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Abstract

Lanthanide Complexes Featuring Terminal Oxo and Methyl Ligands: How Covalency, Redox,
and Sterics Impact Stability of Lanthanide Bonding

by
Ziad Shafi
Doctor of Philosophy in Chemistry
University of California, Berkeley

John K. Gibson, Co-Chair
Professor John Arnold, Co-Chair

Chapter 1. Motivations and techniques used for studying lanthanide-ligand bonding are
presented. Lanthanides are critical materials that face significant challenges in their extraction
and separation. The role of redox, covalency, and sterics in controlling lanthanide bond stability
is summarized. Gas-phase methods are demonstrated as advantageous to probing reactive and
unstable complexes, such as lanthanide complexes explored in this work. Mass spectrometers
equipped with electrospray and ion traps are introduced as instruments with the ability to isolate,
synthesize, and probe reactivity of novel lanthanide complexes, offering insight into the nature of
lanthanide-ligand bonding for improving separations efforts.

Chapter 2. The gas-phase preparation, isolation, and reactivity of a series of lanthanide complexes
featuring the elusive Ln"'=0 bond is reported. The [Ln"(0)(X)2]~ complexes (X = NOs~ or CH3CO;")
are prepared from [Ln"(CHsCO2)(X)s]~ precursors through decarboxylation followed by either
nitromethane or acetone elimination. The lanthanide-oxo complexes are all observed to
hydrolyze, the rate being a measure of Ln"=O bond stability. Rates of hydrolysis for
[Ln"(O)(NOs),]™ are essentially invariant, whereas the rates of hydrolysis for [Ln"(O)(CHsCO2)2]~
exhibit a moderate monotonic decrease across the lanthanide series. Reaction kinetics are
discussed with respect to factors controlling f-element-oxo bond hydrolysis, such as participation
of 5d? electrons, changes in covalency via variations in 5d orbital energies and radial extensions,
and steric crowding around the lanthanide centers. The fast hydrolysis rates and their lack of
correlation to electronic and qualitative covalent considerations confirm the expected strong
polarization in Ln"'=0 bonding, with variations in covalency having minimal impact on reactivity.

Chapter 3. The gas-phase preparation, isolation, and reactivity of lanthanide-oxide nitrate
complexes [Ln(O)(NOs)s], featuring the LnO?* moiety, is reported. These complexes are prepared
from [Ln"(NOs)4]~ precursors (Ln = Ce, Pr, Nd, Sm, Tb, Dy) through nitrate decomposition. The
LnO%* moiety within [Ln(O)(NO3)s]~ features a Ln"—0* oxyl, Ln"V=0 oxo, or intermediate Ln"/VV
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oxyl/oxo bond, depending on the accessibility of the tetravalent Ln" state. The hydrogen atom
abstraction reactivity of the LnO?* complexes to form unambiguously trivalent [Ln"(OH)(NO3)3]"
reveals the nature of the oxide bond. The result of slower reactivity of PrO?* versus TbO?% is
considered to indicate higher stability of the tetravalent praseodymium-oxo, Pr'V=0, versus
Tbh'V=0. This is the first report of Pr'V as more stable than Tb', which is discussed with respect to
ionization potentials, standard electrode potentials, atomic promotion energies, and oxo bond
covalency via 4f and/or 5d orbital participation.

Chapter 4. The gas-phase preparation, isolation, and reactivity of a series of organolanthanides
featuring the Ln—CHs bond is reported. The complexes are formed by decarboxylating anionic
lanthanide acetates to form trivalent [Ln"'(CH3)(CH3CO3)3], divalent [Eu"(CH3)(CH3CO,),]~, and the
first examples of tetravalent organocerium complexes featuring CeV—Cayi o©-bonds:
[CeV(O)(CH3)(CH3CO2)2]~ and [Ce™(O)(CH3)(NOs),]~. Attempts to isolate Pr'Y—CHs and Tb'V—CHs
were unsuccessful, however, fragmentation patterns reveal the oxidation of Ln" to a Ln'V-oxo-
acetate complex is more favorable for praseodymium than terbium. The rate of Ln—CHs hydrolysis
is a measure of bond stability, and it decreases from La"'-CH3 to Lu'"'—CHs, with increasing steric
crowding for smaller Ln stabilizing the harder Ln—CHs bond against hydrolysis.
[Eu"(CHs3)(CH3CO2)2]~ engages in much faster hydrolysis versus Ln'"-CHs. The surprising
observation of similar hydrolysis rates for Ce'V-CH3 and Ce'"-CHs is discussed with respect to
sterics, the oxo ligand, and bond covalency in o-bonded organolanthanides.
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Chapter 1

Motivations and Techniques for Probing Gas-Phase Lanthanide
Bonds



Motivations for Studying Lanthanide Bonding

Lanthanides have garnered significant interest due to their applications in a variety of
technologies.! Understanding lanthanide electronic structure and bonding is the key to
unlocking the use of lanthanides: as in optical devices like light-emitting diodes, lasers, cellular
imaging, and television and computer displays;!?3! as single-molecule magnets for storing and
processing digital information;[* as radioactive isotopes for therapeutic and diagnostic

purposes;l and as catalysts for automotive exhausts, fuel cells, and oxidation of hydrocarbons.[®~
10]

Additionally, the prominence of lanthanides in clean energy technologies has led to their
designation as critical materials.[*17'% The projected demand for lanthanides is poised to increase
with the pressing need to transition towards renewable energy: for example, a single wind turbine
can contain up to 600 kilograms of lanthanides, and the electric vehicle market is set to drive
demand for dysprosium and neodymium up by 700% and 2600% respectively by 2035.14
Therefore, efforts to mine, extract, separate, and purify lanthanides are of vital importance for a
sustainable future.

Lanthanides co-occur with one another in geological deposits,[1371¢ and their chemical
similarity presents significant challenges to their extraction and separation. Lanthanide’s valence
4f orbitals are spatially contracted and energetically stabilized relative to their 5d and 6s orbitals.
Accordingly, upon oxidation, lanthanides typically lose both electrons from the 6s orbitals, and
one electron from either the 5d or 4f orbitals. The trivalent (+l1l) oxidation state stabilizes Ln(4f),
and ground state electron configurations for Ln" are all [Xe]4f" (where n = 0 for lanthanum).[”]
As a consequence, the fourth ionization energy (IE4) of lanthanides is larger than the sum of the
first three, resulting in a strong thermodynamic preference for Ln" for all lanthanides.[17-22

Traditional lanthanide/lanthanide separation, based in solvent extraction methodologies,
have exploited the monotonic decrease in Ln" ionic radii,!’?®! employing complexing agents that
preferentially chelate the heavier (smaller) lanthanides over the lighter (larger)
lanthanides.[1%1316.2425]  The effective ionic radii of neighboring lanthanides differ by
approximately 0.011 A, 23] resulting in inefficient separation factors for similar-sized lanthanides
and thus requiring multiple extraction stages and harsh solvents during separations. Therefore,
current lanthanide/lanthanide separations are not only environmentally and socially
detrimental,[?®?7] but economically inefficient, accounting for up to 60% of a lanthanide’s
production cost.['%1418l Improved separation factors are thus valuable for a sustainable global
supply chain.

Efforts to improve lanthanide/lanthanide separations include efficient complexing agents,
ligand modifications, biologically inspired approaches, and solid phase extractions.[?®-3¢] The
chemical and size similarity of lanthanides is reminiscent of the challenges associated with
lanthanide/actinide separations (such as Am'"" and Cm"' from Ln""); the degree to which insights
from these latter lanthanide/actinide separation strategies can be translated towards improving
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lanthanide/lanthanide separations remains relatively unexplored and forms a source of curiosity
for our work.

Lanthanide/actinide separations are crucial to a sustainable nuclear fuel cycle, which
involves the safe reprocessing, transporting, storing, decontaminating, and disposing of spent
fuel.3-42 The recovery of uranium, plutonium, americium, and curium from fission products is
crucial to reducing radiotoxicity of spent nuclear fuel and decreasing waste storage timelines.4Z
Actinide partitioning, employing solvent extraction processes, is achieved primarily by either
exploiting the strong thermodynamic preference of lanthanides for trivalency and selectively
oxidizing actinides with lower E(1V/IIl) over lanthanides, or the enhanced covalency of actinides
via diffuse An(6d) and An(5f) orbitals and selectively using soft N- and S-based donors to complex
actinides over lanthanides. While methods for separating uranium and plutonium from
lanthanides via selective oxidation to UY'0,%* and Pu'V are well established,*3! the separation of
trivalent actinides Am" and Cm" from Ln" is an ongoing challenge.l*244471 Therefore,
understanding lanthanide redox behavior and bond covalency is crucial for the dual purposes of
improving both lanthanide/lanthanide and lanthanide/actinide separations.

Lanthanides, as a category, are strong Lewis acids. Terminal lanthanide-ligand bonds, such
as lanthanide-oxo Ln=0 and lanthanide-methyl Ln—CHs, are extremely reactive and rare owing to
the mismatch between orbital energies of Ln(5d) and ligand 2p orbitals, and between spatial
overlap of Ln(4f) and ligand 2p orbitals.[!748-30] Therefore, lanthanide-ligand bonding is strongly
polarized with significant ionic contributions to the bond, resulting in significant air- and moisture-
sensitivity. This polarization results in an extremely basic oxo in Ln=0 that readily decomposes to
form polynuclear clusters,'®>7% and an unstable methyl in Ln—CHs that exhibits fast ligand
exchange via salt metathesis and ligand scrambling.[*371-78] Strategies to stabilize such polarized
Ln=0 and Ln—CH3 bonds in molecular complexes rely on sterically protecting the Lewis acidic
lanthanide center through bulky ligands and coordinative saturation.

Another approach for increasing the stability of lanthanide-ligand bonding involves
decreasing the bond polarization thereby reducing ligand nucleophilicity. This can be achieved
through enhanced covalency by oxidizing the trivalent lanthanide. Tetravalent lanthanides, Ln",
are particularly suitable for stabilized lanthanide-ligand bonding because the high oxidation state
lowers Ln(5d) and Ln(4f) orbital energies, facilitating a better energy match with ligand
orbitals.[48°8-6267.79-97] Cerjum is particularly appealing for such comparable covalency studies
because Ce" is accessible in mild conditions, owing to an E°(IV/IIl) of + 1.7 V vs NHE which is
lowest among all lanthanides.[1820.21,77,83]

Enhanced covalency in Ln" bonding is observable spectroscopically by the increased
mixing of Ln(4f) and Ln(5d) orbitals with O(2p) and Cl(3p) orbitals in Ln'VO, and [Ln'VCl¢]?~.[80.81]
Evidence for increased stability of Ln'V=0 relative to Ln"'=0 is in the isolation of molecular
complexes featuring terminal lanthanide-oxo bonds: all of these are Ce'V=0, with Hayton et al.
citing challenges with isolating Ce''=0.158-62.67,84,94,98] Tetravalent organolanthanides, all featuring



Ce'V—C bonding, are also stabilized by the higher oxidation state, resulting in slow rates of ligand
exchange (with UCls) and hydrolysis (in wet THF) relative to Ln"-C analogs.[77,29-108]

Success has also been found in isolating air- and moisture-sensitive Ln'"Y complexes in the
gas phase or inert cryogenic matrices. Laser-ablated cerium, praseodymium, and terbium atoms,
the three lanthanides with most accessible Ln" (E9(IV/III) of +1.7 V, +3.7 V, and +3.4 V vs NHE
respectively),[182021.86] readily react with H,0 and F,0 to form XoLn=0 complexes with Ln" or
mixed Ln"/V ground state.®®®1 Previous work by our group has demonstrated that for
[Ln(O)(NOs)3]~ complexes containing the LnO%* moiety, cerium, praseodymium, and terbium form
stable LnO%* complexes featuring Ln" or intermediate Ln"""V ground state. These LnO%* complexes,
owing to increased contributions from Ln'V=0 in bonding (over Ln""-0"), are over five orders of
magnitude more stable to hydrogen atom abstraction reactivity.[*0%!

Isolating tetravalent lanthanide complexes, however, is not trivial: Ce", the most
accessible Ln", is a powerful oxidizing agent, and reduction potentials for both Pr'V and Tb" are
larger than fluorine gas. Accordingly, the first reports of molecular complexes featuring Pr'V and
Tb"Y emerged only in 2019, and none of these complexes feature terminal lanthanide-ligand
bonding, such as Ln"V=0 and Ln'V—CH3.[8%110-116] Similarly, tetravalent organocerium chemistry is
less developed relative to its trivalent counterpart owing to a strongly oxidizing Ce'V, and a one-
electron oxidation of Ce'" that is sensitive to inner-sphere ligand reorganization upon a decrease
in ionic radius from 1.01 A to 0.87 A.[23.77,83,117]

The Lewis acidity of lanthanides, their high oxidation potentials, and bonding that is
strongly polarized presents significant challenges in isolating and studying lanthanide bonding.
When the overwhelming stability of Ln"" is overcome, however, lanthanides become insightful
platforms for understanding bonding and covalency through ideas of intermediate valency,
configurational crossovers, and orbital energy-degeneracy driven covalency.[71,79-81,96,97,118-121]
This can also result in novel reactivity: for example intermediate valency in a Ce'V=0 supported
by the bulky Kldui ligand results in concerted addition through a Ce'V=0 configuration and also
oxidation through a Ce"-0° configuration.[>8-60]

Our group has explored actinide and lanthanide complexes in the gas phase, free from
solvation effects, counterions, and oligomerization. By studying simple terminal lanthanide-ligand
bonding, such as Ln"'=0 (Chapter 2), Ln'V=0 (Chapter 3),188 and Ln"'-CH3/Ln"Y—CHs (Chapter 4), we
expand on how fundamental lanthanide-ligand bond stability varies as a function of oxidation
state, steric effects, and bond covalency. With this increased understanding of lanthanide
bonding, we hope to contribute to efforts devoted to finding novel ways in which lanthanides can
be differentiated relative to one another and actinides, thereby improving lanthanide/lanthanide
and lanthanide/actinide separations. Through the work contained in this dissertation, we attempt
to answer three open questions in lanthanide chemistry.

First: while lanthanide/lanthanide separations exploit size-based differences between
Ln", are there any meaningful variations in covalency among Ln"'? We attempt to answer this by
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isolating terminal trivalent lanthanide-oxos, Ln"'=0, and probing their susceptibility towards
hydrolysis, which is ostensibly inhibited by covalency.['?2123] The impact of lanthanide size, bond
covalency, and steric hindrance on stability of the Ln"'=0 bond towards hydrolysis, and its
implications for lanthanide/lanthanide and lanthanide/actinide partitioning are explored in
Chapter 2.

Second: while CeV=0 complexes have been isolated, no known molecular complexes
featuring Pr'V=0 or Tb'V=0 exist. Does tetravalency confer the Ln'V=0 bond with increased stability,
and how does this vary between Ce", Pr'V, and Tb"V? We attempt to answer this by isolating
terminal tetravalent lanthanide-oxos, Ln'V=0, and probing their susceptibility towards hydrogen
atom abstraction, which is impacted by accessibility of a Ln"'-0* configuration.['%®! The impact of
oxidation state accessibility (E°(IV/1Il)) and bond covalency on stability of the Ln'V=0 bond towards
abstraction is explored in Chapter 3; Such Ln'"V=0 complexes are demonstrated to be a versatile
platform to probe how ligands can stabilize Ln" over Ln", potentially providing insights in ligand
design and strategies for isolating molecular complexes of Nd'V and Dy'V.[86:124]

Third: while Ce"Y—Ccarbene, C&'V=Ccarbene, Ce'V—Caryi, and Ce"V—Caiky complexes were prepared
within the last two decades, an understanding of the simple Ce'V—C o-bond is still in its infancy.””]
Do Ce"VY—C o-bonds benefit from enhanced stabilization relative to Ce'" analogs? We attempt to
answer this by isolating several organolanthanides, Ln—CHs, including a first example of an
organocerium Ce"V—C,iky complex, Ce'V—CHs. The impact of oxidation state (Eu'" and Ce"V vs Ln'")
and lanthanide size (La" vs Lu") on stability of organolanthanides towards hydrolysis is explored
in Chapter 4.



Mass Spectrometers as Versatile Probes for Lanthanide Reactivity

Understanding lanthanide bonding and reactivity in the condensed phase is complicated
by the presence of solvent molecules, counter ions, and oligomerization reactions.[2>126]
Accordingly, the relationship between structure, bonding, and reactivity is not well understood.
Gas-phase experiments and cryogenic rare-gas matrix isolation studies can step in to fill this
vacuum.

Bohme et al., for example, have used a selected ion flow tube mass spectrometer (SIFT-
MS) to generate a wealth of data on reactivity of bare lanthanide cations, produced by an
inductively coupled plasma. Quantitative rate constants have been obtained by systematically
surveying reactions of Ln* with 02 and N,0,*?71 NO, 1281 D,0,[12°1 CO; and CS,,!13% NO,, 131 CH,, 1132
CH3F,[133] CH3C|,[134] NH3,[135] SFs,[BG] CeHe,[137] and CsHsN.[138]

Schwarz and Marcalo et al. have employed Fourier transform ion cyclotron resonance
mass spectrometers (FTICR-MS) to study reactions of laser-ablated lanthanide cations with a
variety of organic molecules,*3® including hydrocarbons,!*#%-47! fluoro- and chlorocarbons,[148:14]
alcohols and ethers, 1591521 and organometallic complexes.[*>3! Correlations between reaction
products and lanthanide electronic structures have resulted in significant insights into
mechanisms of C—H, C-C, C-0, and O—H activation by Ln* and LnO*.

