.04 1.64 2.0 EuBr,(THF),
*EuBr,I 3.43 4.0 EuBr,I(THF),
3GdCl; 12.57 89.1 23.02 3.04 3.5 GdCI3(THF); 5
'GdBr; 33.53 84.5 53.23 3.23 3.5 GdBr3;(THF); 5
*TbBr; 6.76 33.9 10.36 2.95 3.5 TbBr3(THF); 5
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DyBr;  15.98 79.5 25.22 3.22 3.5 DyBr3(THF); 5

HoCl;  12.56 92.6 22.74 3.05 3.5  HoCly(THF)ss
'BrCl;  22.89 83.7 42.44 3.24 3.5  ErCly(THF)ss
TmCl;  13.18 95.8 24.51 3.28 3.5  TmCly(THF)ss
'YbCl;  24.62 88.1 42.82 2.87 3.0  YbCL(THF)s
'LuCl; 2545 90.5 42.04 2.54 3.0 LuCly(THF);

Note: 'Scale of 50 mmol M,03 or 100 mmol based on rare-earths; 25cale of 25 mmol M,05 or 50
mmol based on rare-earths; 3scale of 26.7 mmol Gd,0s; *synthesized from EuBr, and 0.5 equiv

L.

3 equiv KBn'
MX3(THF), » MBn3(THF);
THF, -78°Ct0 0°C,1h

M = La, Ce, Pr, Nd, Gd, Dy,Tb, and Dy: X = Br, y = 4.0 or 3.5;
M =Ho, Er, Tm, Lu: X=Cl, y = 3.5 or 3.0;
M=Sc: X=Br,y=2.5; X=Cl,y =1.5;
M = Sm, Eu, and Yb, not successful.
'For medium to small rare-earth (Er to Lu and Sc),
2.4 equiv KBn gave better results.

Scheme 6-2: Synthesis of MBn3(THF); (Bn = CH,C¢Hs) from MX;3(THF), and KBn. A typical

scale is of 2.0 g MX3(THF),.

With the rare-earth halides in hand, we pursed the synthesis of the trisbenzyl complexes
MBn;(THF);. It was found that bromides work better than chlorides in the synthesis of

MBn;(THF); for the large to medium rare-earths (La to Gd); for medium to small rare-earths,
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both bromides and chlorides served as good starting materials. We attributed the poor reactivity
of large to medium rare-earth chlorides to their polymeric nature and insolubility in THF. The
use of bromide is particularly important for the synthesis of unstable MBn3;(THF)s. In those cases,
chlorides did not yield any isolable products, and the formation of a dark oil indicated the
decomposition of rare-earth trisbenzyl complexes.'”” The yields of MBns(THF); are listed in
Table 6-2. It is noteworthy that, for those rare-earths with a stable or semi-stable +2 oxidation
state (Eu, Yb, and Sm), the corresponding MBn3;(THF); could not be isolated. Upon addition of
KBn, the reduction to M(II) occurred, obvious by the indicative color of a divalent species.
Although we were unable to isolate [YbBn3;] or [SmBnj] species, the iodides
(NNTBS)MI(THF)2 (NNTBS = 1,1'-fc(NSi'‘BuMe,),) were obtained by us for all rare-earths except
europium using an in situ method that will be discussed below. Another interesting observation
was that the use of a sub-stoichiometric amount of KBn gave better overall results for medium to

small rare-earths.>'"#

We attributed this to the high tendency of medium to small rare-earths to
form [MBn4] species that was also noticed by other researchers.?’
Since most MBn3(THF); were known and have been -characterized by X-ray

crystallography and other spectroscopic methods,'*****

the synthesis and characterization of Nd,
Gd, Ho, and Er trisbenzyl complexes is discussed in detail as representatives for large, medium,
and small rare-earths.* Ho and Er trisbenzyl complexes were synthesized from the THF adducts
MCI3(THF)3 5 (Scheme 6-2). Holmium trisalkyl complexes were only previously isolated with an
N-chelating benzyl ligand,'* although the corresponding trisphenyl complex is known.* The
erbium trisneosilyl complex was reported by two groups but without structural

50,51

characterization, while ErPh;(THF); was isolated and structurally characterized.”> Both Ho
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and Er complexes gave pink crystals upon recrystallization. The two compounds were identified

as HoBn3;(THF); and ErBn3(THF), by X-ray crystallography (Figure 6-1).

Figure 6-1: Molecular structures of HoBn3(THF); (a) and ErBns;(THF), (b) with thermal
ellipsoids drawn at the 50% probability level. Hydrogen atoms were omitted for clarity. Selected
distances [A] and angles [°]: (a) HoBn3(THF)s: Hol1-C13 2.457(2), Ho1-C20 2.443(3), Ho1-C27
2.453(2), Hol-O1 2.410(1), Ho1-O2 2.433(2), Ho1-0O3 2.401(1), C13-C14 1.470(3), C20-C21
1.465(3), C27-C28 1.470(3), O1-Ho1-O3 78.90(5), O2-Ho1-03 77.01(5), O1-Ho1-0O2 80.33(6),
C13-Hol-C20 92.71(10), C20-Hol-C27 91.13(9), C27-Hol-C13 96.26(8), 0O3-Hol-C27
166.4(1), O1-Ho1-C20 170.1(1), O2-Ho1-C13 172.1(1). (b) ErBn3(THF),: Er1-C1 2.434(2), Erl1-
C2 2.902(2), Er1-C8 2.416(2), Er1-C15 2.437(2), Er1-O1 2.325(1), Er1-02 2.311(2), C1-C2

1.461(2), C8-C9 1.468(2), C15-C16 1.472(3), O1-Er1-02 177.51(4), O1-Er1-C1 87.27(6), O2-
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Er1-Cl1 90.82(6), C1-Er1-C8 121.34(6), C1-Er1-C15 124.48(6), C8-Er1-C15 114.12(6), Er1-CI-

C292.9(1).