Fundamental bond properties, such as bond dissociation energies and vibrational
frequencies are also readily measurable in the gas phase. Armentrout et al., for example, have
demonstrated the power of guided ion beam tandem mass spectrometry (GIB-MS) in providing
detailed thermodynamic and kinetic information.[>4-158] Spectroscopic methods, such as matrix
infrared spectroscopy by Andrews et al. and two-photon ionization spectroscopy by Morse et al.
have been instrumental in the measurement of bond energies and frequencies for a variety of
lanthanide-ligand bonds, such as those with nitrides,[1>%160] oxides,[?0.°1,161-163] Ky drides,[164.165]
carbides,[*%¢! heavy chalcogenides,*”] and others.[168-172]

Such gas-phase and cryogenic matrix studies have traditionally employed “hard”
ionization techniques which generate mostly bare lanthanide atoms and singly-charged cations.
In the condensed phase, however, trivalency dominates lanthanide chemistry, and therefore the
reactivity of Ln"' complexes is less explored. This challenge is resolved through electrospray
ionization (ESI), a relatively “soft” ionization technique, which is able to transfer lanthanide
complexes directly from solution into the gas phase.l!”3] When ESI is interfaced with ion traps
which have the ability to probe fragmentation behavior and ion-molecule reactions, such as
quadrupole ion trap and linear ion trap mass spectrometers (QIT-MS and LIT-MS), the resulting
instrument can be considered as a “complete gas-phase chemical laboratory.”112>174

ESl is a soft ionization technique,[173175-178l jn which a solution is pumped through a highly
charged capillary (on the order of a few kilovolts). The solution produces a fine spray of charged
droplets, which are desolvated by a steady stream of warm nitrogen gas, resulting in bare complex

6



ions that enter the ion trap. In contrast to harsh ionization techniques such as thermal
vaporization and laser ablation, ESI results in little to no fragmentation of the original sample and
preserves both the oxidation state and ligands around the central lanthanide atom.[125173,179]

Both QIT-MS and LIT-MS are versatile mass analyzers offering multistage mass
spectrometry MS" (where n = number of stages of mass spectrometry) capabilities. This is
achieved through repeated cycles of a combination of purification via mass selection followed by
fragmentation via collision-induced dissociation (CID).[18%-182] |on traps are maintained at a
constant pressure of helium as a bath/buffer gas (around 10™ to 10~ Torr) to remove excess
energy from ions. lons inside the trap can be gradually excited, and CID occurs when some of the
translational energy of an accelerated ion is converted into internal energy upon collisions with
helium. The increase in internal energy can induce decomposition of the ion, providing structural
information through characteristic fragmentation patterns.'8-185 Energies associated with such
low-energy CID are on the order of 1-100 eV and the process has been referred to as a “slow
heating” process.[186:187]

Effective temperature inside ion traps has been determined to be 318 + 23 K, allowing
reactivity studies at near-ambient temperatures.!'®-1%1 |on traps often contain background gases
and ions contained within the trap can react with such gases through ion-molecule reactions.
Typically, the dominant reactive background gas is water, which is present in low concentrations
of around 107® Torr in QIT-MS and about an order of magnitude lower in LIT-MS.[191-1%3]
Additionally, commercial ion traps can be modified to introduce additional reagent gases into the
ion trap. In comparison to QIT-MS, LIT-MS typically have higher ion storage capacities, which
increases sensitivity.['81 Additionally, the lower water pressure in LIT-MS allows for the synthesis
and reactivity of extremely moisture-sensitive complexes.[1921%3]

The combination of ESI with QIT-MS or LIT-MS results in “complete gas-phase chemical
laboratories” that can probe reactivity of gas-phase complexes in similar ligation and oxidative
environments as their condensed-phase analogs. For example, solutions of lanthanide salts can
be sprayed via ESI; from the electrospray, precursor lanthanide ions are purified through mass
selection and novel lanthanide complexes are synthesized via CID. These novel complexes can be
further purified and probed for endothermic (CID)18 and exothermic (ion-molecule)
[125,179,194,195] reaCtiVity.

The experiments detailed in this dissertation were performed on two commercial mass
spectrometers: Agilent 6340 (QIT-MS) and ThermoScientific LTQ-XL (LIT-MS). Both instruments
are equipped with an ESI source and have MS" CID capabilities. Nitrogen gas for nebulization and
desolvation is provided by the boil-off from a liquid nitrogen Dewar, and helium is used as a
bath/buffer within both ion traps.

Both the QIT-MS and LIT-MS are housed at the Heavy Element Research Laboratory
(HERL), a radiological facility at Lawrence Berkeley National Lab (LBNL). The QIT-MS has been
modified significantly to (i) handle radiologically hazardous materials, such as protactinium and
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transuranic elements, and (ii) enable admission of reagent gases into the ion trap for ion-molecule
reactions.

The QIT-MS is partially contained for the safe handling of radioactive actinides and to
prevent their release into HERL.[*%] The mass spectrometer is interfaced to a custom radiological
glovebox maintained at negative pressure relative to HERL. The syringe pump and ESI source are
located inside of the glovebox, where all solution and radiological material is handled. Exhaust
gases from the glovebox, the ESI source, and vacuum pumps all pass through high-efficiency
particulate air (HEPA) filters to minimize potential for personnel exposure and environmental
contamination. The radiological capability of the QIT-MS, however, was not utilized for studying
the lanthanide complexes that appear in this work.

The QIT-MS is also modified to allow for the controlled introduction of reagent gases
directly into the ion trap.['%¢! Reagent gases are supplied from either a volatile liquid in a glass
stopcock tube, or directly from a gas cylinder, and the flow rate of reagent gases is controlled by
a leak valve. The helium gas inlet is modified to merge with the reagent gas source, such that both
helium and reagent gases are introduced directly into the ion trap. The reagent gas pressure is on
the order of background water pressure in the trap, approximately 107° Torr.

The relatively inert environment of QIT-MS and LIT-MS allows for the study of air- and
moisture-sensitive lanthanide-ligand bonds, including lanthanide-oxo and lanthanide-methyl
bonds. Lanthanide salts, in combination with nitrate or acetic acid, were dissolved in
ethanol/water solutions and subjected to electrospray. Precursor ions, such as [Ln"(NOs)4]™ and
[Ln"(CH3CO,)4]™ are readily observed, preserving the +lIIl oxidation state of the lanthanide. These
precursor ions are subjected to isolation and CID (i.e. MS?) to synthesize unprecedented
lanthanide complexes, such as a praseodymium-oxo [Pr'V(O)(NOs)s]~, a tetravalent organocerium
[CeV(O)(CH3)(CH3CO,),], and a series of trivalent lanthanide-oxos [Ln"(O)(NOs),]".

The synthetic approaches employed are not unprecedented. For example, nitrate
decomposition has been used to synthesize metal-oxos, including tetravalent cerium-oxos from
precursor Ce"'(k*--0,NO) complexes.[61,62,109,197-202] pecarboxylation of carboxylates (RCO>) to form
organometallic bonds has been reviewed thoroughly by O’Hair and Rijs,[?”®! and has been used
extensively by Van Stipdonk et al. and Gong et al. to synthesize organo-f-element complexes.[293-
2141 Nitromethane (CH3NO>) elimination and ketonization (CH3COCHs elimination) are common
processes observed in thermolysis of nitrate esters and conversion of biomass to biofuel
respectively.[21>-222]

These synthetic approaches, when used in the gas phase, result in lanthanide-oxo and
lanthanide-methyl complexes which can be isolated at time scales long enough to probe
reactivity. The fundamental reactivity associated with such lanthanide-ligand bonds can be
probed systematically. By using QIT-MS and LIT-MS to generate lanthanide complexes in the gas
phase, we report a systematic reactivity study of the elusive Ln"=O bond (Chapter 2), an



unprecedented higher stability of Pr'V=0 over Tb"V=0 (Chapter 3),!%8! and reactivity of the first
example of a CeV—Caiy bond (Chapter 4).18
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Introduction

Metal complexes containing metal-ligand multiple bonds are important in a wide variety
of synthetic and catalytic applications.l'™ While multiply-bonded moieties have the potential to
form strong, stable bonding configurations, they can also be quite reactive if there is a mismatch
in metal-ligand orbital energies and spatial overlap, resulting in polarization of electron density
across the metal-ligand bond. Such polarization can allow for reactions that are critical for an
environmentally sustainable future, such as water and methane oxidations mediated by
transition-metal-oxo (M=0) complexes.>! However, significant polarization across the M=0
bond can make the isolation of such complexes challenging owing to the increased tendency for
the complex to hydrolyze or polymerize.[10-12]

The susceptibility of M=0 bonds towards hydrolysis and polymerization is especially
severe for strong Lewis acids like lanthanides: terminal lanthanide-oxo (Ln=0) complexes, in
contrast to actinide-oxo (An=0) analogs, are extremely reactive and rare owing to mismatches
between orbital energies of Ln(5d) and O(2p), and between spatial overlap of Ln(4f) and O(2p).[*3-
211 Therefore, in the condensed phase, Ln=0 complexes are extremely basic and often decompose
to form polynuclear clusters with bridging oxo and hydroxo motifs.[?23% |n fact, controlled
hydrolysis of lanthanide complexes is exploited to synthesize materials with novel electrical,
optical, and magnetic properties.[3%3¢!

Understanding the hydrolytic behavior of lanthanides and actinides by tracking the
various oxide and hydroxide products informs strategies for a sustainable nuclear fuel cycle
including the safe reprocessing, transporting, storing, decontaminating, and disposing of fuel.37~
41l Separation of the radioactive actinides from spent nuclear fuel reduces radiotoxicity hazards;
this separation is achieved by strategies that utilize the enhanced covalency and lower E°(IV/111)
values of actinides over lanthanides, as elaborated in Chapter 1. In particular, separating trivalent
actinides like americium and curium is an ongoing challenge owing to the chemical similarity of
An'"and Ln'".1#2-%¢] Therefore, strategies that exploit subtle differences in An"" and Ln"' covalency
and elucidate An=0 and Ln=0 solution behavior are vital for improved lanthanide/actinide
separations for a sustainable nuclear fuel cycle.

Lanthanides, in their own right, are critical materials owing to their prominence in clean
energy technologies such as magnets in electric vehicle motors and wind turbine generators.[4”~
>2] Traditional methods for extracting and separating lanthanides utilize differences in solubility,
which is challenging owing to the chemical similarity of lanthanides to one another.[474952 What
is less explored, however, is how insights from lanthanide/actinide separations can be translated
to improved lanthanide/lanthanide separations. For example, an understanding of how the
degree of covalency varies across the lanthanide series is still in its infancy,3% and assessing
this variation is a key motivation for this study.

In an effort to understand the impact of covalency on actinide bonding, oxo-exchange and
hydrolysis reactivity have been explored for various An=0 complexes, including the prevalent
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actinyl ions (AnO2*/2*) of uranium, neptunium, and plutonium.[1661-89 The propensity of an An=0
bond to hydrolyze is determined not by the An=0 bond strength, but rather the extent of electron
polarization (ionicity) across the An=0 bond.[’%.73-829091] | n=0 bonds are expected to be more
ionic than the analogous An=0 bonds and should therefore be more susceptible to hydrolysis.[3~
15,20,21,92-94] Despite the air and moisture sensitivity of Ln=0 bonds, several groups have managed
to study lanthanide-oxo complexes in the +lI, +lIl, and +IV oxidation states by utilizing an inert gas-
phase or cryogenic matrix environment.[20:95-104]

Tetravalent lanthanides, Ln", are particularly suitable for multiple bonding because the
high oxidation state lowers the lanthanide 5d and 4f orbital energies, facilitating a better energy
match with ligand orbitals.[1>53-55,59,96,104-111] gpectroscopic evidence supports this: work by
Minasian et al. reveals the 4f orbitals of Ce'V, Pr'V, and Tb" to be nearly degenerate with oxygen’s
2p orbitals.’¥ In the gas phase, Mikulas et al. have demonstrated that cerium, in line with its low
fourth reduction and ionization potentials (E°(IV/1Il) and IE4 respectively) can readily form
X2Ce'V=0 complexes, with the cerium-oxo bond featuring more covalent character than analogous
lanthanide-oxo bonds in XLn"'=0 complexes.®>®7! |n the condensed phase, isolated molecular
complexes featuring Ln=0 bonding are all tetravalent cerium-oxo complexes, containing a
strongly polarized Ce'V=0 bond resulting in extreme air, moisture, and thermal sensitivity, along
with strongly oxidizing and nucleophilic reactivity.31,9294112-1171 | gll=Q honds, featuring a lower
oxidation state, are expected to be even more ionic than Ce'V=0 bonds. Therefore, control over
the nucleophilicity of the oxo ligand is crucial to stabilizing and synthesizing terminal Ln"'=0
complexes.[53'92'93'1°4]

Our group has elsewhere (Chapter 3) probed the nature of lanthanide complexes featuring
the LnO%* moiety, finding that the lanthanide can exist in either +l1l or +IV oxidation states to make
formal lanthanide-oxyl, Ln"'-0°, or lanthanide-oxo, Ln'Y=0, complexes, with varying degrees of
hydrogen atom abstraction reactivity.l'%#118] Probing the nature of LnO* moieties, featuring Ln"'=0
bonds, is a natural extension of our work that can allow for the systematic assessment of
covalency among lanthanides in the primarily ionic Ln"'=0 bonds. By doing so, we hope to provide
insights into how Ln"' are differentiated from both An""" and neighboring Ln" for the dual purposes
of improving lanthanide/actinide (spent nuclear fuel) and lanthanide/lanthanide (critical
materials) separations.

Mass spectrometers equipped with electrospray ionization (ESI) and collision-induced
dissociation (CID) capabilities allow for isolation and reactivity studies of inorganic and
organometallic complexes in nearly inert environments.['1%-121 ES| a soft ionization technique,
enables transfer of intact charged complexes from solution to gas. Once transferred, the
precursor complexes can be heated via CID, where collisions with a neutral gas result in activation
and subsequent fragmentation.['22-123 Finally, after the desired ions are generated (sometimes
through several CID steps), they can be isolated in an ion trap, where ion-molecule reactions in a
controlled environment provide insights into reactivity.
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Here, we report the gas-phase preparation and reactivity of two series of anionic trivalent
lanthanide complexes, [Ln"'(0)(X).]-, featuring terminal Ln"=0 bonds: [Ln"'(O)(NOs);]~ and
[Ln"'(O)(CH3CO3).]". In both complexes, the lanthanide-oxo bonds hydrolyze by addition of an H,0
to form the lanthanide-bis-hydroxide moieties Ln"'(OH), in [Ln"(OH)2(X)2]~ complexes (Scheme
2.1). Rates of hydrolysis, a measure of Ln"'=0 bond stability, are determined for these complexes,
and the results are discussed in the context of lanthanide electron configurations, bond covalency,
and steric crowding at the metal center due to differing effective sizes of nitrate and acetate
ligands.

Scheme 2.1 Mechanism of [Ln"'(0)(X)2]~ hydrolysis.

[Ln]=0 [Ln]=0 [Ln]—O
1 ! 1 H
association E E H—OH activation i "\K’ i proton transfer |
[Ln"(O)(X),]-+ H,O0 —— /O—H — /o——H o) H
H H H
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Concepts and Methods

The experiments were performed in a ThermoScientific LTQ-XL linear ion trap mass
spectrometer. The instrument is equipped with an lon Max atmospheric pressure ionization (API)
source housing with a heated ESI probe (HESI-Il). The mass spectrometer also has multi-stage
(MS") CID capabilities. The detection range is 50-2000 m/z and the normal scan rate results in a
peak width resolution (fwhm) of < 0.4 m/z. The instrument was operated in negative ion
accumulation and detection mode, with a maximum ion injection time of 10 ms and automatic
gain control to maintain the optimum quantity of ions for each scan. Though the instrumental
parameters were optimized in cases with very low target ion intensities, most spectra were
acquired with the following: solution flow rate, 5 uL-min~; source voltage, +3500 V; sheath gas
flow rate, 3 arb units; capillary voltage, —6.1 V; capillary temperature, 325 °C; tube lens voltage, —
241.2 V; lens 0/1, 7.50/39.00 V; multipole 00/0/1 offset, 6.50/9.75/17.5 V; gate/front/back lens,
14.0/12.0/-0.2 V; multipole RF amplitude, 400 V,-p; front/center/back section, 8.7/12.0/6.9 V.

High-purity N for nebulization and drying was supplied by the boil-off of a liquid nitrogen
Dewar. Helium was used as a bath/buffer gas to assist in the trapping efficiency and to serve as
the collision gas for CID studies. The pressure inside the linear ion trap is about 10 Torr, where
ions can thermalize via collisions with helium and are stored in the trap at an effective
temperature of 318 + 23 K, allowing studies of reactivity at near-ambient temperatures.[126-128]
For CID experiments reported in this study, precursor ions were isolated using an isolation
window of 1.0 m/z, and the normalized collision energy (NCE) was set between 15 and 60%
(percentage relative to arbitrary units). The activation parameter Q, which defines the frequency
of the applied RF potential, was set at 0.25, and a 30 ms activation time was used. The water
pressure in commercial 3-D quadrupole ion traps has been estimated around 107 Torr,[22°] and
the pressure inside the linear ion trap tends to be lower.[13%131 This water pressure was sufficient
to observe ion-molecule reactions when ions were stored in the linear ion trap for a time ranging
from 1 msto 10 s.

Commercially available lanthanide salts were dissolved in ethanol/water mixtures (< 25%
H>0) to make stock solutions of La(NOs)s, Ce(NOs)s, Ce(CH3CO,)s, Pr(CH3CO,)s, PrBrs, NdBrs,
SmClsz, Eu(NOs3)s, Tb(NOs3)s, Th(CH3CO,)3, Dy(CH3CO3)3, Tm(NOs)s, YbBrs, and Lu(CH3CO3)3. These
stock solutions were diluted to final concentrations of 10-25 uM in Ln3*, 1-20 uM in HNOs, and
2-4000 mM in CH3CO2H, and subjected to ESI to generate relevant gas-phase trivalent lanthanide
mono- and tetra-acetate anions [Ln"(CH3CO2)(NOs)3]~ and [Ln"'(CH3CO2)4] ™.

The lanthanide acetates produced by ESI, [Ln"'(CH3CO2)(X)3]~ (X = NOs~ or CH3CO;"), were
isolated in the ion trap. After this purification step, CID was used to decarboxylate the acetate
and form the trivalent lanthanide-methyl complexes [Ln"(CHs)(X)s]~. This step is shown in
reactions 2.1a and 2.2a for lanthanide mono- and tetraacetates, and in Figure 2.1(a) and Figure
2.2(a) respectively.

[Ln"(CH3CO,)(NOs)s]~ —> [Ln"/(CH3)(NOs)s]” + CO; (2.1a)
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[Ln"(CH3COz)a]” —— [Ln"(CH3)(CH3CO2)s]™ + CO» (2.2a)

This decarboxylation reaction is not observed for cerium in [Ce"'(CH3CO,)(NOs)s]~ and
europium in both [Eu"(CHsCO2)(NOs)s]™ and [Eu"(CH3CO2)4]". In these instances the redox
chemistry of the lanthanides dominates: cerium oxidizes via nitrate
decomposition,[929396,104,106,118,132-137] 3nd europium reduces via neutral ligand loss.[26138-143]
Details on how cerium-oxo and europium-oxo complexes were eventually prepared and isolated
are presented in the Results and Discussion section below.

[La(CH;CO,)(NO;);]~
[La(CH3)(NOs)s]~
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Figure 2.1 CID mass spectra depicting (a) decarboxylation (reaction 2.1a) of isolated
[3°La"(CH3CO2)(NOs)s]-, forming the lanthanum-methyl complex [*3°La"(CH3)(NO3)3]~ and its
hydrolysis product (in asterisk) [**°La"(OH)(NOs)s]~; (b) nitromethane elimination (reaction
2.1b) of isolated [**°La"(CH3)(NOs)s]~ generated in (a), forming the lanthanum-oxo complex
[*3°La"'(O)(NO3)2]~ and its hydrolysis product (in asterisk) [*3°La"(OH)2(NO3)2]~. Blue peaks
indicate the isolated parent complex without CID excitation, whereas gold peaks indicate the
dissociation products after CID.

The lanthanide-methyl complexes, [Ln"(CH3)(NOs)s]~ and [Ln"(CH3)(CH3CO2)s], products
of decarboxylation reactions 2.1a and 2.2a, were isolated and subjected to an additional CID step.
Complexes [Ln"'(CH3)(NOs)3]~ underwent a nitromethane elimination, whereas complexes
[Ln"(CH3)(CH3CO,)3]” underwent an acetone elimination. Both reactions generated the desired
trivalent lanthanide-oxo complexes [Ln"'(O)(X)2]~, as shown in reactions 2.1b and 2.2b, and in
Figure 2.1(b) and Figure 2.2(b) respectively.
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[Ln"(CH3)(NO3)3]- —— [Ln"(O)(NOs)2]~ + CH3NO> (2.1b)

[Ln"(CH3)(CH3CO2)s]” — [Ln"(0)(CH3CO2)2]™ + (CH3)2CO (2.2b)

[La(CH;)(CH;CO,);]~  [La(CH;CO,),]-

!

(a) |
- 1 —COZ

> decarboxylation e
= |
) v
c I
U e I — I V| (A —
et
C 260 280 300 320 340 360 380
Y [[La(o)cH;C0,),I :
] |
© — (CH,),cO H (b)
Q « acetone

% elimination

m/z

Figure 2.2 CID mass spectra depicting (a) decarboxylation (reaction 2.2a) of isolated
[*3°La"(CH3CO3)4], forming the lanthanum-methyl complex [*3°La"(CHs)(CH3CO:)s]- and its
hydrolysis product (in asterisk) [*3°La"(OH)(CH3CO2)3]~; (b) acetone elimination (reaction 2.2b)
from isolated [*3°La"(CH3)(CH3CO3)s]~ generated in (a), forming the lanthanum-oxo complex
[3°La"'(0)(CH3COz)2]~ and its hydrolysis product (in asterisk) [*3°La"(OH),(CH3CO;),]~. Blue
peaks indicate the isolated parent complex without CID excitation, whereas gold peaks indicate
the dissociation products after CID.

The nitromethane elimination reaction 2.1b differs for early (Ln = La, Pr, Nd, Sm, Tb, Tm)
and late (Ln = Tb, Tm Lu) lanthanide complexes [Ln"(CHs)(NOs)s]~. CID of early lanthanide
complexes results in a concerted nitromethane (CH3NO;) elimination, whereas CID of late
lanthanide complexes results in stepwise elimination of CHs; and NO,, formally corresponding to
a “stepwise” nitromethane elimination. Both concerted and stepwise eliminations generate the
desired trivalent lanthanide-oxo complexes [Ln"'(O)(X)z]-, and details on this size-dependent
fragmentation are presented in the Results and Discussion section below.
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When isolated, the [Ln"(O)(X).]~ complexes were all observed to react with background
water in the ion trap, as shown in reactions 2.1c and 2.2c, and in Figure 2.3. Ligand association,
such as hydration and solvation, is not generally observed for anionic inorganic and
organometallic complexes in mass spectrometers.!'2% Additionally, hydration is typically common
for actinides in high oxidation states, with hydrolysis dominating for the more ionic actinides in
low oxidation states.[®Z Given that [Ln"(O)(X)2]~ complexes of this study are (i) anionic, and (ii)
feature trivalent lanthanides which are strong Lewis acids, the reaction [Ln"'(O)(X).]~ with water
is assumed to form the bis-hydroxide hydrolysis product [Ln"'(OH),(X)2]~ instead of the hydration
product [Ln"'(0)(X)2(H20)]".

[Ln"(0)(NO3)2]" + H20 —— [Ln"'(OH)2(NO3)2]~ (2.1¢)
[Ln"(0)(CH3CO2)2]" + H20 —— [Ln"(OH)>(CH3CO2)2]" (2.2¢)
[La(O)(CH;CO,),I

.

Relative Intensity

1 |
LA I BN B N B B S B R N

270 280 290
m/z

Figure 2.3 Mass spectra depicting hydrolysis (reaction 2.2c) of the lanthanum-oxo complex
[**°La"'(0)(CH3CO:)2]~ to form the lanthanum-bis-hydroxide complex [**°La"(OH)2(CH3CO:)a]".
The [**°La"(0)(CH3CO).]- is generated via acetone elimination (reaction 2.2b) from
[*3°La"'(CH3)(CH3COz)s]-, which is itself a decarboxylation (reaction 2.2a) product of
[*3°La"(CH3CO2)4] (Figure 2.2).

Kinetics of hydrolysis were obtained by storing the lanthanide-oxo complexes in the ion
trap for different reaction times and observing the relative ratios of the reactant lanthanide-oxo
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complex and the product lanthanide-bis-hydroxide complex. A sample kinetic plot for
[La"'(O)(CH3CO2)2]~ hydrolysis is shown in Figure 2.4.

Each mass spectrum reported in this study was recorded by averaging 50 spectra. The
partial pressure of water in the ion trap is several orders of magnitude larger than that of reactant
ions, and as a result, hydrolysis kinetics can be simplified by the pseudo-first-order approximation.
The absolute (intrinsic) rate constant, k*n4, and the large water concentration, [H;0], are
combined into the pseudo-first-order rate constant, knya:

d[Ln"'(OH).]

= kiyalH20][Ln"(0)] = ki [Ln"(0)]

Note that the lanthanide-oxo and lanthanide-bis-hydroxide anion complexes have been
abbreviated as Ln"'(0) and Ln"'(OH); in the rate equation. The pseudo-first-order integral rate law
is then:

[LA"(0)],

Analytically, this last relationship yields a linear relationship between the relative reactant
and product intensities and the isolation time in the ion trap; the slope of this linear equation is
the negative of the pseudo-first-order rate constant, —knyq4, as in Figure 2.4. For a reaction mass
spectrum such as that in Figure 2.3, [Ln"(O)]: is the reactant intensity at time t, and [Ln"(O)]t=0 is
the sum of the reactant and product intensities at time t; the relative reactant intensity is the
ratio of [Ln"'(O)]t and [Ln"'(O)]t-0, depicted as Il Reaction rates are measurable in our setup for
0.005 s < knyq < 50 s71, where the lower limit signifies 5% conversion by 10 s, and the upper limit
signifies 90% conversion by 50 ms.
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Figure 2.4 Sample kinetic plot of [La"(O)(CHsCO2)z]~ hydrolysis (reaction 2.2c). Relative
intensities of reactants and products, In(lr;), are plotted against reaction time, and the rate of
hydrolysis, knya(La,CH3CO>"), is the absolute value of the slope. The x-intercept is non-zero
because the reaction time is applied on top of innate time delays (~ 50 ms) associated with
isolating and ejecting the trapped ions. Standard error in slope is indicated in parentheses.

Because the absolute water pressure in the ion trap is unknown and may vary slightly from
day-to-day, the rate of hydrogen atom abstraction, ks, of [La"(O)(NOs)s]™ (reaction 2.3) was
measured alongside every kn,y measurement,[96:104.118]

[La"(0")(NOs)s]” + H,0 —— [La"/(OH)(NOs)s]” + OH* (2.3)

Water pressure in the trap, measured by variation in kaps, has a day-to-day deviation of
approximately 18%. Based on this, water pressure is estimated to vary by up to 6% over the course
of experiments on a single day, which is used as the error in kaps measurements. The knyq values
are then scaled to kaps, measured on the same day, to get dimensionless scaled hydrolysis rates,
KChyq:

khyd(Ln)
kabs

kohyd( Ln) =
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Effectively, k%,q reflect the rate of hydrolysis of various lanthanide complexes all relative
to the rate of hydrogen atom abstraction of [La"(O)(NOs)s]". Because the abstraction reaction is
sensitive to changes in water pressure, the scaled hydrolysis rates k%, are themselves agnostic
to the day-to-day pressure variations and can be compared across different days, experiments,
and lanthanides. Finally, the scaled hydrolysis rates are all normalized to the scaled rate of
hydrolysis of [La"'(O)(CH3CO3)2]", k%ya(La,CH3CO,"), arbitrarily defined as 100. These are reported
as dimensionless relative rate constants k’sq(Ln,X) where X is either NOs™ or CH3CO;™:

Kohyq(LN,X)
kohyd(La,CH3C02‘)

k'hyd(Ln,X) =100 -
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Results and Discussion

Formation of lanthanide-oxos: divergent fragmentations based on redox chemistry

Upon transferring charged complexes from solution phase to gas phase, the isolated
complexes can be activated via CID; during this process, collisions with a neutral gas like helium
result in a transfer of energy (1-100 eV) to the precursor ion which can then dissociate.[12312] By
nature, CID chemistry is endothermic and contrasts with spontaneous reactions observed in the
gas phase under thermal conditions. Nonetheless, CID is instrumental in generating gas-phase
complexes with large barriers to synthesis, such as organometallic and metal-oxo complexes
through decarboxylation and nitrate decomposition respectively.[106:118,144]

Having worked with nitrate and acetate complexes of lanthanides elsewhere (Chapters 3
and 4),1°6104118] e sought to couple the 1e~ O-atom transfer ability of the nitrate®?3 and the
reducing ability of the methyl ligand in order to induce an O-atom transfer without oxidizing the
lanthanide center, resulting in trivalent lanthanide-oxo complexes [Ln"(O)(NOs)2]". This was
achieved through the isolation of precursor ions [Ln"'(CH3CO2)(NOs)s]™ (Ln = La, Ce, Pr, Nd, Sm, Eu,
Tb, Tm, Lu) followed by CID-mediated decarboxylation (reaction 2.1a) to generate
[Ln"(CH3)(NOs3)s3]~ complexes. The [Ln"(CHs3)(NOs)s]~ intermediates were subjected to an
additional CID step to produce [Ln"(O)(NOs3)2]~ complexes via CHsNO> (nitromethane) elimination
(reaction 2.1b), a common thermolysis product of nitrate esters.['4>-501 The two CID steps,
decarboxylation and nitromethane elimination, are illustrated in Figure 2.1 for
[La"'(CH3CO2)(NOs)s]™ and summarized in Scheme 2.2. Particularly noteworthy is the elimination
of CHz and NO2, which corresponds to a reduction and oxidation respectively and thus
accomplishes the desired O-atom transfer without oxidizing the trivalent lanthanide center.

Decarboxylation of [Ln"'(CH3CO2)(NOs)s]™ is the first step towards [Ln"'(O)(NOs)2]~ and was
observed for all lanthanides studied except for [Ce"(CH3CO2)(NOs)s]~ and [Eu"'(CH3CO2)(NOs)s]".
In the case of cerium, nitrate decomposition of [Ce'"(CH3CO,)(NOs)s]- to make oxidized
[CeV(0)(CH3CO2)(NOs)2]~ outcompeted decarboxylation as a favorable CID pathway (Figure 2.5).
Other attempts to decarboxylate a mixed acetate-nitrate complex of trivalent cerium have
similarly resulted in oxidations (Chapter 4), showcasing the unique accessibility of the closed-shell

4f° configuration of Ce" with E°(IV/IIl) of +1.7 V vs NHE as the lowest among lanthanides.[?6:108,151~
153]

29



[Ce(0)(CH;CO,)(NO,),]- [Ce"(CH,CO,)(NO,),]
(a) oxidation -NoO,
= | lce“(o)cHs)NO,), I |
N :
cC v
= o (b)
— «——* | decarboxylation
Q
> *
E lv TTTT I ™ |L| lllll I lllllllll I lllllllll |l lllllllll } |||||||||
]
o [Ce"(0)(NO,), ]
(c) reduction

270 290 310 330 350 370 390
m/z

Figure 2.5 CID mass spectra depicting the steps taken to generate [**°Ce"'(0)(NO3s)2]~ from
[*4°Ce"(CH3CO,)(NO3)3]~. (a) CID of [**°Ce"(CH3CO)(NO3)s]~ (solid blue arrow) results in
oxidation via nitrate decomposition to generate [**°Ce!V(O)(CH3CO)(NO3),]~ (dashed blue
arrow). (b) CID of [*°Ce!V(O)(CH3CO2)(NOs3);]~ results in the organocerium complex
[*4°Ce!V(0)(CHs)(NO3)2]~  (solid gold arrow) via decarboxylation. (c) CID of
[*4°Ce!V(0)(CHs)(NO3)2]~ results in reduction via methyl radical loss to finally generate
[*4°Ce"(0)(NOs)z]~ (dashed gold arrow). Blue asterisk represents hydrolysis products of
tetravalent organocerium complex [**°Ce!V(0)(CH3)(NO3)2]~ and trivalent cerium-oxo complex
[*4°Ce"(0)(NOs)s], resulting in [*49Ce'V(O)(OH)(NO3)2]~ and [**°Ce"(OH)2(NO3)2]~ respectively.
Blue peaks indicate the isolated parent complex without CID excitation, whereas gold peaks
indicate the fragmentation products after CID.

Accessibility of the half-filled 4f” configuration of Eu", with E°(llI/Il) of —0.35 V vs NHE as
the highest among lanthanides, resulted in favorable reduction of the trivalent
[Eu™(CH3CO2)(NOs)s]™ via neutral acetate ligand loss to form [Eu'(NOs)s]~ (Figure 2.6), in accord
with other attempts to decarboxylate europium (Chapter 4).[96151,152154155] | jgand |loss-mediated
reduction is common in CID experiments when reduction is thermodynamically accessible, such
as for AnO2** (An = U, Np, Pu) and trivalent lanthanide carboxylates.[*38-143 The divergent
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dissociations of [Ln"'(CH3CO2)(NOs)s]™ resulting in decarboxylation, oxidation, and reduction are
summarized in Scheme 2.2.

[EU"(NO?.)I:;]_ [Eu"'(CH;CO,)(NO;);]-
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Figure 2.6 CID mass spectra depicting the steps taken to generate [**1Eu"(0O)(NO3)2]~ from
[P>2EU"(CH3CO,)(NO3)s]~. (a) CID of [**1Eu"(CH3CO2)(NO3)s]~ (solid blue arrow) results in
reduction via neutral acetate loss to generate [*1Eu"(NOs)s]~ (dashed blue arrow). (b) CID of
[*>2EU"(NO3)s] results in oxidation via nitrate decomposition to form [*1Eu"(O)(NOs),]~ (solid
gold arrow). Blue asterisk represents hydrolysis product of the trivalent europium-oxo complex
[P>2EU"(O)(NOs)2]~ resulting in [*>Eu"(OH)2(NOs)2]~. Blue peaks indicate the isolated parent
complex without CID excitation, whereas gold peaks indicate the fragmentation products after
CID.

The [Ce'V(O)(CHsCO2)(NOs)2]~ complex, upon CID, results in decarboxylation to produce
the tetravalent organolanthanide [Ce'V(O)(CHs)(NOs),]™ (Figure 2.5), the reactivity and bonding
properties of which have been discussed elsewhere (Chapter 4).[°! After an additional CID step,
[Ce'V(O)(CH3)(NOs)2] is observed to reduce via CHs loss, generating the desired [Ce"'(O)(NOs),]~
complex featuring the trivalent cerium-oxo moiety Ce''=0 (Figure 2.5). In the case of [Eu"(NOs)s]~
, CID resulted in nitrate decomposition to form the oxidized [Eu"'(O)(NOs)2]~ complex featuring
the trivalent europium-oxo moiety Eu''=0 (Figure 2.6). The CID pathways to generate both
[Ce"(O)(NOs)2]™ and [Eu"'(O)(NOs),]™ are summarized in Scheme 2.2.
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Scheme 2.2 Formation of [Ln"'(0O)(NOs)z]~ complexes.