HoBn3(THF); is the first isolated and structurally characterized trisalkyl complex of
holmium that does not incorporate the alkyl into a chelating ligand,'* while ErBns(THF), is the
first structurally characterized erbium trisalkyl complex."* HoBnsy(THF); is isostructural to
YBn3(THF);.'* The holmium atom adopts an octahedral coordination environment with a facial
arrangement of the three benzyl groups and three THF ligands, with £O—Ho—O ranging from
77.0(1)° to 80.3(1)° and £2C—Ho—C ranging from 91.1(1)° to 96.3(1)°. The value for
£Ho—CH,—Cips, is found from 108.5(1)° to 122.3(1)°, while the long distance of Ho-Ciyo
between 3.33(1) to 3.45(1) A indicates that all three benzyl groups coordinate in an n' fashion.
Single crystals of ErBns;(THF), were obtained from a toluene solution layered with hexanes
resulting in the loss of one coordinating THF molecule. A similar phenomenon (loss of one THF)
was observed when triturating MBn3;(THF); (M = Sc and Lu) in toluene.'"*” The erbium atom
adopts a pseudo-trigonal bipyramidal coordination mode with two THF ligands occupying the
two axial positions and the three benzyl groups on the trigonal plane. The angle ZO—Er—O of
177.5(1)° indicates linearity. The angles 2ZC—Er—C ranging from 114.1(1)° to 124.5(1)° indicate
a triangular geometry while their sum of 359.9(3)° indicates the co-planarity of the three
benzylic carbon atoms and erbium atom. Due to the loss of one THF ligand, one of the benzyl
groups coordinates in an 1’ fashion through both the benzylic carbon and the ipso-carbon atom.
The small angle £ZEr—CH,—Ciys of 92.9(1)° compared to the other two ZEr—CH,—Ciy, of

111.3(1)° and 114.8(1)° and the short Er-Cips, distance of 2.902(2) A compared to the other two
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Er-Cipso distances of 3.274(1) and 3.311(1) A support the n’ coordination mode of that benzyl
group.”

When the same protocol was followed for Nd, only a dark-green oil was obtained and
crystals could not be isolated. For Gd, oily blocks could be isolated but elemental analysis
indicated that the solid is likely a mixture of halide-benzyl species. Recrystallization attempts did
not result in isolable crystals or solid material.

Interestingly, NdBn3(THF); was previously synthesized from NdBr;(THF);s and
structurally ~characterized. 1In addition, another large-lanthanide trisbenzyl complex,
LaBn3(THF);, was also obtained from the corresponding bromide,”® so we attempted the
synthesis of neodymium and gadolinium trisalkyl complexes from the metal bromides instead of
the chlorides. The preparation of NdBr3(THF), and GdBr3;(THF); s was similar to the preparation
of other lanthanide halides (Scheme 6-1). Applying the standard protocol and using 3 equiv KBn,
NdBn3(THF); and GdBn3;(THF); were successfully synthesized in good yield, 66% and 46%,
respectively. Single crystals for both compounds were obtained from a THF solution layered
with hexanes. A unit cell determination for NdBn3;(THF); led to the previously reported metrical
parameters.54 GdBn3(THF); was found to be isostructural to HoBns(THF); and ErBns;(THF); and
the same as the reported values in literature.'® Both metal trisalkyl complexes were characterized

by elemental analysis. NdBn3(THF); was further characterized by 'H and *C NMR spectroscopy.

6.3 In situ synthesis of (NN"**)MBn(THF) and (NN"**)MI(THF), directly from MX3(THF),

Since some trisbenzyl complexes are unstable and readily decompose to intractable dark

19,55

oils, and the crystallization of MBn3(THF); usually takes days or even weeks to complete,*’
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we also looked into using the tribenzyl complexes in situ for the synthesis of (NN'2*)MBn(THF)
and (NN"™%)MI(THF),. Previous reports indicate that such compounds may be generated in this
fashion and then protonated by a more acidic ligand, such as an amine or an alcohol, to form
isolable monoalkyl or bisalkyl complexes.'*''® A similar method was also applied to obtain
uranium bisalkyl complexes supported by a 1,1'-ferrocenediyl diamide ligand in our lab.>
Therefore, we decided to employ the in sifu method to find out whether (NN"®)MBn(THF) and
(NNTB$MI(THF), (NN"B = 1,1°-fc(NSi'BuMe,),, fc = ferrocenediyl; M =Lato Sm,z=1; M =
Gd to Lu and Sc, z = 2) could be generated.

Starting from the THF adducts of metal chlorides and using the in situ procedure to
generate MBn3;(THF);, 1 equiv (calculated based on the metal, or 0.8 equiv for Er to Lu and Sc
that gave better results probably due to the same reason as that for the MBns(THF); synthesis)
of H(NN™9%) was added (Scheme 6-3). Following a regular work-up procedure,
(NN$)MBn(THF) could be isolated in moderate to high yield (47-76%, calculated based on
NN%). The isolation of (NN"®%)MBn(THF), however, was not necessary in order to proceed to
the synthesis of (NN'B$)MI(THF),: a toluene solution of 2 equiv Me;Sil (or 1.6 equiv for Er to
Lu and Sc) was added to the toluene filtrate of (NN"2)MBn(THF) at 25 °C and the mixture was
allowed to stir for 1 h. For large rare-earths (La to Sm), (NNB$)MI(THF) (z = 1) was isolated as
a powder after washing the crude products with hexanes in moderate to high yield (see Table 6-2)
and the purity was confirmed by 'H NMR spectroscopy, where applicable, and elemental
analysis. For medium to small rare-earths (Gd to Lu and Sc), (NNTBS)MI(THF)Z were obtained as
crystals from a concentrated diethyl ether solution layered with n-pentane in moderate to high