CH3NO; loss

COy |
[Ln"(CH3CO2)(NO3)s]~ ———> [Ln"(CH3)(NO3)3]” ————> [Ln"'(O)(NO3)2]-
Ln = La, Pr, Nd, Sm, Tb, Tm, Lu

[Ce"(CH3C05)(NOs)s]™ ——2s [Ce¥(0)(CH3C02)(NO3)a]™ s [Ce(O)(CHs)(NOs)aI
22, [CeM(0)(NOs)T

CH3CO; loss NO, loss
[Eu"(CH3CO32)(NO3)3]- — > [Eu"(NO3)3]” — [Eu"(O)(NOs)2]~

The divergent dissociation chemistry of the cerium and europium complexes reflects the
endothermic nature of CID, which exacerbates the redox behavior of these two lanthanides. The
desired Ce''=0 and Eu'"'=0O moieties were still generated, with the path taken by cerium and
europium complexes pleasingly in accord with their expected redox chemistry: Ce" underwent
favorable oxidation to Ce'V followed by reduction back to Ce'; and Eu"' underwent favorable
reduction to Eu" followed by oxidation back to Eu''. This contrasting behavior of cerium and
europium complexes is reminiscent of lanthanide/actinide separations that rely on differences in
oxidation potentials and is an example of how CID can recover insights that are both instructive

and in accord with expected chemistry.
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Formation of lanthanide-oxos: divergent fragmentations based on lanthanide size

The [Ln"'(CH3CO2)(NOs)3]~ complexes (Ln = La, Pr, Nd, Sm, Tb, Tm, Lu) were all observed to
decarboxylate (reaction 2.1a) and form [Ln"'(CH3)(NOs)s]~ complexes. While the disparate CID
behavior of [Ce"'(CH3CO2)(NOs)s]™ and [Eu"(CH3CO,)(NOs)s]™ are attributed to the accessibility of
Ce'Vand Eu'" oxidation states, interesting differences in CID behavior of [Ln"'(CH3)(NOs)3]- emerged
which evidently do not involve oxidation or reduction of the lanthanide center.

CID of early lanthanide complexes [Ln"(CH3)(NOs)s]™ resulted in a loss of a 61 m/z
fragment, corresponding to nitromethane elimination to form the lanthanide-oxo complex
[Ln"(O)(NOs)2]™ (Ln = La, Pr, Nd, Sm, Tb, Tm; Scheme 2.3). For later members of the lanthanide
series, however, loss of a 15 m/z fragment (corresponding to CHs) resulted in a new dissociation
product “[Ln(NO3z)3]™ (Ln = Tb, Tm, Lu; Scheme 2.3); the quotation marks indicate an unknown
structural composition that may comprise both intact and fragmented nitrates. These divergent
CID profiles are evident for the earliest and latest lanthanides, [La"(CHs)(NOs)s]~ and
[Lu™(CH3)(NOs)s], illustrated in Figure 2.7 and summarized in Scheme 2.3.
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Figure 2.7 CID mass spectra depicting (a) [**°La"(CH3)(NOs)s], (solid blue arrow) forming the
lanthanum-oxo complex [*3°La"'(0)(NOs)2]~ (solid gold arrow) and its hydrolysis product
[*3°La"(OH),(NOs),]~ (dashed blue arrow); (b) [7°Lu"(CHs)(NO3s)s]~ (solid blue arrow), forming
the lutetium-oxo complex [*°Lu"(O)(NO3).]~ (solid gold arrow) and its hydrolysis product
[172Lu"(OH),(NOs),]~ (dashed blue arrow). Additional products in (b) include a CHsz elimination
product “[Ln(NOs)s]~”, which is assigned as [*”°Lu"(0°)(NO2)(NOs).]-, and fragments at 316 and
317 m/z assigned as [*7°Lu"(O°)(OH)(NO;)(NO3)]- and [*7°Lu"(OH),(NO2)(NO3)]- respectively.
These assignments are discussed in the text. Blue peaks indicate the isolated parent complex
without CID excitation, whereas gold peaks indicate the dissociation products after CID.

This “[Ln(NO3)3]™ complex, upon isolation and CID, was observed to eliminate NO; to
produce the desired lanthanide-oxo complex [Ln"(O)(NOs)2]~. For terbium and thulium in
particular, [Ln"(O)(NOs)2]~ were generated through both approaches: the former “concerted”
nitromethane elimination (loss of 61 m/z in a single step), and the latter “stepwise” fragmentation
formally corresponding to nitromethane elimination but occurring via CHs elimination (loss of 15
m/z to make “[Ln(NOs)s3]™) followed by NO, elimination (loss of 46 m/z). For these two
lanthanides, Tb and Tm, the products from both dissociation pathways, concerted and stepwise,
were observed to react with water at the same rate (within 5%); consistent hydrolysis kinetics
provide evidence suggesting that both CID pathways, concerted or stepwise CHz and NO;
elimination, resulted in the same [Ln"(O)(NOs)2]” product.
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Scheme 2.3 Formation of [Ln"(0)(NOs)2]~ complexes via concerted (top) and stepwise
(bottom) elimination of CHsz and NO..

CO,y | CH3NO; |
[Ln"(CH3CO2)(NO3)s]~ ——— [Ln"(CH3)(NO3)s]~ ———— [Ln""(O)(NOs)z]"
Ln = La, Pr, Nd, Sm, Tb, Tm

[Ln"(CH3CO2)(NO)a]” s [Ln(CH3)(NOs)s]” —s “[Ln(NO3)s]”
O [L(0) (N3]

Ln=Tb, Tm, Lu

The nature of the “[Ln(NO3)3]™ complex is intriguing; it is argued here that a simple
divalent lanthanide tri-nitrate assignment, [Ln"(NOs)3]-, is untenable. In particular, it is not
obvious why early lanthanides in [Ln"'(CH3)(NOs)3]~ would not be similarly likely to reduce via CHs
elimination: for example, why “[Tb(NOs)s3]™ is observed but not “[Nd(NOs)s]™”, when Nd'"' is easier
to reduce than Tb"™ (E°(III/1l) of —2.6 V and —=3.7 V vs NHE, respectively).[t51,152154155] CH,
elimination is not observed for early lanthanides but becomes increasingly favorable for the
smaller late lanthanides (Tb, Tm, Lu), such that concerted nitromethane elimination is mostly
suppressed when [Lu"(CHs3)(NOs)s]™ is subjected to CID (Figure 2.7(b)). Therefore, because
formation of the “[Ln(NO3z)3]™ complex is apparently dependent on lanthanide size rather than
redox chemistry, a reasonable assignment of the structure would retain trivalency for the
lanthanide, such as in [Ln"(O°)(NO2)(NOs).]~ containing a nitrite (NO) ligand and a lanthanide-
oxyl bond.

Lanthanide-oxyl complexes have been observed before as products of nitrate
decompositions, with the ensuing Ln"-0O°® bond reactive to hydrogen atom donors via
abstraction.[104118,156] Therefore, “[*7>Lu(NOs)s]™ (361 m/z) was isolated to probe reactivity with
adventitious water in the ion trap. Two reactions were observed: an addition of 1 m/z, and a loss
of 28 m/z, corresponding respectively to the hydrogen atom abstraction product
[Y7>Lu"(OH)(NO2)(NOs)2]~ (362 m/z) and the hydrolytic displacement product [*7>Lu"'(OH)2(NOs),]~
(333 m/z). The hydrolytic displacement reaction involves the addition of H,0, resulting in
hydrolysis to form a bis-hydroxide coupled with NO; elimination. Mass spectra depicting these
reactions are illustrated in Figure 2.8 and in Scheme 2.4. Given the observation of oxyl-like
abstraction reactivity and NO; displacement, the “[Ln(NOs)3]™” complexes are assigned as
[Ln"(O*)(NO2)(NOs),]™ featuring both an oxyl and a NO> ligand.
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Figure 2.8 Mass spectra of “[*”>Lu(NOs)s]~” (solid blue arrow, 361 m/z) depicting hydrogen atom
abstraction (dashed gold arrow, 362 m/z) and displacement (solid gold arrow, 333 m/z)
reactivity, to form [17°Lu"(OH)(NO2)(NOs)z]- and [*7°Lu"(OH),(NOs);]~ respectively. The
reactivity of “[*”°Lu(NO3)s]™” is evidence of the [*”°Lu"(0°)(NO;)(NOs).]~ assignment instead of
the [17°Lu"(NO3)s]~ assignment. The complex is generated via methyl radical elimination from
[F72Lu"(CH3)(NOs)s]-, which itself is a decarboxylation product of [2”>Lu"(CH3CO2)(NOs)s]".

The peak at 316 m/z (Figure 2.7(b)) is another dissociation product of [*°Lu"'(CH3)(NOs)s]~
. This complex was observed to undergo similar reactivity (not shown) as [Ln"(O*)(NO2)(NOs)2],
suggesting the presence of an oxyl and a NO; ligand. Therefore, peaks at 361 m/z and 316 m/z
are assigned as oxyl complexes, [Lu"'(O*)(NO2)(NOs).]~ for 361 m/z and [Lu"(O°)(OH)(NO2)(NOs)]~
for 316 m/z.

Scheme 2.4 Reactivity of [Ln"'(O°)(NO2)(X).]- complexes with water.

hydrogen atom abstraction

[Ln"(0°)(NO,)(X)2]™ + H20 [Ln"(OH)(NO2)(X)2] + OH"

hydrolytic displacement

[Ln"(0")(NO2)(X)2]~ + H20 [Ln"(OH)2(X)2]" + NO2
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The complexes assigned as [Ln"(O°)(NO2)(NOs)2]~ and [Ln"'(O°)(OH)(NO2)(NOs)]~ suggest
that nitrate anions can rearrange to form (O)(NO2)~ upon CID. This opens the possibility that the
lanthanide-oxo complexes, [Ln"(O)(NOs)2], could instead consist of rearranged nitrates, such as
[Ln"(n?-0,)(NO2)(NOs)]~ with a peroxo ligand (or two oxyl O°~ ligands). There is precedent for
nitrate decomposition resulting in a peroxo complex, such as [Nd"(n2-0,)(NOs),]".[1%! Notably
however, absence of NO; displacement reactivity supports the [Ln"'(O)(NOs),]~ assignment
instead of the alternate [Ln"'(n2-0,)(NO2)(NOs3)]~ assignment.

Owing to possible structural assignment complications related to nitrate rearrangement,
we sought to make trivalent terminal lanthanide-oxo complexes without nitrates. Serendipitously,
in working with lanthanide acetate complexes (Chapter 4),1°¢! it was observed that acetates can,
by eliminating CHsCO, function as 1le~ O-atom transfer agents much like nitrates. CID-mediated
decarboxylation (reaction 2.2a) of [Ln"'(CH3CO2)4] precursor ions (Ln = La, Ce, Pr, Nd, Sm, Th, Dy,
Tm, Lu) resulted in [Ln"(CH3)(CH3sCO2)3]~ intermediates, which when isolated and subjected to
further CID, produced the desired lanthanide-oxo complexes [Ln"'(O)(CHsCOz)2]~ via acetone
((CH3)2C0O) elimination (reaction 2.2b). The decarboxylation and acetone elimination process (also
known as ketonization) is a common intermediate step in the conversion of biomass to
biofuel,!>71%8 and this process is summarized in Scheme 2.5 and illustrated in Figure 2.2. In the
case of europium and vytterbium, instead of acetone elimination, reduction of
[Ln"(CH3)(CH3CO,)3]™ via CHs elimination to form [Ln"(CH3CO2)s]~ was observed, in accord with

accessible reduction potentials for these two lanthanides (E°(I11/11) = —0.35 V for Eu; —1.15 V for
Yb).[151’152'154’1551

Scheme 2.5 Formation of [Ln"(0)(CH3CO2)2]~ complexes.

CO, loss (CHs),CO loss
[Ln"(CH3CO;3)a]- ——— [Ln"'(CH3)(CH3CO;)3]- ————— [Ln"(O)(CH3CO,)2]"

Ln = La, Ce, Pr, Nd, Sm, Tb, Dy, Tm, Lu

Pleasingly, as the lanthanide series is crossed from lanthanum to lutetium, CID-mediated
acetone elimination of [Ln"(CHs3)(CH3CO,)s]™ results in high intensities of the lanthanide-oxo
product, [Ln"(O)(CH3CO2)2]~ (not shown), such that this complex can be isolated for most
lanthanides (Ln = La, Ce, Pr, Nd, Sm, Tb, Dy, Tm, Lu). Acetone elimination, like nitromethane
elimination, couples a reductive CHs loss with an oxidative elimination (NO; in nitromethane,
CH3CO in acetone); together, the 2e~ O-atom transfer via nitromethane or acetone elimination
accomplishes the formation of lanthanide-oxo complexes without oxidizing the lanthanide center.
While 1e~ O-atom transfer reactions have been used to isolate tetravalent and pentavalent
lanthanide-oxo complexes,[°29396,104106,118] 2e= O-gtom transfer reactions can be powerful in
isolating trivalent lanthanide-oxo complexes, a goal outlined by Hayton and coworkers.?>?3 The
hydrolytic reactivity of [Ln"(O)(NOs).]~ and [Ln"'(O)(CHsCO2)2]~, and the nature of the Ln"'=0
moiety within these complexes is discussed in detail below.
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The hydrolysis reaction: measured rates and lessons from literature

Bonding in Ln"'=0 is primarily ionic and strongly polarized owing to poor energetic and
spatial overlap between lanthanide’s 5d and 4f orbitals and oxygen’s 2p orbitals.['3-1>21 This
results in an extremely Lewis acidic lanthanide center and a very basic oxo ligand, conferring the
Ln"=0 bond with air and moisture sensitivity. Accordingly, despite success with isolating
tetravalent cerium-oxo species,'®>?3 no molecular examples of trivalent lanthanide-oxo have
been isolated. In the gas-phase environment of an ion trap, lower concentrations of adventitious
water allow for the isolation of the elusive Ln"'=0 bond in [Ln"(0)(X)2]~ complexes.

The lanthanide-oxo nitrates and acetates, [Ln'"'(O)(NOs)2]~ and [Ln"(O)(CHsCO2)2]-, were
isolated after being produced through several stages of CID from [Ln"(CH3CO;)(NOs)s]~ and
[Ln"(CH3CO,)4]", as discussed above. Both [Ln"'(O)(NOs)2]~ and [Ln"(O)(CH3CO,).]", in accordance
with reactivity expected from a polarized metal-oxo complex, were observed to react with water
and hydrolyze to form the bis-hydroxide product [Ln"'(OH)2(NOs).]~ (reactions 2.1c and 2.2c);
sample mass spectra in Figure 2.3 depict this hydrolysis for [La'"'(O)(CH3CO2)2]". The relative
intensities of the reactant and product, featuring the Ln"'=0 and Ln"'(OH), moieties respectively,
were tracked at various isolation times in the ion trap to measure rates of hydrolysis of
[Ln"(O)(X)2]", k’nya(LN,X), where X is either NOs~ or CH3CO;™.

To calibrate for changing water pressures within the ion trap, rates of hydrogen atom
abstraction of [La"(O®)(NOs)s]~, kabs (reaction 2.3), were measured along with every k’sya(Ln,X)
measurement. The k'n,q(LNn,X) scaled using these kans and normalized relative to k’nyq¢(La,CH3CO,~
) (defined as 100) are tabulated in Table 2.1 and visualized in Figure 2.9. Rates were measured for
10 lanthanides (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Tm, Lu), which represent variations across the
lanthanide series both in size and redox chemistry.
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Table 2.1 Relative rates of hydrolysis, k’ny4(Ln,X), for various [Ln"'(0)(X),]". (]

Ln k’nya(Ln,CH3CO3") K’nya(Ln,NO37)
La 100 (18) 78 (14)
Ce 101 (18) 95 (17)
Pr 79 (14) 57 (10)
Nd 86 (16) 81 (14)
Sm 84 (15) 74 (13)
Eu 72 (13)
Tb 70 (12) 80 (14)
Dy 69 (12)

Tm 67 (14) 89 (18)
Lu 50 (9) 78 (15)

(21 All rates are normalized to [La"'(0)(CH3CO2)2], defined as 100; ®! Errors (two-sigma) are stated
in parentheses.

The k’nyd(Ln,CH3CO;7) generally decrease as the lanthanide series is crossed, following the
order: La = Ce > Pr= Nd = Sm > Tb = Dy = Tm > Lu (Figure 2.9). The decrease in k’s4(Ln,CH3CO2")
is modest and correlates with decreasing lanthanide size,[*>® such that k’syq(Lu,CH3CO27) is about
half as large as k’sq(La,CH3CO;7). The modest monotonic decrease in k’sq(Ln,CH3COZ") is in
contrast to the nearly invariant k’sya(Ln,NO3™) (Figure 2.9). Notably, hydrolysis of [Pr'(O)(X)2]
complexes is slower relative to neighboring lanthanides, but the magnitude of this effect is small
and could be an experimental artifact.
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Figure 2.9 Relative rates of hydrolysis, k’nd(Ln,X), for [Ln"(O)(NOs):]~ (reaction 2.1c, gold
squares) and [Ln"(0)(CH3CO;),]~ (reaction 2.2c, blue circles). All rates are normalized to
[La"(O)(CHsCO2)2], defined as 100. Errors (two-sigma) are depicted by vertical bars. Dashed
gold and blue lines show the general trends in relative rates.

The rates at which [Ln"'(O)(X)2]~ hydrolyze are relatively fast: Ln"'=0 bonds hydrolyze at a
rate faster than both Ln"'-CHs hydrolysis and Ln"-O° abstraction, which have been reported
elsewhere (Chapters 3 and 4).[°6104118] Qhservation of such fast hydrolysis reactivity is in accord
with expectations of an extremely nucleophilic oxo within the primarily ionic Ln"'=0O bonds,
exhibiting the ability of gas-phase methods to both isolate highly reactive bonds and provide
insights that align with chemical intuition.