yield (see Table 6-2). It is important to note that (NN'®%)SmBn(THF) and (NN"®%)SmI(THF)
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could be isolated in moderate yield following the in situ method in spite of the incapacity of
isolating SmBn3(THF);. Moreover, (NN™%)YbI(THF), could also be synthesized by the in situ
method albeit in low yield (ca. 20%). However, (NN'® )YbBn(THF) could not be generated. We
attributed the low yield and inability to generate (NNTBS)Yan(THF) to the reduction of Yb(III)
to Yb(II) upon addition of KBn. The incapacity to synthesize YbBn3(THF); was also noted by a

separate report.19

Si'tBuMe,
[LnBn3(THF);]
generated in situ 1 or 0.8 equiv Hy(NNTBS) @_N\ _-_\[HF 2 or 1.6 equiv Me;Sil (NNTES)MI(THF),
M=latoHo — rye _789c,1n CFw_Le) M otwene,25°G,1n M =Lato Sm,z =1
using foeff.“:n'ffs"c Q—N CH,Ph T M = Gd to Lu and Sc, z=2
using 2.4 equiv KBn Si'BuMe,
(NNTES)MBn(THF)

Scheme 6-3: In situ synthesis of (NN'®>)MBn(THF) and (NN"®*)MI(THF), from in situ
generated [MBn3;(THF);] (M = La to Sm and Gd to Lu and Sc, with the exception of Yb, see text

for details).

The in situ synthetic protocol was straightforward and expedient. The synthesis of the
final product (NN"™%)MI(THF), could be achieved in one day. This is a major improvement over
the stepwise synthesis used by us previously since the crystallization of MBn3(THF); usually
takes several days. More importantly, the yield of (NN"®*)MI(THF), is high (see Table 6-2). The
purity of the compounds obtained by the in situ method was confirmed by elemental analysis and

"H NMR spectroscopy where available.
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Our group had been employing 2.4 equivalents of KBn in the synthesis of lanthanide
trisbenzyl complexes in order to avoid the formation of ate complexes such as
[K(THF)s][MBn4].2' However, the present study provided a better understanding of the synthesis
of MX;3(THF)y, and, as a consequence, we realized that it was not always necessary to use sub-
stoichiometric amounts of KBn to avoid the formation of undesired byproducts. For the small
rare-earths (from Er to Lu and Sc), it was necessary, indeed, to use a sub-stoichiometric amount
of KBn to achieve clean formation of (NN"®*)MBn(THF) or (NN"™®%)MI(THF),, otherwise the
products were contaminated by ate complexes [K(THF)e][((NN'®%),M] derived from
[K(THF)s][MBny]. For the large rare-earths (La to Ho), although [K(THF)s][MBn4] was isolated
using 3 equiv KBn in the MBn3(THF); synthesis, using a sub-stoichiometric amount of KBn was
less problematic since ate complexes only formed in a small amount; on the other hand, when
using 2.4 equiv KBn, a large quantity of the side-product [(NNTBS)M(THF)(M-CI)]Q was isolated
in the synthesis of (NN"®%)MBn(THF). Therefore, a different stoichiometry of KBn was
employed for large or small rare-earths to achieve the best results in each case. For medium size
rare-earths like Ho, similar results were obtained by either stoichiometry of KBn as shown in the
experimental section. The advantages of the in sifu method are more than just convenience. This
method is generally more forgiving: (1) although we were unable to isolate SmBn3(THF); and
YbBnsy(THF);, the  corresponding  (NN'™®%)SmBn(THF), (NN'®)SmI(THF), and
(NN"B)YbI(THF), were synthesized in a moderated yield that allowed us to explore the redox
non-innocent Sm and Yb chemistry (discussed below); (2) large rare-earth chlorides could not be
used to prepare pure trisalkyl complexes,* however, they worked just as well as bromides in the

in situ synthesis of (NN'®*)MBn(THF) and (NN"®*)MI(THF),. Since the synthesis of chlorides
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and bromides requires a large excess of NH4CI/HCl or NH4Br/HBr, and NH4CI/HCI is less
expensive than NH4Br/HBr, the possibility to use rare-earth chlorides is economically attractive.
We anticipate that the in situ method should work for various ancillary ligands with acidic

protons such as alcohols, amines, or terminal alkynes.

Table 6-2: Yields for the synthesis of MBn3;(THF); and for the in situ synthesis of

(NN )MBn(THF) or (NN"B$)MI(THF),.

Yield (%)Rare-earth | La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc

MBn; 56 77 66 66 46 26 76 60 40 76 79 59
(NN™$)MBn(THF) 69 54 62 40 50

(NN"P*)MI(THF), 8 68 65 66 55 63 66 68 70 66 52 15 56 42 44

Note: For M = Er to Sc (except Y), 2.4 equiv KBn was used in the synthesis. The yields were

calculated based on the stoichiometry of the limiting reagent.

All the (NN™%)MBn(THF) (where applicable) and (NN"®*)MI(THF), complexes were
characterized by X-ray crystallography. Since most of them were structurally similar,
(NN"™%HoBn(THF) is shown and discussed to represent (NN'®)MBn(THF);
(NN"™)ErI(THF), and [(NN"®%)Nd(THF)(p-I)], represent medium to small rare-carths and large
rare-earths, respectively.