Hydrolysis across a polarized metal-ligand bond typically proceeds through an initial
associative step in which water coordinates to the metal center.[?6:138144160,161] Thjs is followed by
H—OH activation via a Lewis acid—base mechanism: proton transfer from water to the nucleophilic
ligand results in a newly formed hydroxide and a protonated ligand. For Ln"'—CHs in [Ln"(CH3)(X)3]~
, proton transfer results in a hydroxide and a methane which is weakly bound and thus
eliminated, as shown in Scheme 2.6.96144160.161]1 Eor | n'"'=Q in [Ln"(0)(X)2]~ complexes of this
study, hydrolysis results in a deprotonated water and a protonated oxo, forming the bis-hydroxide
Ln"(OH), moiety as shown in Scheme 2.6.71.73.75-80.8231] Rate of hydrolysis of a [Ln"(O)(X)2]
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complex, therefore, is a measure of (kinetic) stability of Ln"'=0 versus Ln"(OH),, and factors that
inhibit the proton transfer step can help stabilize the reactive Ln"'=0 bond.

Scheme 2.6 Mechanism of [Ln"'(0)(X)2]~ and [Ln"(CH3)(X)s]~ hydrolysis.

[Ln]=—0 [Ln]=—=0 [Ln]—O
association | : H-OH activation i K‘ : proton transfer
m - ! ' | "\ 1
[Ln"(O)(X),]-+ H,0 ——= /O—H —_— /O——H e /O H
H H H
[Ln]—CHs [Ln]—CH [Ln]---CHa
association i E H—OH activation i "\\b E proton transfer
[Ln"(CH,)(X),] + H,0 —— /O——H — /O——H — /0 ¥
H H H

Hydrolysis (and the related oxo-exchange reaction) has been studied for various f-
element-oxo species, primarily actinides, representing a wide variety of f-element-oxo bond
hydrolyses including: isovalent AnV=0 from 5f° to 5f (Pa, U, Np, Pu, Am, Cm, Bk, Cf Es);
isoelectronic 5f° An=0 (Th", Pa¥, UY!, Np""); isoelectronic 4f° Ln=0 (Ce", PrY); An=0 in varying
oxidation states (UY, UY; Am", AmV); and a 4f° Ln=0 vs a 5f° An=0 (PrY, PaV).[7%,73,75-80,82,91,106]
Intriguingly, the thermodynamic bond strength of the disrupted An=0 or Ln=0 bond is not
predictive of the bond’s susceptibility towards hydrolysis. Instead, lower bond covalency (or
higher ionicity) across the f-element-oxo bond better indicates the bond’s increased propensity
to hydrolyze.

In a covalent interpretation of reactivity, hydrolysis involves the uncoupling of shared
electron density along the f-element-oxo bond, thus preparing the oxo for nucleophilic attack.
Increased bond covalency implies a greater shared electron density across the f-element-oxo
bond, therefore raising the barrier to hydrolysis as there is a larger energetic penalty to uncouple
the electrons.

In an ionic interpretation of reactivity, hydrolysis involves a nucleophilic attack from the
oxo ligand towards the proton in H20, resulting in proton transfer. Decreased bond ionicity implies
a less positive charge on the metal center, gq(An) or g(Ln), and a less negative charge on the oxo,
g(0); this decreases the basicity of the oxo, therefore inhibiting hydrolysis. The two
interpretations are equivalent and recover the idea that strongly polarized (more ionic, less
covalent) f-element-oxo bonds are more reactive, and reducing this polarization stabilizes the f-
element-oxo bond against hydrolysis.l”77%]

Bond ionicity provides rationalization for the observation that, for example, AmYO,* does
not hydrolyze whereas PaV0,* does, even though the americium-oxo bond is about half as strong

41



as the protactinium-oxo bond (these oxo bond dissociation energies are 410 kJ-mol™ and 778
kJ-mol™ respectively).[” This apparent disparity is resolved by considering that q(Pa) is estimated
to be 25% larger than g(Am) (computed g(An) of +2.5 and +2.0 respectively); thus the more ionic
PaV=0 hydrolyzes more efficiently despite being more thermodynamically stable than AmV=0.

Similarly, bond covalency provides rationalization for decreasing propensity towards
hydrolysis for the closed-shell isoelectronic 5f° series: ThVO, > PaYO,(OH) > UY'03 >
NpV'03(0H).[7682 progressively higher oxidation states lower the actinide 6d and 5f orbital
energies, resulting in better energetic matching with oxygen’s 2p orbitals. Thus, the more covalent
NpV'=0 is stable towards hydrolysis relative to Th!"V=0. Stabilization via higher oxidation states is
observed even for actinides that are not isoelectronic; for example, UYO," hydrolyzes faster than
uV10,%*,l7173.781 gnd Am"'O* hydrolyzes faster than AmV0,*.[78]

An assessment of bond covalency and ionicity, therefore, can be instructive in
understanding the propensity of Ln'"'=0 bonds towards hydrolysis. The nature of the lanthanide-
oxo bond, and how variations in covalency via the lanthanide 4f and 5d orbitals can impact Ln"'=0
hydrolysis are discussed in detail below.
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Rationalizing hydrolysis rates: bonding considerations

For lanthanides in high oxidation states of +IV and +V, lowering of 4f orbital energies upon
oxidation is often cited as a key driver for enhanced covalency in bonding, which can be detected
by X-ray absorption spectroscopy.>3°*°7] |n a series of isoelectronic 4f” lanthanides, covalency
was found to increase in the order Eu" < Gd" < Tb", again primarily via 4f participation.[® Apart
from spectroscopic manifestations, such increased covalency has tangible effects on reactivity,
like stabilizing organolanthanides against ligand exchange and stabilizing lanthanide-oxos against
hydrogen atom abstraction.!'627163 For example, reaction kinetics reveal tetravalent Ln'VO?%
complexes containing cerium, praseodymium, and terbium to be more than five orders of
magnitude less reactive via hydrogen atom abstraction relative to trivalent Ln"O%*
complexes.[104.118]

In the case of lanthanides in lower oxidation states (+1, +1I, and +lIl), the 4f orbitals are too
high in energy for meaningful orbital mixing with ligand orbitals.[!3-15215354] For example,
spectroscopic evidence demonstrates pronounced Ln(5d) and Cl(3p) mixing within trivalent
[Ln"'Cle]*~ complexes, with negligible 4f participation.!>3 Invoking participation of the 5d orbitals,
which are both energetically and spatially more available for bonding than the 4f orbitals, can
also rationalize trends in formation of trivalent Ln"'O(CO) and the mono- and divalent halides Ln'X
and Lnllx+.[99,166]

For Ln"'=0 bonding specifically, the wide variation in bond dissociation energies (BDE) of
LnO* stems from the endothermic promotion of ground state electrons in Ln* into low-lying
Ln(5d?) electron configurations, with the energy needed for such promotion denoted by AE(5d?).
Once the electrons are promoted, the “prepared” Ln* ion can then engage its 5d? electrons in
bonding with the oxo ligand.% Furthermore, in systematic studies of Ln* oxidation via oxygen
atom donors 0Oz, N20, NO, D,O, and CO;, Bohme and coworkers have demonstrated the
effectiveness of this AE(5d%) model in explaining kinetics of LnO* formation.[17-170 Accordingly,
Table 2.2 lists relevant bonding properties for Ln*, including BDE(LnO*), AE(5d?), and vibrational
frequencies for the Ln*-—O stretch in LnO*, v[Ln*-O], which is another metric for bond
strengths.[159'171_176]
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Table 2.2 Lanthanide properties: Ln* ground state, GS(Ln*); LnO* bond dissociation energy,
BDE(LnO?); energy to achieve a low-lying Ln* state with two 5d electrons, AE(5d?); Experimental
vibrational frequency for the Ln*—0 stretch in LnO*, v[Ln*—0]; Shannon’s effective ionic radii (six-
coordinate), r(Ln%?).

Ln GS(Ln*) @@ BDE(LnO*) AE(5d?) v[Ln*-0] r(Ln3*)
(kJ-mol1) [b] (kJ-mol™?) [d (cm™) (pm) (&
La [Xe]5d? 875 0 838l 103.2
Ce [Xe]4f5d? 852 0 849 [e] 101
Pr [Xe]4f36s 802 70 857 [el 99.0
Nd [Xe]4f*6s 748 110 848 lel 98.3
Pm [Xe]4f6s 662 114 [al 97.0
Sm [Xe]4fo6s 571 227 840 lel 95.8
Eu [Xe]4f’6s 412 438 757 (e 94.7
Gd [Xe]4f’5d6s 724 48 845 [e] 93.8
Tb [Xe]4f6s 744 106 857 [f] 92.3
Dy [Xe]4f%s 588 234 861 [f] 91.2
Ho [Xe]4fll6s 586 275 861 [f] 90.1
Er [Xe]4fl26s 590 283 862 [f] 89.0
Tm [Xe]4f136s 473 368 864 [f] 88.0
Yb [Xe]4f*6s 385 538 789 [f] 86.8
Lu [Xe]4f1*6s2 550 351 865 [f] 86.1

@l from Ref. 180; ! from Ref. 182; ! from Ref. 181; 9l from Ref. 183; 1! from Ref. 184; 1fl from
Ref. 185; 8 from Ref. 168.

Notably, despite the strength of AE(5d?) in predicting both thermodynamics and kinetics
of LnO* formation, kinetics of Ln"'=0 hydrolysis appear to correlate poorly with AE(5d?), as seen
in Figure 2.10. Promotion energies gradually increase from lanthanum through europium, and
again from gadolinium through ytterbium; neither the invariant k’n4(Ln,NO3™) nor the
monotonically decreasing k’nya(Ln,CH3COZ7) reflect this bimodal pattern in AE(5d?).
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Figure 2.10 Relative rates of hydrolysis, k’nya(Ln,NO3~) and k’nya(Ln,CH3COZ™), for trivalent Ln"'=0
bonds in [Ln"(O)(NOs):]~ (gold squares) and [Ln"(O)(CHsCO3);]~ (blue circles) are plotted
alongside promotion energies AE(5d?) (grey diamonds, in ki-mol™). All rates are normalized to

k’nya(La, CH3CO>"), defined as 100. Dashed gold and blue lines show the general trends in relative
rates.

The lack of correlation between AE(5d?) and k’na(Ln,X) is not surprising given that the
promotion energy model relates to the formation of LnO* from Ln*, a process which involves
oxidation from Ln'in Ln* to Ln"" in LnO". This oxidation process contrasts with hydrolysis, which
involves the conversion of Ln"'O* to Ln"(OH),* with no change in oxidation state. The AE(5d?)
model assumes that once an Ln* achieves a 5d? configuration, Ln"'=0 bonding, as measured by
intrinsic (vertical) LnO* bond strengths, is nearly invariant for all lanthanides. Ln*—O vibrational
frequencies are considered to directly correlate with such intrinsic bond strengths, and
correlation plots in Figure 2.11 reveal nearly-invariant Ln*—0O stretching frequencies despite the
large spread in BDE(LnO*). Notably, Eu*—O and Yb*-O stretching frequencies are significantly

lower relative to other Ln*-0, suggesting weaker intrinsic Ln*—0 bonding for the two lanthanides
which have the largest AE(5d?).
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Figure 2.11 Plot of Ln*-0 stretching frequencies v[Ln*-Q] (blue circles, in cm™) and promotion
energies AE(5d?) (gold squares, in kJ-mol™) versus bond energies BDE(LnO*) (in kJ-mol™).
AE(5d%) and BDE(LnO*) are strongly correlated (R?> > 0.9), whereas Ln*—O frequencies are
essentially invariant relative to and BDE(LnO"). v[Eu*™-O] and v[Yb*—0O] (open blue circles) are
significantly lower than other v[Ln*—O].

Parameters such as BDE(LnO*) and AE(5d?) relate to formation of LnO* from Ln* but do
not correlate with the formation of Ln(OH),* from LnO*, where the latter process is the
[Ln"(O)(X)2]~ hydrolysis studied here. This inability of BDE(LnO*) to explain Ln"'=O hydrolysis is
reminiscent of similar lack of correlations between BDE(An=0) and An=0 hydrolysis, which has
been resolved by considering the degree of bond covalency in An=0.17173.75-80.8291] Thjs suggests
that trends in Ln"'=0 hydrolysis may similarly be explained by considering the variation in
covalency across the Ln"'=0 bond as a function of the energy and radial extension of 5d orbitals.

Results from X-ray absorption spectroscopy suggest that 5d orbital energies do not vary
significantly across the trivalent lanthanide series;[®3* therefore, contributions to bonding
originating from energy degeneracy of Ln(5d) and O(2p) orbitals should be nearly constant from
lanthanum through lutetium. Any significant variation in covalency among lanthanide-oxo bonds
would thus presumably originate from a varying degree of Ln(5d) and O(2p) orbital spatial
overlap.
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Going across the lanthanide series results in a reduction of the lanthanide size (Table 2.2)
and concomitant decrease in the spatial extension of its orbitals.[2%1771 The contraction of
lanthanide 4f and 5d orbitals is illustrated by comparing Pr3* and Tm3*: radial wave functions for
the 4f and 5d orbitals exhibit maxima in electron density at 0.38 A and 1.06 A for Pr3*, versus 0.26
A and 0.90 A for Tm3+;[178.179] this contraction suggests that the highly contracted 4f orbitals are
generally unavailable for spatial overlap, and that such a ~15% reduction in radial extension of
the 5d should significantly diminish productive covalent overlap within a lanthanide-oxo bond.
Based on such considerations for trivalent Ln(5d) orbitals, which have near-constant energies and
progressively contract across the lanthanide series, bond covalency in Ln"'=0 is expected to be
highest for early lanthanides (La, Ce, Pr, Nd), with decreasing Ln(5d) and O(2p) mixing for late
lanthanides (Er, Tm, Yb, Lu). This expectation based on a simple covalency model is in agreement
with observation of a gradual decrease of 5d participation within Ln"'Clg>~ complexes.>3

Therefore, the late lanthanides should form Ln"=0 bonds that are the least covalent;
higher bond ionicity in these complexes should result in more strongly nucleophilic oxos that
more readily hydrolyze in the presence of H,0. However, this expectation is clearly violated by
our observations: for [Ln"(O)(NOs).]™ there is no apparent change in hydrolysis rates across the
series, and for [Ln"'(O)(CHsCOz)2]™ there is a gradual decrease in rates, rather than the predicted
increase (Figure 2.9).

Given the strength of bond ionicity and covalency assessments in explaining trends for
An=0 bond hydrolysis, the lack of correlation of Ln"'=0 hydrolysis rates with simple covalent
considerations is surprising. The observed hydrolysis behavior of [Ln"'(O)(X)2]~ complexes
suggests that changes in covalency across the strongly ionic Ln"'=0 bonds are likely minor and do
not significantly impact hydrolysis; if changes in covalency do influence the propensity of Ln"'=0
bonds to hydrolyze, the impact of this change is evidently minimal and outweighed by other
factors, particularly steric effects discussed below.
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Rationalizing hydrolysis rates: steric considerations

The gradual decrease in rates of Ln"'=0 hydrolysis in [Ln"'(O)(CH3CO2)2]~ across the
lanthanide series is reminiscent of observations of a similar gradual decrease in rates of Ln'"'-CHs
hydrolysis in [Ln"(CHs)(CH3CO2)3]~ (Chapter 4).1°¢! Trends in Ln"—CHs hydrolysis are explained by
considering steric crowding around the lanthanide center: bulky ligands can protect the Lewis
acidic lanthanide from nucleophilic attack by water, thus slowing down the rate of decomposition
of the organolanthanide via hydrolysis.[155162-165180] The ghserved five-fold reduction in rate of
Lu""—-CHs3 hydrolysis relative to that of La"'-CHs is attributed to a ca. 40% reduction in effective
ionic volume (4rtr3/3) from La3* to Lu3* (Chapter 4).

Rates of [Ln"(0)(X)2]~ hydrolysis, k’na(Ln,NO3™) and k’ayq(Ln,CH3CO27), are plotted along
with ionic radii r(Ln3*) in Figure 2.12, and two relationships are readily apparent: (i) the strong
correlation between k’sq(Ln,CH3COZ7) and r(Ln3*) suggests steric considerations are essential in
understanding [Ln"'(O)(CH3CO,)2]~ hydrolysis, and (ii) in contrast to [Ln"(O)(CH3CO,).], the lack
of a significant correlation between k’sya(Ln,NO3) and r(Ln3*) suggests steric effects have minimal
impact on [Ln"(O)(NOs)2]™ hydrolysis.
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Figure 2.12 Relative rates of hydrolysis, k’nya(Ln,NO3~) and k’nya(Ln,CH3COZ™), for trivalent Ln"'=0
bonds in [Ln"(O)(NOs):]~ (gold squares) and [Ln"(O)(CHsCO3);]~ (blue circles) are plotted
alongside Shannon’s effective six-coordinate ionic radii, r(Ln**) (grey diamonds, in pm). All rates
are normalized to k’nya(La,CH3CO,™), defined as 100. Dashed blue line shows the general trend
in k’nya(Ln,CH3CO;™), the nearly invariant trend for k’nya(Ln,NO3~) is omitted for clarity.

The correlation between k’sa(Ln,CH3CO27) and r(Ln3*) is surprising given that the
coordination number in a [Ln"(O)(CH3CO2)2]- complex is five (at most). Lanthanides are large
metals that typically accommodate much higher coordination numbers in condensed phases
(such as in 12-coordinate lanthanum nitrate);?18% given this context, the five-coordinate
lanthanide center in [Ln"'(O)(CH3CO,)2]~ would suggest minimal steric effects on reactivity.
Notably, however, the two-fold reduction in rate of hydrolysis from La"'=0 to Lu"'=0 is minor
relative to the five-fold reduction in rate of hydrolysis from La"'—CHs to Lu''—CH3.[°®I This difference
is in accord with expectations of a smaller degree of steric control in hydrolysis of five-coordinate
lanthanide-oxo in  [Ln"(O)(CH3CO,)2]~ versus seven-coordinate lanthanide-methyl in
[Ln"(CH3)(CH3CO,)s]: lesser steric congestion around Ln"'=0 should moderate the effect of steric
crowding, evidently resulting in a smaller reduction in hydrolysis rates.
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The gradual decrease in k’sya(Ln,CH3CO27) across the lanthanide series, whereas nearly
invariant k’sa(Ln,NO37), suggests that steric protection from acetates is more effective at
inhibiting Ln"'=0 hydrolysis, relative to the protection afforded by nitrates. This difference can be
rationalized by considering the coordination behavior of the two ligands. In the condensed-phase,
anhydrous lanthanum salts are 12-coordinate for nitrates, but 10-coordinate for acetates.[!3! |n
the gas-phase, uranyl coordinates to three bi-dentate nitrates, versus two bi-dentate and one
mono-dentate acetate, for coordination numbers of eight and seven around the uranium center
in [UO2(NOs)s]™ and [UO»(CH3CO>)3]-, respectively.[t561821 Additionally, a recent study of
dysprosium clusters by Xie et al. reveals a smaller angle of the coordination site on NO3™ (ZONO
= 115°) relative to CH3CO,~ (£0CO = 128°).1181 These results all suggest that the acetate ligand is
bulkier than the nitrate ligand, in accord with observed trends in Figure 2.12.