(NN"™%)HoBn(THF): The benzyl group in (NN'®%)HoBn(THF) (Figure 6-2) is
coordinated in an n2 fashion as evidenced by the short M-C2 distance of 2.695(4) A and the
small M-C1-C2 angle of 82.6(2)°. The Ho-C1 distance of 2.456(4) A is similar to the average

Ho-C distance of 2.45(1) A in HoBn3(THF);. The Fe-Ho distance of 3.234(1) A is close to the
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Fe-Y distance of 3.240(1)A in the isostructural (NN"™%)YBn(THF)* and to the sum of covalent

radii for iron (low spin) and holmium (3.24 A).”’

Figure 6-2: Molecular structure of (NN"%)HoBn(THF) with thermal ellipsoids drawn at the 50%
probability level. Hydrogen atoms were omitted for clarity. Selected distances [A] and angles [°]:
Hol-C1 2.456(4), Hol-C2 2.695(4), Hol-O1 2.318(3), Hol-N1 2.218(4), Hol-N2 2.223(4),
Hol-Fel 3.234(1), Hol-C12 2.838(4), Ho1-C17 2.828(4), C1-C2 1.469(6), N1-Ho1-N2 133.4(1),

O1-Ho1-C1 90.6(1), Ho1-C1-C2 82.6(2), Ho1-N1-C12 100.9(2), Ho1-N2-C17 99.7(2).

(NN"®S)ErI(THF), and [(NN"™®)Nd(THF)(p-D];: (NN™%)Erl(THF), (Figure 6-3a) is
isostructural to (NN™)YI(THF),,*® while [(NN)Nd(THF)(u-D)], (Figure 6-3b) adopted a
bridging bimetallic structural motif. For a reason not obvious to us, the mononuclear molecular

structures show a significant thermal disorder for the iodide ligand as well as the methyl and zert-
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butyl groups on one silicon substituent. The major diatomic distances of (NN'B%)ErI(THF), are
similar to those of (NNTBS)YI(THF)Z.36 The bimetallic structural motif of [(NNfC)Nd(THF)(u-I)]z
may be relevant to the weaker Lewis acidity of large rare-earths and their tendency to form

polymeric species.”®

Figure 6-3: Molecular structures of (NN"®%)ErI(THF), (a) and [(NN'®)Nd(THF)(u-I)], with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and disordered
counterparts were omitted for clarity. Selected distances [A] and angles [°]: (a)
(NN"BS)ErI(THF),: Erl-I1 2.998(1), Erl-N1 2.206(5), Er1-N2 2.200(4), Er1-O1 2.331(3), Erl-
02 2.359(3), Erl-Fel 3.357(1), Er1-C1 2.897(5), Er1-C6 2.869(4), N1-Erl-N2 132.5(1), O1-

Erl-02 166.7(1). (b) [(NN™$)Nd(THF)(u-D)]o: Nd1-I11 3.213(1), Nd1-I1A 3.235(1), Nd1-N1
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2.265(3), Nd1-N2 2.259(3), Nd1-O1 2.469(3), Nd1-Fel 3.364(2), Nd1-C5 2.917(4), Nd1-C10

2.939(4), N1-Er1-N2 126.1(1), I1-Nd1-T1A 78.24(1), Nd1-T1-Nd1A 101.76(1).

6.4 Biphenyl complexes of paramagnetic rare-earths

With the iodide complexes (NNTBS)MI(THF)2 (M = Ce to Sm except Pm, and Gd to Yb)
in hand, we pursued the synthesis of biphenyl complexes with the general molecular formula
[(NNTES)M] [K(solvent)]»(p-biphenyl) (their diamagnetic counterparts are discussed in Chapter
5). Following a similar procedure to [(NN"™%)Y][K(solvent)],(u-biphenyl), all
[(NNTBSM] [K(solvent)]»(p-biphenyl) (M,K,-biph) were synthesized in moderate to high yield.
Their physical appearance is similar and they are isolated as black powders or small crystals.
They are all structurally similar (except for Yb,K,-biph, which will be discussed later in the text)
as determined by X-ray crystallography. As anticipated, they have fascinating physical properties
derived from the partially filled 4f shell. Following are two projects currently under investigation:
(1) M;K,-biph as single molecule magnets; (2) the comparison between Yb,K,-biph and

Sm;K,-biph: evidence for Yb(II) and a biphenyl dianion.

6.4.1 Magnetic study on Dy,K,-biph: single-molecule magnet behavior

This project is in collaboration with Jennifer Le Roy (PhD student in Murugesu group)
and Professor Muralee Murugesu at the University of Ottawa, Canada. Based on the magnetic
data for Dy,K,-biph, it is apparent that this molecule behaves as a single-molecule magnet with
Ugy=53 K, and 1y = 1.5%107 s (Figure 6-4). Molecular structures of Dy,K,-biph and [K(18-

crown-6)(THF); s],([(NN"2%)Dy],(p-biphenyl)) are shown in Figure 6-5.
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Figure 6-4: Relaxation time of the magnetization In(t) vs. "' (Arrhenius plot using AC

data) for Dy;K,-biph. The red solid line corresponds to the fit.
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Figure 6-5: Molecular  structures of Dy,K,-biph (a) and [K(18-crown-
6)(THF), s]o([(NN"™%)Dy],(pn-biphenyl)) (b) with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms and disordered counterparts are omitted for clarity.

6.4.2 Comparison between Yb;K,-biph and Sm;K,-biph: evidence for Yb(II) and biphenyl
dianion in Yb;K;,-biph

This project is in collaboration with James R. Gallagher, Guanghui Zhang, Bo Hu
(students in Dr. Jeffrey T. Miller’s group) and Dr. Jeffrey T. Miller at Argonne National
Laboratory, who performed X-ray absorption near edge structure (XANES) spectroscopy on a
series of ytterbium and samarium complexes in order to determine the oxidation state of Yb and

Sm in Yb,K,-biph and Sm,K;-biph, respectively.
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Table 6-3: Summary of Yb L3 edge energy

Sample Edge energy (eV) Oxidation state
Yb,0; 8943.8 11
(n°-CsHs); YD 8944.8 111
Ybl, 8936.7 11
(NN"™%)YbBn(THF) 8943.9 111
(NN'B%)Yb(n>-CsHs)(THF) 8944.5 11
(NN"™%)YbI(THF), 8944.5 111
[K(THF)s][(NN™%),Yb] 8944.2 111
Yb,K;-biph 8937.1 11

Table 6-4: Summary of Sm L3 edge energy

Sample Edge Energy (eV) Oxidation State
Sm, 05 6719.7 111
SmBr;(THF)4 6720.2 111
(n°-CsHs);Sm 6720.5 111
Sml; 6720.1 111
Sml, 6712.7 i}
(NN"™%)SmBn(THF) 6720.0 111
(NN"B%)Sm(n’-CsHs)(THF) 6719.8 111
(NN"™%)SmI(THF) 6720.1 111
Sm,K,-biph 6720.0 111

For both Yb and Sm, there was a large shift in the edge energy (ca. 8 eV) depending on
the oxidation state of the metal (Table 6-3 and Table 6-4). This allowed an unambiguous
assignment of the oxidation states of Yb and Sm in Yb,K;-biph and Sm;K,-biph as Yb(II) and
Sm(IIl), respectively. This assignment is consistent with the data derived from X-ray

crystallography (Figure 6-6). While Sm;K,-biph was structurally similar to the previously
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characterized MK,-biph, the structural parameters of Yb,K,-biph differed significantly: (1) the
coordination mode of biphenyl changed: in Yb;K,-biph, the ytterbium ions coordinate to
different phenyl rings, while in all other M,K,-biph, the metal ions always coordinate to the
same phenyl ring; (2) the C-C distances within the biphenyl fragment are different from those of
other M;K,-biph but are close to the C-C distances in the yttrium coordinated biphenyl dianion
[(P2N2)Y a(p2-n°m®-(CeHs)z) (PoN, = (PhP[CHa(SiMe;)N(SiMe;)CH,],PPh);> (3) the shortest
Yb-N distance of 2.31 A is 0.12 A longer than the Yb-N distances in (NN'®%)YbI(THF),
(average 2.19 A); the 0.12 A difference is close to the 0.15 A difference between the ionic radius
of Yb(II) and Yb(III).? In addition to the data derived from XANES and X-ray crystallography,
the '"H NMR spectrum of Yb,K,-biph showed that all peaks were in the diamagnetic region
(8 between 0 to 10 ppm), which is typical for Yb(II)-containing complexes. We are currently

investigating the electronic structures of both compounds and their chemical reactivity.
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Figure 6-6: Molecular structures of Yb,K,-biph (a) and Sm,K;-biph (b) with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected distances
[A]: (a) Yb2Kz-biph: YbI-N1 2.392(3), Yb1-N2 2.310(3), Yb1-C1 2.861(4), Yb1-C2 2.816(4),
Yb1-C3 2.797(4), Yb1-C4 2.774(4), Yb1-C5 2.779(4), Yb1-C6 2.802(4), Ybl-Fel 3.098(1), C1-
CIA 1.395(7), C1-C2 1.473(5), C1-C6 1.474(5), C2-C3 1.382(6), C3-C4 1.420(7), C4-C5
1.420(7), C5-C6 1.385(6). (b) SmyK,-biph: Sm1-N1 2.339(3), Sm1-N2 2.452(3), Sml1-Cl
2.618(3), Sm1-C2 2.641(4), Sm1-C3 2.573(4), Sm1-C4 2.622(3), Sm1-C2A 2.574(4), Sm1-C3A
2.642(4), Sm1-Fel 3.225(1), C1-C2 1.426(5), C2-C3 1.468(5), C3-C4 1.478(4), C4-C5 1.414(7),

C5-C6 1.448(5), C6-C7 1.398(7), C7-C8 1396(8).
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6.5 Experimental section

Table 6-5: Elemental analysis results for some MX;(THF)y.

MX3(THF), Molecular weight Calculated C/H/N Found C/H/N
ScCl3(THF); 5 259.476 27.77/4.66/0 20.93/3.29/<0.1
ScBr3(THF), 5 464.936 25.83/4.34/0 22.80/3.22/<0.1
YCI3(THF)s 5 447.640 37.56/6.30/0 35.79/5.95/<0.1
LaBr3;(THF)4 667.046 28.81/4.84/0 24.33/3.70 /<0.1
NdCI3(THF)2 5 430.868 27.88/4.68/0 23.53/3.42/<0.1
GdCI3(THF)s 5 515.984 32.59/547/0 28.62/4.56 / <0.1
HoCl3(THF); 5 523.664 32.11/5.39/0 27.79/3.92/<0.1
ErCl3(THF); 5 525.992 31.97/537/0 29.39/4.52/<0.1
LuCl3(THF); 497.647 28.96/4.86/0 25.52/4.15/<0.1