The results here suggest that five-coordinate lanthanides in [Ln"(0)(X)2]~ exist on the
border of steric control: a slightly bulkier acetate affords just enough steric protection to inhibit
hydrolysis (albeit the effect is mild), whereas a smaller nitrate is ineffective at providing such
protection. The difference in effective ligand sizes is qualitatively demonstrated in Scheme 2.7,
which depicts a larger £0CO angle for the acetate coordination site versus the nitrate ZONO
angle, resulting in a more crowded and protected lanthanide center in the acetate.

Scheme 2.7 Reaction mechanism for hydrolysis of [Ln"(0)(X).]- complexes, demonstrating the
effect of varying effective ligand sizes: a nitrate with a smaller LONO angle and an acetate with
a larger £OCO angle.
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Since the decrease in rate of [Ln"'(O)(CH3CO.).]~ hydrolysis is attributed to steric effects,
the nearly invariant rate of [Ln"'(O)(NOs).]~ hydrolysis suggests that the latter complexes are
representative of “innate” Ln"'=0 reactivity, free from significant steric inhibition. Accordingly,
nearly constant k’ns(Ln,NO3~) from lanthanum through lutetium suggests that intrinsic Ln"'=0
bonding does not significantly vary across the lanthanide series, in accord with the largely
invariant Ln*—0 stretching frequencies (Figure 2.11).[9599-101,174-176]

The [Ln"'(O)(CHsCO2)2]~ hydrolysis rates presented here reflect the difficulties associated
with lanthanide/lanthanide separations. Absent both oxidative and covalent control in
lanthanide/actinide partitioning, current strategies rely on discriminating lanthanides through
the monotonic decrease in r(Ln3*) with resultant low separation efficiencies, especially for
neighboring lanthanides with very similar sizes. Our k'sya(Ln,CH3CO;7) reveal similar challenges in
distinguishing lanthanides based on size alone, with kinetics that can fairly effectively discriminate
between the largest (La"') and smallest (Lu"') lanthanides but have poor resolving power between
neighboring lanthanides (for example, between Pr", Nd", and Sm"' in Figure 2.12). By exploring
ligands with larger effective size than acetate, and thus greater steric crowding, differences in
reaction rates across the lanthanide series might be further enhanced, resulting in better kinetic
discrimination and potential separations strategies for similar size Ln* ions.
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Comparing hydrogen abstraction and hydrolysis of lanthanide-oxygen bonds

While this study probes the nature of the LnO* moiety within [Ln"'(O)(X)2]~ complexes, our
group has also studied reactivity and bonding of the LnOZ% moiety within [Ln"/V(O)(X)s]~
complexes (Chapter 3);!10%118 3 comparison of LnO* and LnO?* reactivity is instructive for general
understanding of lanthanide-oxygen bonding. The LnO* all feature Ln"'=0 bonding, whereas LnO%**
feature bonding that is intermediate between Ln'"'-0® and Ln'V=0, depending on the accessibility
of the Ln"Y oxidation state.

All Ln"'=0 studied are observed to hydrolyze upon water addition, whereas Ln"'-0°® are
observed to abstract a hydrogen atom from water; Ln'V=0, in contrast to both Ln"'=0 and Ln""-0°,
are observed to be essentially inert towards water. The varying reactivity of these [Ln"'(O)(X)2]"
and [Ln""V(0)(X)s]~ complexes is summarized in Scheme 2.8; the disparate reactivities raises an
interesting question: what drives a lanthanide-oxygen bond to abstract or hydrolyze?

Scheme 2.8 Abstraction and hydrolysis reactivity of complexes featuring Ln"'-0°, Ln"'=0, and
Ln"V=0 bonds. Nd* and Tb* indicate very slow abstraction reactivity, more than four orders of
magnitude slower than Ln""-0°, suggesting intermediate Ln""-0°/Ln"'=0 character.

abstraction
[Ln"(0°)(X)s]™ + HoO ———— [Ln"(OH)(X)s]™ + OH"
Ln = La, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu

hydrolysis
[Ln"(0)(X)2]~ + H20 ———— [Ln"(OH)2(X)2]"
Ln = La, Ce, Pr, Nd, Sm, Eu, Th, Dy, Tm, Lu

a abstraction/hydrolysis .
[LnY(O)(X)s]™ + H20 no reaction

Ln = Ce, Pr, Nd*, Tb*

Lanthanides have a strong thermodynamic preference for the trivalent state, and most
lanthanides have prohibitively high E°(IV/III) and low E°(lII/Il) potentials;?Y this preference
explains the tendency for Ln"'-O* to abstract an H atom from H20, and Ln"'=0 to hydrolyze. For
most lanthanides within [Ln"/V(0)(X)s]-, the Ln" state is inaccessible and thus the lanthanide-
oxygen bonding is primarily Ln"-O® character. Hydrolysis of such a moiety would result in
unfavorable oxidation to [Ln'"V(OH)2(X)s]~, and the Ln""-O* bonds instead abstract a hydrogen atom
from H20. In contrast, within [Ln"'(O)(X)2]~ complexes the lanthanide-oxygen bonding is primarily
Ln"=0. Hydrogen atom abstraction of this moiety would result in unfavorable reduction to
[Ln"(OH)(X)2]-, and the Ln""=0 bonds thus instead hydrolyze via H,0 addition.

The [Ln""V(0)(X)s3]~ complexes featuring lanthanides with a relatively accessible Ln"V state
are the most interesting. The three lanthanides in order of Ln' stability are Ce > Pr = Tb, with
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E(IV/INN) (in volts, vs NHE) of +1.7 > +3.7 = +3.3, respectively. For cerium, preference for CeV=0
dominates and results in resistance to abstraction by at least seven orders of magnitude relative
to La"'-0°.[194118] pragseodymium and terbium, with similarly accessible Ln" states, feature Ln'V=0
bonding with contributions from Ln""-0° states; enhanced covalency in Pr'V=0 relative to Th'V=0,
owing to greater spatial extension of the 5d and 4f orbitals of Pr, results in Pr'V=0 being more
stable to abstraction by at least two orders of magnitude relative to Tb'"V=0, and seven orders of
magnitude relative to La"-0* (Chapter 3).[>4104]

Enhanced covalency via the higher +IV oxidation state in Ce'V=0, Pr'V=0, and Th'V=0 has
the dual effect of inhibiting abstraction and hydrolysis reactivity: the former by reducing unpaired
spin density relative to the oxyl in Ln"-0°, and the latter by decreasing the nucleophilicity of the
oxo in Ln"V=0. The sharp contrast between extremely fast Ln"'=0 hydrolysis versus relatively inert,
and more covalent, Ln'Y=0 demonstrates hydrolysis as a tool to assess the degree of covalency in
f-element-oxo bonding. While bond covalency and ionicity were found to insignificantly impact
hydrolysis among Ln'"'=0 bonds in [Ln"(O)(NOs),]~ complexes that are evidently relatively free
from steric inhibition of reactivity, oxidation to Ln" in [Ln'Y(O)(NOs)3]™ results in stabilization
against hydrolysis, presumably via decreased polarization of the Ln'V=0 bond.

Hydrolysis, therefore, can be utilized to assess variations in covalency among Ln'V=0.
PrV=0 is expected to be more covalent than Tb'V=0, due to greater spatial extension of the
valence orbitals of Pr, and accordingly should better resist hydrolysis, a prediction that could be
probed using higher water pressures and longer reaction times. Relative hydrolysis rates for
Ln'Y=0 and An"V=0 could provide insights into the relative degrees of covalency in Ln"Y and An'Y
complexes, a topic of considerable interest.[>7:60.162184] \While there is existing literature on Ce'V
exhibiting comparable covalency to actinide analogs UV and Th',[37,5896,162,185186] gimj|ar
comparisons of Pr'V and Th" are nonexistent and would be valuable.

Similarly, bond ionicity assessments comparing Ln"'=0 and An""=0 would be insightful for
lanthanide/actinide separations chemistry. For example, Am"'=0 and Cm'"'=0 hydrolyze at least
four orders of magnitude faster than AmV=0 and Cm"=0,78 but no direct comparisons have been
made between Nd"'=0 and Am"'=0 reactivity, despite the Nd"'/Am'" pair being a current focus for
actinide partitioning. Such comparative reactivity studies would provide valuable insights into the
relative degrees of covalency in Ln" and An"' complexes and possibly inform strategies for
improved separations.
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Conclusions

We report the preparation, isolation, and reactivity of several gas-phase lanthanide
complexes, [Ln"(0)(NOs)2]~ and [Ln"(O)(CH3CO2)2]" (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Tm, Lu),
featuring the elusive terminal trivalent lanthanide-oxo bond Ln"'=0. The lanthanide-oxos
[Ln"(0)(X)2]~ were generated by subjecting [Ln"(CH3CO)(X)s]~ precursors to several CID stages,
resulting in decarboxylation followed nitromethane (CH3—NO;) or acetone (CH3—COCHS3s)
elimination. Nitromethane and acetone elimination are revealed to be potent reactions for
inducing a 2e” O-atom transfer reaction, resulting in the non-oxidative formation of lanthanide-
oxo bonds.

CID pathways to form [Ln"(O)(NOs),]~ diverge based on redox chemistry and lanthanide
size. Ce'' undergoes oxidation to Ce'V in [Ce'V(O)(CH3CO2)(NOs),]~ followed by reduction back to
Ce"' in [Ce"'(O)(NOs),]™. In contrast, Eu"" undergoes reduction to Eu" in [Eu"(NO3)3]™ followed by
oxidation back to Eu" in [Eu"(O)(NOs);]~. Additionally, while the larger lanthanum in
[La"'(CH3)(NO3)3]~ forms [La"(O)(NOs),]™ via concerted nitromethane elimination, the smaller
lutetium in [Lu"(CH3)(NOs)s]™ forms [Lu"(O)(NOs).]™ via a stepwise elimination of CHs and NO;
through a [Lu"'(O°)(NO2)(NOs),]” intermediate.

Stability of the Ln"'=0 bond in [Ln"!(O)(X).]~ was assessed through kinetics of its hydrolysis,
resulting in formation of two Ln"'-OH bonds in [Ln"(OH)2(X)2]". The observed relatively fast rates
of hydrolysis, k’n4(Ln,X), are in accord with reactivity expected from strongly polarized Ln"'=0
bonding, and these rates were found to monotonically decrease across the lanthanide series for
[Ln"(O)(CH3CO,),], this in contrast to nearly invariant rates for [Ln"'(O)(NOs),]™.

There is a lack of significant correlation between thermodynamics of Ln"'=0 bond
formation, indicated by BDE(LnO*) and AE(5d?), and kinetics of Ln"'=0 hydrolysis, indicated by
k’nya(Ln,X). This disconnect highlights the limitations of employing thermodynamic considerations
for formation of LnO* from oxidation of Ln* to rationalize kinetics for formation of Ln(OH),* from
LnO*. In contrast to thermodynamic bond strength, intrinsic Ln"'=0 bonding and stability appears
to insignificantly differ among lanthanides, which is reflected by near constant Ln*-0O stretching
frequencies.

To assess minor variations among the lanthanides in bond ionicity and covalency in Ln"'=0,
a simple covalent model was used to evaluate the impact of changing Ln(5d) orbital energy and
spatial extension. This model predicts an increased propensity of hydrolysis with decreasing
r(Ln*) and enhanced Ln"'=0 bond ionicity from the early to late lanthanides. However, variations
in measured rates of hydrolysis were in contrast to predictions based on these simple bonding
considerations, suggesting that variations in covalency may not be as important in controlling
Ln"'=0 hydrolysis compared with An=0 hydrolysis.

Instead, the decrease in k’sa for [Ln"(O)(CH3CO,)2]" correlates with increasing steric
congestion around smaller lanthanide centers upon proceeding across the series. In contrast, the
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nitrate ligand is evidently too small to effectively protect Ln"'=0 from hydrolysis, such that the
[Ln"(O)(NOs)2]~ complexes exhibit reactivity of “innate” Ln'"'=0 bonds essentially free from steric
hindrance. The result of minimal differences in k’n4(Ln,NO3~) are in accord with minor variations
in nearly constant intrinsic Ln"'=O bonding, a characteristic that is indicated by nearly invariant
Ln*-0 stretching frequencies (with intriguing disparities for the distinctive cases of Eu and Yb).

The result of nearly invariant k’se(Ln,NOs~) and gradually decreasing k’syq(Ln,CH3CO2")
parallel challenges in lanthanide/lanthanide separations: chemically similar Ln"" are difficult to
separate. Differential complexation based on size, r(Ln3*), may provide reasonably effective
separation of the largest member, La, from the smallest, Lu, but results in poor separations of
similar size neighboring lanthanides. Gas-phase reactivity of complexes [Ln"(O)(X)2]~ with small
ligands such as hydroxide and chloride could minimize steric effects and thus provide a platform
to assess differing covalency between the Ln"'=0 and An"'=0 moieties; of particular interest is the
Nd"'/Am'" pair which is key to lanthanide/actinide separation strategies.

Finally, simple covalency considerations predict only minor variations in bond covalency
and polarization across the Ln'"'=0 series, this in contrast to higher oxidation state Ln'V=0 (Ce, Pr,
Tb) where enhanced covalency inhibits hydrolysis.[”7.7282l |t is expected that hydrolysis rates for
M"V=0 complexes could serve to provide an assessment of variable covalency of oxo bonds for

PrV. versus Tb'V,B4104 as well as for Ln" versus An", which are topics of special
interest.[57’58’60’162’184’185]
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Chapter 3

Lanthanide Complexes Containing a Terminal Ln'"V=0 Oxo Bond:
Revealing Higher Stability of Tetravalent Praseodymium versus
Terbium
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Introduction

Understanding and unlocking higher oxidation states of the f-elements is particularly of
great utility in nuclear fuel cycles. The strong thermodynamic preference of most lanthanides and
actinides for trivalency (Ln"') is exploited in the PUREX (Plutonium Uranium Reduction EXtraction)
process, where U and Pu are oxidized and then recovered via differential complexation chemistry
for UMO,%* and Pu" relative to Ln"' and other An".[Y While the patent for the PUREX process was
filed in 1947, strategies for An/Ln separations are still being actively researched.[>3 Therefore,
work that enhances an understanding of electronic structure and stabilization of higher oxidation
states of f-elements has implications for national security and decreased radiological hazard of
disposed waste, and allows for nuclear fuel to be viable in a low-carbon future.

Significant progress has been made towards synthesizing complexes featuring lanthanide-
ligand multiple bonds to terminal carbene, imido, and oxo groups.[*-®! Tetravalent lanthanides,
Ln', are a suitable target for multiple bonding because this relatively high oxidation state lowers
the lanthanide orbital energies and facilitates a better energy match with ligand orbitals.[7-23!
While Ce'Y complexes have a comparatively long history, the first reports of isolable complexes
featuring Pr'V and Tb'" emerged only in 2019.[13-21] To date, no molecular complexes of Pr'"V and
Tb'" featuring metal-ligand multiple bonds have been isolated.

Metal-oxos feature a metal-oxygen multiple bond, M=0. Transition metal-oxos, notably
high-valent Fe'V=0, are found in many enzymes, including cytochrome P450, peroxidases, and
catalases, in which they are important intermediates in reactions that activate dioxygen, transfer
oxygen atoms, and oxidize hydrocarbons.[?2-21 Recent studies have challenged the oxo nature of
Fe'V=0, suggesting the oxygen atom possesses radical “oxyl” character, Fe"-O°, which is the
supposed origin of reactivity; such reactive metal-oxyls also appear in other systems.[27-34

Several cerium-oxos, the only lanthanide-oxos known, have been synthesized in recent
years.3>#1 Notably, a Ce'V=0 supported by the bulky Kliui ligand was isolated by Leung and co-
workers; the cerium-oxo can attack CO2 to form a Ce'V(COs) complex (concerted addition), or
oxidize CO to form a dimeric Ce",(CO3) complex (reductive addition).3>37) Similar to formal
Fe'V=0 complexes discussed above, computational studies indicated significant involvement of a
Ce"-O°* configuration, with the oxyl character responsible for reductive addition-type
reactivity.3”) Lanthanides exhibiting a multiconfigurational ground-state are well-documented,
and based on the identity of Ln as well as the coordinative sphere surrounding the metal, formal
Ln'"V=0 complexes are expected to have a varying contribution of Ln"-0°/Ln"V=0 character.l”! In
particular, Ln'V=0 character is expected to decrease from 74% in Leung’s Ce" complex as the
accessibility of Ln' decreases for lanthanides.