Synthesis of HoBn3;(THF); by using 2.4 equiv KBn. To 1.500 g HoCI3(THF)s 5 (2.86
mmol) placed in a 100 mL round bottom flask was added 80 mL of THF. The flask was placed in
a -78 °C dry ice/acetone or isopropanol bath for at least 15 min. 0.895 g KBn (6.87 mmol, 2.4
equivalents) was weighed in a scintillation vial, dissolved in 15 mL of THF, and cooled down in
a -78 °C bath. The KBn solution was added drop-wisely to the HoCl;(THF); 5 slurry at -78 °C
with stirring. The red color of KBn disappeared immediately after mixing. The reaction mixture
was allowed to stir in a 0 °C ice bath for 30 min and then filtered through Celite on a coarse frit.
The flask and coarse frit were washed with 10 mL of THF. The volatiles were removed under
reduced pressure. The resulting oily solid was dissolved in a minimum amount of THF (ca. 12

mL), transferred to a vial, and layered with 8 mL hexanes. Pink crystals were formed after three
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days of storing in a -35 °C freezer along with some grey precipitate. The mother liquor and grey
precipitate were decanted and the pink crystals were washed with hexanes and dried under
reduced pressure. Yield: 0.552 g, 36.8% (29.4% based on Ho). Single crystals of HoBn3(THF);
were obtained by recrystallization of the aforementioned pink crystals from a dilute THF
solution layered with hexanes. 'H NMR (300 MHz, C¢Dg, 25 °C) 8, ppm: 39.9 (br s), 16.1 (s),
1.6 (br s), and -76.1 (br s). The compound was paramagnetic and most peaks were too broad to
get reasonable integrations. Therefore, there was not sufficient data to make assignment on the
peaks. Anal. (%): Calcd. for Cs3H4s03Ho, My, = 654.650: C, 60.55; H, 6.92; N, 0. Found: C,
59.86; H, 6.70; N, <0.1.

Synthesis of HoBn3(THF); using 3 equiv KBn: Scale: 1.489 g HoCl3(THF);s (2.84
mmol) and 1.111 g KBn (8.53 mmol). The procedure was the same as using 2.4 equiv KBn.
Yield: 1.416 g, 76.1%.

General method for in situ synthesis of (NN'"®)MBn(THF): Using
(NN™%HoBn(THF) and 2.4 equiv KBn as an example, the protocols for the other
(NN"™%)MBn(THF) or using 3 equiv KBn were similar unless otherwise specified. To 1.0000 g
HoCl3(THF)35 (1.91 mmol) placed in a 100 mL round bottom flask was added 70 mL of THF.
The flask was placed in a -78 °C dry ice/acetone or isopropanol bath for at least 15 min. 0.5967 g
KBn (4.58 mmol, 2.4 equivalents) was weighed in a scintillation vial, suspended in 10 mL of
THF and cooled down in a -78 °C bath. The KBn solution was added drop-wisely to the
HoCl3(THF); s slurry at -78 °C with stirring. The red color of the KBn solution disappeared
shortly after mixing. The reaction mixture was allowed to stir at 0 °C in an ice bath for 30 min

and then filtered through Celite on a coarse frit. The flask and coarse frit were washed with 10
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mL THF and the washings combined with the previous filtrate. The resulting light pink solution
was transferred to a clean 100 mL round bottom flask and placed in a -78 °C dry ice/acetone or
isopropanol bath for at least 15 min. 0.6792 g Ho(NN™%), (1.53 mmol, 0.8 equiv) was weighed
in a scintillation vial, dissolved in 10 mL THF and cooled down in a -78 °C bath for 5 min. The
Ho(NN'®%) solution was added drop-wisely to the aforementioned light pink solution at -78 °C
with stirring. The solution color turned to pale yellow upon addition. The reaction mixture was
allowed to stir at -78 °C for 30 min. The volatiles were removed under reduced pressure. The
resulting yellow solid was extracted with 20 mL of toluene and filtered through Celite on a
coarse frit. The volatiles were removed under reduced pressure. Recrystallization from a
concentrated toluene solution layered with n-pentane gave (NNTBS)Han(THF) as yellow
crystals after three days of storing in a -35 °C freezer. Yield: 0.2093 g. The mother liquor was
dried under reduced pressure to yield a yellow solid which was washed with 15 mL of n-pentane
and collected on a medium frit to give a 2nd crop as a yellow powder: 0.4142 g. Total yield:
0.6235 g, 53.0% (based on H,(NN™%) and 42.4% based on Ho). Single crystals of
(NN'®)HoBn(THF) were obtained from a dilute toluene solution layered with hexanes. 'H
NMR (300 MHz, C¢Dg, 25 °C) 6, ppm: 299.5 and 210.1 (br s, 12H, SiCHjs), 169.6 (br s, 18H,
C(CHs)3), -59.9 (br s), -71.8 (br s), -126.4 (br s), -137.1 (br s), -159,5 (br s), -171.2 (br s), -211.4
(br s), and -306.1 (br s). The compound was paramagnetic and most peaks (except for 299.5,
210.1, and 169.6) were too broad to get reasonable integrations. Therefore, there was not
sufficient data to make assignment on those peaks. Anal. (%): Calcd. for C33Hs3sN,OFeHoSi,,

M,, =770.747: C, 51.43; H, 6.93; N, 3.63. Found: C, 50.91; H, 7.63; N, 4.32.
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Synthesis of (NN"®*)HoBn(THF) using 3 equiv KBn and 1 equiv Hy(NN"®%). Scale:
0.800 g HoCl3(THF);5 (1.53 mmol), 0.597 g KBn (4.58 mmol), and 0.679 g H,(NN™) (1.53
mmol). The procedure was the same as using 2.4 equiv KBn. Yield: 1% crop 0.258 g, 2™ crop
0.211 g, total 39.8%.

General method for in situ synthesis of (NN"®*)MI(THF),. Using (NN"®%)HoI(THF),
as an example, the protocols for the other (NN™®$)MI(THF), or using 3 equiv KBn were similar
unless otherwise specified. To 1.300 g HoCl3(THF);5 (2.48 mmol) placed in a 100 mL round
bottom flask was added 70 mL of THF. The flask was placed in a -78 °C dry ice/acetone or
isopropanol bath for at least 15 min. 0.781 g KBn (6.00 mmol, 2.4 equiv) was weighed in a
scintillation vial, dissolved in 10 mL of THF, and cooled down in a -78 °C bath. The KBn
solution was added drop-wisely to the HoCl3(THF)s 5 slurry at -78 °C with stirring. The red color
of the KBn solution disappeared shortly after mixing. The reaction mixture was allowed to stir at
0 °C in an ice bath for 30 min and then filtered through Celite on a coarse frit. The flask and
coarse frit were washed with 10 mL of THF and the washings combined with the previous
filtrate. The resulting light pink solution was transferred to a clean 100 mL round bottom flask
and placed in -78 °C dry ice/acetone or isopropanol bath for at least 15 min. 0.883 g Hy(NN'2%)
(1.99 mmol, 0.8 equiv) was weighed in a scintillation vial, dissolved in 10 mL of THF and
cooled down in -78 °C bath for 5 min. The H,(NN™®) solution was added drop-wisely to the
aforementioned light pink solution at -78 °C with stirring. The solution color turned to pale
yellow upon addition. The reaction mixture was allowed to stir at -78 °C for 30 min. The
volatiles were removed under reduced pressure. The resulting yellow solid was extracted with 15

mL toluene and filtered through Celite on a coarse frit. The toluene filtrate was transferred to a
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scintillation vial. 0.8559 g Me;Sil (4.28 mmol, 1.73 equiv) was added drop-wisely as a toluene
solution (2 mL) at ambient temperature and the reaction mixture was allowed to stir for 1 h. At
the end of the reaction, 5 mL of THF was added to quench the extra Me;Sil. The volatiles were
removed under reduced pressure. The resulting yellow solid was dissolved in a minimum amount
of Et,0 layered with n-pentane. Yellow crystals as mNTBS)HOI(THF)Q formed after three days of
storing in a -35 °C freezer. Yield: 0.818 g. After decanting, the mother liquor was concentrated
and stored in a -35 °C freezer to give a 2™ crop: 0.351 g. Total yield: 1.169 g, 68.4% (based on
H>(NN™), 54.7% based on Ho). Single crystals of (NN™%)HoI(THF), were obtained from an
Et,0 solution layered with hexanes. 'H NMR (300 MHz, C¢Dg, 25 °C) o, ppm: 315.7 (br s, 12H,
SiCH3), 199.6 (br s, 18H, C(CHs);), -137.4 (br s), -142.5 (br s), and -223.6 (br s). The
compound was paramagnetic and most peaks (except for 315.7 and 199.6) were too broad to get
reasonable integrations. Therefore, there was not sufficient data to make assignment on those
peaks. Anal. (%): Calcd. for C30Hs4N,O,FelHoSi;, My, = 878.625, with 0.25 molecules of n-
pentane: C, 41.86; H, 6.41; N, 3.12. Found: C, 41.75; H, 6.34; N, 3.08.

Synthesis of (NN"®*)HoI(THF), using 3 equiv KBn and 1 equiv Hy(NN"®®). Scale:
0.800 g HoCl3(THF)3 5 (1.53 mmol), 0.597 g KBn (4.58 mmol), 0.679 g Hy(NN"™%) (1.53 mmol),
and 0.611 g Me3Sil (3.05 mmol). The procedure was the same as using 2.4 equiv KBn. Yield: 1*
crop 0.520 g, 2nd crop 0.380 g, total 67.0%.

Experimental details for magnetic measurements on Dy;K,-biph: A magnetic
analysis was performed on crushed polycrystalline samples of Dy,K,-biph, wrapped in a
polyethylene membrane sealed in a glove box to prevent any sample degradation. The direct

current (dc) magnetic susceptibility measurements were obtained using a Quantum Design
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Superconducting Quantum Interference Device (SQUID) magnetometer MPMS-XL7 operating
between 1.8 and 300 K for dc-applied fields ranging from —7 to 7 T. Alternating current (ac)
susceptibility measurements were carried out under an oscillating ac field of 3 Oe and ac
frequencies ranging from 1 to 1500 Hz. Diamagnetic corrections were applied for the sample
holder and the core diamagnetism from the sample (estimated with Pascal constants).

Experimental details on XANES measurements: X-ray absorption measurements were
acquired on the bending magnet beam line of the Materials Research Collaborative Access Team
(MRCAT) at the Advanced Photon Source, Argonne National Laboratory. The data was
collected in transmission step scan mode. Photon energies were selected using a water-cooled,
double-crystal Si(111) monochromator, which was detuned by approximately 50% to reduce
harmonic reflections. The ionization chambers were optimized for the maximum current with
linear response (~10'° photons detected/sec) with 10% absorption in the incident ion chamber
and 70% absorption in the transmission and fluorescent X-ray detector. Mn foil and Cu foil was
used to calibrate the energy for Sm and Yb measurements, respectively.