Lanthanide-oxos can reveal new reactivity, helping to understand lanthanide electronic
structure and bonding to promote further development of lanthanide materials for emerging
technologies. To that end, Pr'Y and Tbh' are the next obvious targets for isolable lanthanide-oxo
complexes, given their lower fourth reduction potentials, E°(1V/Ill), and ionization potentials, IEs,
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compared to all other lanthanides except Ce.[*2%8] Nitrate decomposition has been used to
synthesize transition metal-oxos, either as isolated products or as reactive intermediates for
oxidation reactions.[**>* Hayton and co-workers employed this approach to synthesize Ce!V=0
via thermal and photolytic decomposition of trivalent cerium nitrates, Ce"'(k2-0,NO).[3°40]

Lucena et al. used collision-induced dissociation (CID) to decompose gas-phase anionic
trivalent lanthanide nitrates, [Ln"(NOs)4]", forming lanthanide-oxides, [Ln(O)(NOs)s]-, with a
LnO?* core that may be stable or reactive.®® For Ln = Ce, Pr, Nd, and Tb, this LnO%* moiety was
more stable than for other lanthanides, by at least four orders of magnitude based on kinetics of
hydrogen atom abstraction from H,O. Among the lanthanides, those four that form unreactive
LnO?%* exhibit the lowest E°(IV/11l) and IE4, parameters that indicate the stability of oxidation state
+|V relative to +lIl, and their LnO%** moieties were deemed to have significant tetravalent Ln'V=0
character. The rest of the lanthanides, with higher predicted E°(IV/11l) and IE4, formed LnO?* that
reacted immediately to form [Ln"(OH)(NOs)3]~, designated here as LnOH?*; these reactive LnO%*
were deemed to comprise trivalent oxyls, Ln"'-0".

Using hydrogen donors with weaker R—H bonds than H;0, we here sought to compare
relative reactivities, and thus stabilities, of the less reactive LnO?*, those with Ln = Ce, Pr, Nd, and
Th. As Sm and Dy, though reactive with H,O, also have relatively low predicted E°(IV/IlI),
comparable to Nd, they were included in these studies. Herein, we report on unprecedented
higher stability of a Pr'Y=0 complex over Th'V=0, a result in apparent contrast to solid-state,
solution, and molecular studies that mostly indicate slightly higher stability of Tb"Y over Pr'V.
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Concepts and Methods

The experiments were performed using an Agilent 6340 QIT/MS described previously.[®!
The QIT/MS has an ESI source and MS" collision-induced dissociation (CID) capabilities. In high
resolution mode, the detection range is 50-2200 m/z with resolution M/AM = 3000. The
instrument was operated in negative ion accumulation and detection mode. Though optimized in
cases with very low target ion intensities, most spectra were acquired with the following
instrumental parameters: solution flow rate, 60-150 pL-hr™%; nebulizer gas (N2), 10.0 psi; dry gas
flow rate, 2.0 L:-min~! at 325°C; capillary voltage, +3500 V; end plate voltage offset, =500 V;
capillary exit, =125 V; skimmer, —27.8 V; octopole 1 and 2 DC, —12.00 V and —0.00 V; octopole RF
amplitude, 145.8 Vpp; lens 1 and 2, 6.5 V and 100.0 V; trap drive, 66.5. High-purity nitrogen gas
for nebulization and drying in the ion transfer capillary was supplied by the boil-off of a liquid
nitrogen Dewar.

Water pressure in the ion trap is estimated as ~107°® Torr, and helium at ~10™* Torr serves
as the buffer gas. The trap temperature is ~300 K,[>”) with energetic ions thermalizing through
collisions with helium. The trap has been modified with a leak valve to allow addition of gases,
here methanol (MeOH) and isopropanol (iPrOH). Absolute pressures of reagent gases in the trap
are not known, but relative pressures were established from reaction rates.

Lanthanide salts were dissolved in water/ethanol mixtures (< 25% H,0) to prepare stock
solutions of CeBrs, PrBrs, NdBrs, SmCls, TbCls, and DyCls. To generate gas-phase lanthanide
nitrates, solutions with concentrations of 50-200 uM in Ln3* and 1.0-20 mM in nitric acid were
subjected to electrospray ionization (ESI).

Trivalent lanthanide nitrate anions of the form [Ln"(NOs)4]™ (Ln = Ce, Pr, Nd, Sm, Tb, Dy)
were produced by ESI and isolated in the ion trap. After this purification step, CID was used to
fragment the nitrate and form the lanthanide-oxide, [Ln(O)(NOs)s3]-, as shown by reaction 3.1.
After this CID step, a variable reaction time (scan delay) of up to 10 seconds was applied to allow
ion/molecule reactions. In these experiments, this reaction is hydrogen atom abstraction from a
hydrogen donor gas (ROH = H,0, MeOH, iPrOH) to form a metal hydroxide, as shown by reaction
3.2. The hydroxide can then undergo exchange reaction 3.3 with a second alcohol molecule to
form an alkoxide, specifically methoxide [Ln"'(OMe)(NOs)s]™ or isopropoxide [Ln"(OiPr)(NOs)s];
typical results showing exchange with MeOH are in Figure 3.1. Reaction 3.3 presumably also
occurs with background H,O (R = H), but the hydroxide product is indistinguishable from the
reactant.

[Ln"(NO3)a]~ —— [Ln""Y(0)(NO3)s]" + NO,* (3.1)
[Ln"/V(0)(NOs)s]" + ROH ——> [Ln"(OH)(NOs)s]~ + RO* R =H, Me, iPr (3.2)
[Ln"(OH)(NOs)3]” + ROH —— [Ln"(OR)(NOs)s]” + H20 R=H, Me, iPr (3.3)
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Figure 3.1 Mass spectra after exposure of [Nd(O)(NOs)s]~ (generated by CID of [Nd(NOs)s]~ at
nominally 0.55 V) for: (a) 0.05 s; (b) 0.30's; (c) 0.80 s; (d) 1.55 s. Products of reactions 3.2 and
3.3 are apparent.

Note that the hydrogen atom abstraction depicted in reaction 3.2 can also proceed via the
C-H bond instead of the O—H bond. For MeOH and iPrOH, abstraction via C—H is favored by ~60
kJ-mol.158 The site of X—H donation does not impact the trends in results, nor does it change the
following interpretation presented in later sections.

The concentration of reagent gas ROH in the ion trap is several orders of magnitude larger
than that of reactant ions. As a result, hydrogen atom abstraction kinetics are simplified by
combining the absolute rate constant, k"aps, and constant concentration, [ROH], into the pseudo-
first order rate constant, kaps:

d[[Ln(OR()jENoa)a]_] = kops [[LN(0) (NO3) 3] 1[ROH] = ks [[LN(O) (NO3) 5] ]

The pseudo-first order integral rate law is then:

tn©@Mo a1l
[Ln(O)(NO3);3] Tre
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Analytically, this last relationship yields a semilogarithmic plot giving a straight line with
slope the negative of the rate constant, —kaps, as in Figure 3.2. For a reaction mass spectrum such
as in Figure 3.1, [[Ln(O)(NOs)3] ]t is the reactant intensity at time t, and [[Ln(O)(NO3)s] ]t=0 is the
sum of the reactant and product intensities at time t. Because exchange reaction 3.3 proceeds
through reaction 3.2, the hydrogen atom abstraction yield is the sum of that of primary hydroxide,
[Ln"'(OH)(NOs)s]~, and secondary alkoxide, [Ln"(OMe)(NOs)s]~ or [Ln"(OiPr)(NOs)3]~. Under the
present experimental conditions reaction rates were measurable for 0.003 s < kgps < 35 s71.
Although absolute reagent pressures in the trap are unknown, the reactivity of a particular
[Ln(O)(NOs)4]” provides relative pressures such that the results are also reported as relative rates,
k’abs, normalized to 100 for [Tb(O)(NOs3)s]™ at a fixed pressure:

kabs(Ln)
k',p<(Ln) =100 -
o) =100 o)
0.00 T } T } r t T }
A — o A A — e .
o —_ A —_ . . A
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Figure 3.2 Sample kinetics plots for hydrogen atom abstraction with MeOH at constant
(indeterminate) pressure. The rate of hydrogen atom abstraction, kaps, is the negative of the
slope, with the standard error in parentheses.
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Results and Discussion

Reaction rates and reactant properties

The hydrogen donors were selected to provide weaker bond strengths and higher gas-
phase basicities than H,0, thereby enhancing abstraction reaction thermodynamics and kinetics.
The O—H Bond Dissociation Energies (BDEs) and gas-phase basicities for H,O, MeOH, and iPrOH
are in Table 3.1.533%1 Entropic effects in gas-phase bimolecular reactions are particularly relevant
where third-body collisional cooling is crucial to stabilizing the product, like in association
reactions.[®%%% This is not the case for gas-phase abstraction reactions and exothermicity (AH2%8),
not exoergicity (AG28), is the more relevant thermodynamic parameter to determine whether or
not the abstraction reaction proceeds. For these reasons, Table 3.1 lists BDEs, and not Bond
Dissociation Free Energies (BDFEs). To support analysis of reactivity based on the degree of Ln"
character, in Table 3.2 are some relevant properties of lanthanides, such as predicted standard
reduction potential E°(IV/IIl), fourth ionization energy IE4, and atomic promotion energies.

Table 3.1 BDE(O—H) and gas-phase basicities for H,0, MeOH, and iPrOH.

BDE(O—-H) (kJ-mol™) (bl Gas-phase basicity (kJ-mol™) [c]
H,0 497.1 (3) 660
MeOH 440 (3) 725
iPrOH 442 (3) 763

(2] Values in parentheses are uncertainties in the last digit; ® from Ref. 68; ! from Ref. 69.

Table 3.2 Lanthanide properties: atomic number (Z); Ln** ground state (GS(Ln3*)); 4™ ionization
energy (IE4); Predicted Standard Electrode Potential (E°(IV/II1)); energy to promote Ln?* to a state
with one 5d electron (AE[Ln**](4f"25d?)), and Ln?** to a state with two 5d electrons (AE[Ln?*](4f"~
25¢?)). [al

Ln z GS(Ln3*) ! IE4 EOIV/II)  AE[Ln3*](4f™'5d!) AE[Ln?*](4f"25d2)
(ev) [ (V) (eV) (eV)
Ce 58 [Xe]4f! 36.906 (9) 1.7 6.17 el 5.01 el
Pr 59 [Xe]4f? 39.00 (8) 3.7 7.58 ¢l 7.50 €]
Nd 60 [Xe]4f? 40.60 (8) 4.9 8.9 (2) ! 9 (1) o
Sm 62 [Xe]4fs 41.6 (2) 5.5 9.4 (5) ol 10 (1) !
Tb 65 [Xe]4f® 39.33 (8) 3.3 6.37 e 6 (2) !
Dy 66 [Xe]4f 41.2 (2) 4.9 9.1 (5) [ 9 (2) !

[l Uncertainties are in parentheses; ! from Ref. 57; ! from Ref. 55; 1! Predicted, from Ref. 53; [
from Ref. 56.
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Shown in Figure 3.1 is a sequence for the reaction of [Nd(O)(NOs)3]~ with partially
deuterated MeOH (CDsOH). Semilogarithmic plots to determine rates of hydrogen atom
abstraction from MeOH are in Figure 3.2 for [Tb(O)(NOs)3]~ and [Nd(O)(NOs)s3]~. The full set of rate
constants, kagps and k’gps, for [Ln(O)(NOs3)s3]~ (Ln = Ce, Pr, Nd, Sm, Th, Dy) with MeOH are in Table
3.3. Results in Figure 3.3 demonstrate faster reactivity of [Tb(O)(NOsz)s]~ versus [Pr(O)(NOs)s],
with the latter practically unreactive under these conditions. Specific metrics of Ln" stability for
Ln = Tb and Pr are listed in Table 3.4. Rates for hydrogen atom abstraction by [Tb(O)(NOs)3]~ and
[Pr(O)(NOs3)3]~ were also measured at a higher pressure of MeOH, as well as with iPrOH as the
donor, with the resulting kass in Table 3.5. The results in Table 3.3 reveal reaction rates in the
following order: SmO?*, DyO?* >> NdO?* > Tb0O?" > PrO?*, CeO?*. The comparative rates are
qualitatively identified as “Very fast”, “Fast” or “Inert” on the plot of predicted E°(IV/IIl) in Figure
3.4,

| Ln(O)(NO5)s]™ [Ln(OMe)(NOs);]~
3_
(a)
5 Ln=Tb
E .
EJ "
2> oy " " . . - AN
g7 360 370
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350 360
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Figure 3.3 Mass spectra after exposure to MeOH for 550 ms: (a) [Tb(O)(NOs)s]; (b)
[Pr(O)(NOs)s]". The reaction 3.3 product appears in (a) but not (b).
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Table 3.3 Hydrogen abstraction rates kaps for [Ln(O)(NO3)s]~ (Ln = Ce, Pr, Nd, Sm, Tb, Dy) with
MeOH at constant pressure. Relative rates k’ubs are normalized to 100 for [Tb(0O)(NO3)s] . @]

Reactant species Kaps (s72) K’ abs
[Sm(0)(NOs)s]~ > 35 [bl > 500,000 [b!
[Dy(O)(NOs)s] > 35 [b] > 500,000 [b!
[Nd(O)(NOs)s3]~ 0.092 (3) 1300 (50)
[Tb(O)(NOs)s3]~ 0.0071 (9) 100 (10)
[Pr(O)(NOs)s]” <0.003 [ <421
[Ce(O)(NOs)s]~ <0.003 [ <42

(2] Standard errors in parentheses; ! kaps > 35 s and k’abs > 500,000 indicate rates too fast to
measure (95% of reactant consumed within 50 ms); ! kaps < 0.003 s, and k’aps < 42 indicate no
reaction observed.

ngxf_ast
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Figure 3.4 Predicted Standard Electrode Potentials E°(IV/Ill) for lanthanides (Ln, circles, Ref. 53)
and actinides (An, squares, Ref. 58). Abstraction kinetics with MeOH are identified as “Inert”,
“Fast”, or “Very fast” for the studied Ln (in boxes).
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Hydrogen atom abstraction potential energy profile

Schematic potential energy profiles are shown in Figure 3.5 for the reaction of
[Ln"V(0)(NO3)3]~ (LnO%*) with donor ROH to form hydroxide [Ln(OH)(NOs)s]~ (LnOHZ*). The three
profiles qualitatively identify predicted effects of varying degrees of Ln'"'-0°® and Ln'V=0 character
in the reactant oxide LnO?*. The first step in the reaction is exothermic association of donor ROH
(R =H, Me, iPr) with the anionic oxide complex to form reactant complex (RC) which lowers the
energy (AErc < 0). The postulated mechanism features an energetic barrier (AE*aps > 0) resulting
from the homolytic cleavage of the RO-H bond with formation of the [LhO-H]** bond via a
concerted 4-center transition state (TS). The product complex (PC) is LnOH?* associated with the
radical RO*, with its dissociation (AEpc > 0) yielding separated products LnOH?* and RO*. Hydrogen
atom abstraction can occur only if all absolute energies on the profile—E[RC], E[TS], E[PC], and
reaction energy E[Products]—are negative relative to the reactants at energy defined as zero
(E=0, dotted line). The reaction rate is typically related to the highest barrier on the profile, with
slower rates for less exothermic barriers, and no reaction if any barrier is endothermic./®®! The
hydrogen atom abstraction process is signified by the transformation from RC to PC and AEabs
represents the energy change associated with this process.

There is literature on alternative concerted (metal-coordinated) and direct (oxygen-
coordinated) mechanisms for hydrogen atom abstraction.l’-73 Depicted in Figure 3.5 is a
concerted mechanism that proceeds via the coordination of the basic OH group of H,O, MeOH,
or iPrOH to the Lewis acid lanthanide.[®® For simplicity in comparing profiles, hydrogen atom
abstraction is depicted as via O—H rather than C—H bond scission in ROH. Abstraction via cleavage
of weaker C—H bonds of MeOH and iPrOH would lower E[Rxn] by ~60 kJ-mol™™. Considering the
abstraction mechanism as concerted or direct, and via O—H or C—H bond scission, does not affect
interpretations presented here, which concern not mechanistic details but rather the nature of
the Ln center in different LnO?* and its expected effects on reaction rates.
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Figure 3.5 Qualitative potential energy profiles for reaction of [Ln(O)(NO3s)s]~ with hydrogen
donor ROH showing expected effects of LnO?* bond character as Ln'V=0 (blue); intermediate
Ln"V (gray); or Ln"—0° (gold). Shown also are the tentative structures along the reaction
coordinate with respect to pure Ln"V=0 (blue, top) and pure Ln"-0* (gold, bottom) characters.
Energy of separated reactants is defined as zero (E=0, dotted line).

The Bell-Evans-Polanyi principle predicts that for a similar set of reactions lowering AEabs
will lower AE*.ps, generally resulting in faster rates of reaction.’#7%] Moving from H,0 to MeOH
and iPrOH is more favorable for hydrogen atom abstraction in two ways: MeOH and iPrOH are
stronger Lewis bases than H,O , making the energy of association (AErc) more exothermic;
furthermore, BDE(MeO-H) and BDE(iPrO—H) are lower than BDE(HO-H) (Table 3.1), which make
hydrogen atom abstraction (AEas) more exothermic. Given AEgc is driven by identity of the
hydrogen donor, it is not expected to change significantly based on Ln identity, in line with Lucena
et al. reporting similar kqs for the largest and smallest lanthanides [La(O)(NOs)s]~ and
[Lu(O)(NO3)3]~.%! For similar reasons, the energy of dissociation of PC, AEpc is again donor-
dependent and Ln-independent. The drastic differences in rates, spanning at least four orders of
magnitude between Ce/Pr and Sm/Dy (Table 3.3), can be explained by the hydrogen atom
abstraction process: going from RC to PC (AEaps) requires the complex to surmount a barrier AE*,ps.
We argue below that Ln"""V character in the LnO?* moiety drives AEabs, lowering or raising AE*aps,
and making observed kqps larger or smaller respectively.
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Hydrogen atom abstraction is a well-studied reaction: Mayer’s group uses Marcus theory
to explain reactivity of a large class of abstractors in solution.l’6=82l Their model dissects the
hydrogen as a proton and electron, fitting hydrogen atom abstraction as a subset of proton-
coupled electron transfer (PCET) reactions. In summary: abstraction reactivity is rooted in the
thermodynamic driving force, provided by equilibrium parameters like pKa and E° of the reactant,
while spin (oxyl) considerations are secondary. Yet, in the gas phase, Schwarz has demonstrated
the crucial role of unpaired spin density at the abstracting oxygen atom (oxyl) for the kinetics of
abstraction.[®3-88] Shaik’s proposed valence bond approach rationalizes this via a lower energy
requirement to prepare the reactants to abstract the hydrogen atom.[#°1 |n the valence bond
view, closed-shell abstractors, like CrO,Cl, or MnO4~ face a penalty to prepare the complex for
abstraction (which involves uncoupling the M=0 bond), and this penalty is incorporated in the
BDE(O-H) of closed-shell complexes. This results in a weaker thermodynamic driving force for
abstraction when the abstractor is closed-shell relative to the open-shell analog, and this view
essentially agrees with and recovers Mayer’s approach.l’?# The basicity of lanthanide oxides,
then, is an important factor to consider and will be considered in a later section (see
Praseodymium and terbium under the microscope: the role of covalency).