Air sensitive samples were prepared in a glove box diluted with boron nitride. The edge
energy was determined from the inflection point in the edge, i.e., the maximum in the first
derivative of the XANES spectrum. Background and normalization procedures were carried out

using the Athena software package using standard methods.
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CHATPER 7: SUMMARY AND OUTLOOK

By utilizing an electronically and geometrically flexible ferrocene diamide ligand (NN™®
= 1,1'-fc(NSi'BuMe;),) in the reduction chemistry of rare-earths, unprecedented reactivity was
discovered together with the synthesis and characterization of a series of rare-earth metal arene
complexes. Highlights include: (1) the discovery of a new aromatic C-H/F bond activation
mechanism for rare-earth metals; (2) the synthesis of the first scandium naphthalene complex
and its reactivity toward P, activation; (3) the isolation and characterization of a 6C, 10n-

electron aromatic system stabilized by coordination to rare-earth metal ions (as shown in the

figure below).
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Reductive cleavage of aromatic C-H and C-F bonds: Our initial target was to achieve
dinitrogen reduction with the mNTBS)SCI(THF)Q/Kng system. However, when treating
(NN™5)ScI(THF), with KCs in benzene, no (N,)* complexes were observed; instead,
[(NNTBS)SC]z(M-H)z and (NNTBS)SC(C6H5)(THF) were formed in a 1:1 molar ratio per scandium.
This C-H bond activation mode is unprecedented for group 3 metal complexes. Since the
reaction was carried out under reducing conditions, the term “reductive cleavage” was coined to
describe it. Inter- and intramolecular kinetic isotope effects, regio-selectivity for toluene, and C-
H bond activation from the isolated [(NN'®%)Lu],(u-C1oHg) were consistent with the proposed
mechanism: a bridging benzene dianion intermediate was formed upon reduction that quickly led
to C-H bond cleavage to give a metal hydride and a metal phenyl species; the reaction is driven
by the high Lewis acidity of rare-earth metals. The mechanism was further supported by DFT
calculations (collaboration with Dr. Cantat at CEA, France). This reaction mode could be
extended to C-F bond activation. When treating (NN'B$)ScI(THF), with 5 equiv of C¢Fs and 3
equiv of KCgin a mixture of solvents (Et,O : hexanes = 3:1), clean C-F bond cleavage occurred
and led to the formation of [(NNTBS)SC]Q(M-F)Q and (NN™%)Sc(C¢Fs)(THF) in a 1:1 molar ratio
per scandium. Other rare earth metals, such as lutetium, yttrium, and erbium, were found to
behave similarly.

Fused arene complexes and white phosphorus (P4) activation: A bridging benzene
dianion was proposed to be the key intermediate in the reductive cleavage of aromatic C-H
bonds; however, its isolation was not possible due to its high reactivity. Consequently, more
redox accessible fused arene anions were targeted as an alternative. Scandium, yttrium,
lanthanum, and lutetium naphthalene and anthracene complexes were readily accessible from the

reaction of (NN"™®*)MI(THF),, KCs, and the fused arene. [(NN"®*)M],(u-C;oHs) were found to
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be excellent two electron reductants toward various substrates, such as 2,2'-bipyridine and
pyridine. More prominently, P4 activation was achieved by these complexes under mild
conditions in a controlled fashion to form polyphosphides Pg* and P;>" complexes in high yield.
It was found that rare-earth metal arene compounds combine the advantages of alkali metal
reagents and transition metal complexes by showing both high reactivity and high selectivity
toward small molecule activation.

Biphenyl tetraanion in [(NNTBS)M]Z)[K(solvent)]z(u-biphenyl): Since fused
(naphthalene) and non-fused arenes (benzene) behaved differently under reducing conditions, the
reactivity of the weakly conjugated biphenyl became of great interest. Regardless of the
stoichiometry, the reaction of (NN'®%)YI(THF),, KCs, and biphenyl in tetrahydrofuran led to the
same product, {[(NN")Y],(u-biphenyl)}[K(solvent)],. X-ray crystallography established that
the complex contained a biphenyl ligand with the yttrium ions coordinated to the same ring and
two potassium ions to the other phenyl ring. The potassium ions were not required to maintain
the rigid structure and no significant geometric change was observed upon removal of potassium
ions by addition of 18-crown-6. A variable temperature 'H NMR spectroscopic study confirmed
that the solution structure was similar to the solid state structure with no fluxional behavior. The
molecular structure and multi-nuclear ("H, "°C, and **Y) NMR spectroscopic data suggested that
the biphenyl was reduced by four electrons and the four negative charges were mainly localized
on the phenyl ring bridging the two yttrium ions, indicating an unprecedented 6C, 107-electron
aromatic system. Further evidence was collected to support this interpretation. X-ray absorption
near edge structure spectroscopy (collaboration with Dr. Miller at Argonne National Laboratory)
confirmed the oxidation state of the metals: Y(III) and Fe(Il). DFT calculations agreed with a

biphenyl tetraanion: HOMO and HOMO-1 were mainly the n orbitals of the phenyl ring with
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some overlap to yttrium d orbitals and minimum conjugation to the adjacent phenyl ring
(collaboration with Dr. Cantat at CEA, France). Subsequently, we found that the biphenyl
tetraanion was able to mediate electronic and magnetic communication between two metal ions.
Recently, we extended the reduction chemistry from diamagnetic group 3 metals to paramagnetic
lanthanides in order to explore their magnetic properties. Preliminary results show that
[(NNTBS)Dy]Z[K(OEtz)]z(u-biphenyl) behaves as a single molecule magnet with U,y = 53 K and
tp = 1.5%107 s (collaboration with Professor Murugesu at University of Ottawa). In addition,
[(NN"%)Yb],[K(OEt,)]o(n-biphenyl) was found to be different from other rare-earth biphenyl
complexes in its electronic structure (collaboration with Dr. Miller at Argonne National
Laboratory).

In summary, the fruitful reduction chemistry of rare earth metals, featuring reductive
cleavage of aromatic C-X (X = H and F) bonds and novel rare-earth arene complexes, was made
possible by utilizing a ferrocene diamide ligand platform. Future work is directed toward
studying in depth the electronic structure and the reactivity of the biphenyl complexes. Rare-
earth complexes of the biphenyl tetraanion have a promising future in fundamental research, for
the understanding of bonding to rare-earths, as well as in applications, a result of their unique

physical properties.
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