Thus, while having oxyl character is not a requirement for hydrogen atom abstraction, it
ensures the abstractor is already in a ‘prepared’ state, and results in generally lower reaction
barriers and therefore stronger thermodynamic driving forces as demonstrated
above.[79838489,92-94] gch enhancement of reactivity is in line with the Bell-Evans-Polanyi
principle as metal-oxo bonds (M=0) tend to be stronger than metal-oxyl bonds (M-0°®). The
crucial role of the location of electron spin density in determining reactivity is illustrated by two
open-shell molybdenum oxides: MoO;* and MoQOs*. MoO3* has two strong Mo=0 bonds (BDE =
542 kJ-mol™), and the additional Mo-oxygen bond in MoOs* is a weaker Mo—O° bond (BDE = 257
kJ-mol™?). While both MoO,* and MoOs* are open-shell species, the unpaired electron in MoO3*
resides on a metal-centered 4d-orbital, in contrast to MoOs* exhibiting unpaired spin density on
the terminal oxygen atom (i.e. it is an oxyl). It is this radical-like Mo—0O® oxyl in MoOs* that
activates methane, whereas the Mo=0 oxos in MoO;* do not.[?4

As in the case of the formal Ce'V=0 complex described by Leung and coworkers, we expect
contributions from both +Ill and +1V states for other LnO?*, resulting in hydrogen atom abstraction
reactivity corresponding to intermediate Ln"/V.[735-37] Ce, of all the Ln, has the most accessible
Ln' state, and the 74% oxo character in the formal Ce'V=0 is expected to decrease for the rest of
the lanthanides, the effects of which are depicted in Figure 3.5. As the tetravalent state becomes
increasingly inaccessible, Ln"'-O* contributions to the LnO%* moiety should increase. Increasing
oxyl character lowers AE¥.ps and AEapbs, making abstraction more exothermic, manifesting in larger
rates of hydrogen atom abstraction (kqss) measured.
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Stabilities of tetravalent lanthanides

Hydrogen atom abstraction rates with donor MeOH are in qualitative accord with previous
results with H,0.%! As shown in Table 3.3, the two most reactive LnO?* moieties, SmO?%* and
DyO?*, are completely converted to LnOH?* on the CID timescale of ~50 ms; SmO?%* and DyO?**
react at least 370 times faster than NdO?%*. The NdO?* complex reacts faster than TbO?*, which in
turn reacts faster than CeO?* and PrO?",

As shown in Table 3.2 and Figure 3.4, the six lanthanides studied here, along with Pm,
have the lowest IE4 and predicted E°(IV/111), parameters that indicate the stability of 4+ relative to
3+ ions, in gas and solution. The relative stability of Ln** exhibits the following order: Ce** (most
stable Ln** vs. Ln3*) > Tb* = Pr** > Nd** = Dy** = Pm*" > Sm** > all other Ln**. In accord with this
ordering, Ce3*/Ce** is the only 3+/4+ couple observable in aqueous solution, whereas Pr* and
Th* are stabilized under conditions of high alkalinity and concentrated weak-field
complexant.“4°3 Additionally, Ce, Pr, and Tb are the only lanthanides to form stable binary solid-
state tetravalent oxides and fluorides, LnOz and LnF4.[446-%8] |n cryogenic matrix-isolation studies
of all lanthanides (except Pm), only Ce, Pr, and Tb reacted with H,0, and H,/O, mixtures to
produce tetrahydroxides Ln(OH)4.1°°! Tetravalent Nd and Dy follow these three lanthanides in
stability, becoming accessible via high pressure fluorination to form [LnF7]*>~ in ternary phases
with alkali metals.l*#! The only reports of tetravalent Nd and Dy molecules are NdFa, and DyFs
from reactions of Ln with F in inert cryogenic matrices.[10.101]

The main aspects of the LnO?* reactivity order determined here—Ce0Q?", PrO%* < ThO?* <
NdO?* < Dy0?*, SmO%**—reflects the stability order of ions Ln** versus Ln3* noted above. However,
some specific aspects of the observed reactivity are not predicted based on electron removal
from ions in solution (predicted E°(IV/IIl)) or gas-phase (IEs4). Particularly intriguing is the
observation that PrO?* is less reactive than ThO?, in apparent contrast to less stable Pr** versus
Tb* based on predicted E°(IV/IIl) (though not IE4; see Table 3.2 and Table 3.4). This apparent
dichotomy between oxidation state stabilities in solution versus in the complexes suggests a
greater contribution from tetravalent oxo Pr'V=0 versus Tb'Y=0 than predicted from solution
behavior, as elaborated below.
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Praseodymium and terbium under the microscope: the role of covalency

Relying on predicted E°(IV/Ill) (Table 3.2) alone can be misleading: for example, the large
predicted E°(lI/Il) values for many lanthanides would imply the impossibility of isolating Ln"
complexes, yet [Ln"(CsH4SiMes)s]™ complexes have been observed for the entire Ln (except Pm)
series.l'%2 Varying reaction conditions and ligand fields for Ce" have resulted in measured
EO(IV/1I1) values that span a range of 3.5 VI[20 Given the role matrix effects and experimental
conditions have on the electrochemistry of Ln, some experimental measures of Tb"Y and Pr"V
stability are listed in Table 3.4.

Standard electrode potentials, properties of solid materials, solution electrochemistry,
and isolable molecular complexes all point to a (slightly) greater stability of Tb" versus Pr'V.[15.1642-
44,95-971 For example, predicted E°(IV/111) for Tb are 0.1 to 0.4 V less positive than for Pr; and under
highly alkaline and concentrated solutions of weak-field complexing ligands, Tb** has a reduction
potential of +1.3 V, compared to +1.4 V for Pr#+.[424395] Solid PrF4 decomposes to PrFs at 363 K,
whereas TbF, is stable to at least 623 K.[**%6°7) Mazzanti and co-workers recently isolated
[Ln'"Y(OSiPh3)4(MeCN);] for Ln = Pr and Th, reporting that the Pr'"V complex was reduced at a
substantially more positive potential (—0.38 V vs Fc/Fc*) than the Tb'"Y complex (—0.96 V vs Fc/Fct),
indicating higher stability of Tb'" versus Pr'V.[!>16] Even when measured oxidation potentials for
Tb'" and Pr'" complexes are nominally equivalent (-0.72 V vs Fc/Fc*), like in La Pierre and
coworkers’ [Ln"'(NP(1,2,-bis-‘Bu-diamidoethane)(NEtz))s]~ complexes, the Pr'V complex evades
isolation and is unstable at room temperature in contrast to the Tb'" analog.*7:2%

Table 3.4 Measures of Tb" and Pr'V stability.

Parameter Tb Pr
Thermal decomposition temperature %97 623 K 363K
(of LnF4)
Predicted E°(1V/IIl) vs NHE 42 3.3V 3.4V

(Spectroscopically derived)

Predicted E°(1V/IIl) vs NHE 3! 3.3V 3.7V
(Thermodynamically derived)

Measured E°(IV/111) vs NHE ! 1.3V 1.4V
(pH 14, 5.5 M K,CO)

Measured E°(IV/1I1) vs Fc/Fc* [1>16] -0.96 V —0.38V
(L"Y(OSiPhs)a(MeCN); in THF)

Measured E°(IV/1Il) vs Fc/Fc* (17:21] -0.72V -0.72V
(Ln"(NP(1,2-bis-‘Bu-diamidoethane)(NEt;))s™ in THF)
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Lucena et al. previously reported on reactions of the LnO%** complexes studied in the
present work, there with H,0 to yield LnOH?*. In that work it was found that TbO?* reacted very
inefficiently, with PrO%* reacting even slower, at a barely detectable rate.[>! Density functional
theory computations predicted that the reaction of PrO?* was slightly endothermic, by 10 kJ-mol~
1 (the TbO?* reaction was not computed), prompting the comment that the observed reactivity
of PrO?* might have been due to “a small population of non-thermalized ions”. Although that
study was the first to suggest faster reactivity of TbO?* versus PrO?*, the observed reaction rates
were so slow that the comparison was insufficiently definitive to warrant elaboration. A primary
goal here was to probe comparative reactivities of TbO?* and PrO?* more thoroughly using more
thermodynamically favorable donor reagents MeOH and iPrOH that are expected to render
reaction 3.2 distinctly exothermic for both oxides.

The results reported in Table 3.3 for MeOH indicate faster reactivity of TbO?* versus PrO?*.
However, as in the previous study using H,0, the rate for ToO%* with MeOH under these conditions
was only slightly above the detection limit. To better establish relative reactivities of PrO?* versus
TbO?* they were studied using higher pressures of MeOH as well as another thermodynamically
favorable hydrogen donor, iPrOH; the additional results are summarized in Table 3.5. Based on
kapsMe9H = 0.100 s~ for TbO?*, versus no detectable reaction for PrO?*, we conclude that PrO%*
reacts at least 30 times slower than TbO?*. Using iPrOH more definitively demonstrates faster
reactivity of TbO?*, with the reaction of PrO?* slower by at least two orders of magnitude. The
rate measured here for TbO?* with iPrOH is much faster than obtained previously with H,0,
providing a more definitive comparison to establish the contrast of “reactive” TbO?* versus “inert”
PrO%*.

Table 3.5 Hydrogen atom abstraction rates kaps for [Ln(O)(NO3)s]~ (Ln = Pr, Tb) with MeOH and
iProH. (@

Reactant species KabsV1€OH (s71) [P] Kabs"€0H (s71) [d] Kabs™" (s71)
[Tb(O)(NOs)s]” 0.0071 (9) 0.100 (7) 0.29 (2)
[Pr(O)(NO3)s]~ <0.003 <0.003 <0.003 [l

(2] Standard errors in parentheses; [®! Rates for lower pressure MeOH; [l Rates for higher
pressure MeOH; 19 ks < 0.003 s~ indicates no reaction observed.

The hydrogen atom abstraction rates suggest higher stability of Pr'V=0 versus Tb'V=0,
which contrasts to reduction potentials and other characteristics noted above. While complexes
of Pr'V and Tb'"Y have previously been isolated, the present results are the first to reveal a Pr'V
complex as more stable than its Th'" analog. The faster hydrogen atom abstraction reactivity of
DyO?* relative to NdO?** (see Table 3.3) also indicates relative stabilities of oxo versus
oxyl—despite considerable literature on isolation of Nd"V and Dy there was no indication of
higher stability of Nd'"V as revealed here.[44>5101]
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Accessibility of the formal +IV oxidation state is considered key to diminished hydrogen
atom abstraction reactivity, as more stable Ln'V=0 bonds should result in larger AE*.bs and AEaps
(Figure 3.5). In fact, the IE4 listed in Table 3.2 are perhaps the purest measure of the stability of a
Ln** ion relative to Ln3*, and they match the reactivity trends reported in Table 3.3. Slower
abstraction kinetics for Pr versus Th is in accord with the slightly lower IEs (more stable tetravalent
state) for Pr versus Tb.

While it is tempting to use this observation to support an ionic bonding model, we argue
that such an agreement with IE4 is likely coincidental. Further support for an ionic bonding model
is rooted in observations that actinide-oxo and lanthanide-oxo bonds are highly polarized (ionic)
and have lower formal bond orders than analogous actinide-imido and lanthanide-imido
bonds.l193104 |onic bonding models, however, contain an inverse dependence on radii, a
dependence that is lost in IE4 but captured in E°, which takes into account both ionization energies
and radii-dependent ion solvation.[*3**8] The lanthanide centers in [Ln(O)(NOs)s]~ can be
considered as “solvated” by the coordinating nitrate ions surrounding them, further casting doubt
on using a metric like IE4 alone to explain stabilities of lanthanide-oxo bonds in such complexes.

The failure of predicted E°(IV/11l) values to explain the reactivity of TbO?* over PrO?* (+3.3
V vs +3.7 V; Table 3.2 and Table 3.4) and of DyO?* over NdO?* (both +4.9 V; Table 3.2) demonstrates
that, although stability of the tetravalent oxidation state is undoubtedly important for stabilizing
a Ln"V=0 oxo, an assessment considering only IE4 or predicted E°(IV/Ill) is inadequate as these
properties concern stabilities of bare ions Ln*" in vacuum or fully hydrated, respectively. Such
purely ionic parameters are not suited to represent oxidation in complexes featuring a terminal
multiple Ln'Y=0 bond as it is not realistic to consider such a bond as fully ionic containing 0%
instead, there is undoubtedly some sharing of charge (i.e., “covalency”) between the Ln and O
centers. In this regard, a discussion of lanthanide-oxo bond stabilities would be incomplete
without considering the roles of electronic structure and bond covalency.

Atomic promotion energies have been invoked to rationalize reactivity of bare lanthanide
ions in hydrocarbon cracking as well as trends in lanthanide-oxo bond strengths, and there is
ongoing discussion about f-element covalency via participation of valence d- and f-orbitals.[’-10>-
1171 Schilling and Beauchamp surmised in 1988 that two non-4f electrons are required to explain
trends in reactions of bare Ln* with hydrocarbons,!1%! a perspective substantiated by Yin et al.,[1%!
Cornehl et al.,[1%7] and others.!198-110 |t was later demonstrated that 4f-to-5d promotion energies
can explain variations in lanthanide-oxo bond energies in diatomic molecules LnO and LnO*.[117]
Previous studies and models have suggested that the 4f electrons are core-like, such that
promotion to valence 5d-orbitals prepares the lanthanide for reactivity and bonding, with lower
promotion energies manifested as enhanced reactivity of the atom and higher BDEs of the formed
bonds. Table 3.2 includes some 4f-to-5d promotion energies required for preparation of
lanthanides to states with 5d electrons for bonding. The lower 4f-to-5d promotion energies for
Tb versus Pr predict that Th'"V=0 bonds should be stronger than Pr'V=0 if 5d participation is
important, this prediction in contrast to higher reactivity of TbO?* versus PrO?*.
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While participation of 5d-orbitals in bonding may be sufficient to understand lanthanides
in low oxidation states, there is growing evidence that 4f-orbitals are not fully core-like in
tetravalent complexes.[810-13,18118-123] y_rqy ahsorption spectroscopy demonstrates that while 5d-
orbital participation is similar in Ce"'Cle>~ and Ce'VClg?~, oxidation of Ce" to Ce'V enhances 4f
participation to a level comparable to 5d involvement.[1% |t has also been shown that lanthanide
imidophosphorane complexes show increased covalency via 4f-orbital mixing for higher oxidation
states with isoelectronic 4f’ configurations, such as Tb'Y more covalent than Eu", while isovalent
lanthanides show decreasing covalency with increasing atomic number, such as Ce" more
covalent than Tb'V.[13.18]

Covalency via overlap of orbitals is known to contribute to bond stabilization.®! Minasian
and co-workers found enhanced participation of 4f-orbitals in complexes of PrO, versus TbO;,
which was attributed to more diffuse 4f-orbitals of Pr.[!ll As this interpretation emphasizes, the
role of 4f-orbitals, though often neglected, may not be “innocent” and uninvolved in bonding. It
is similarly reasonable to surmise that increased 4f covalent contribution, facilitated by more
diffuse orbitals of Pr versus Tb, could enhance Pr'V=0 oxo character and diminish Pr'"-0°® oxyl
character, leading to a stronger and less reactive Pr-oxo versus Tb-oxo. The same qualitative
considerations—greater covalency stabilizing an oxo bond for more diffuse 4f-orbitals—could
explain less reactive NdO?* versus DyO?*, a result not rationalized by equivalent predicted E°(I1V/IIl)
for Nd and Dy (4.9 V, Table 3.2).

As mentioned in an earlier section, basicity of the Ln-oxo group is another crucial driver
of hydrogen atom abstraction reactivity, as demonstrated by Mayer’s approach.l76-82911 Cerjum-
oxos, the only Ln=0 isolated thus far, are all characterized by basic (nucleophilic) reactivity of the
Ce'V=0 moiety, owing to poor orbital mixing between the Ce and O orbitals.[3>737:39401 | ack of
sufficient orbital mixing leads to a bonding scenario where ionic contributions to bonding are
significant, that is, where Ce?*=0° contributions are weak versus Ce3*—0"and Ce* 0% descriptions
of bonding which drive the reported nucleophilicity. Yet, as we reasoned above: of all the Ln,
covalent contributions (i.e. Ce?*=0°) are most favored for Ce, and these would decrease with
other Ln, such that most other Ln-oxos become too basic to be isolated in the condensed phase.
Thus, while Ce-oxos are basic, they make one of the least basic Ln-oxos. The subsequent loss in
covalent contributions for other Ln leads to several related effects: there is an increase in ionicity,
an increase in basicity, and an increase in Ln""-0° oxyl character, which all contribute ultimately
to an increased rate of hydrogen atom abstraction, kgps, as reported in this study.

One last observation can be made based on our reported kgps and the finding of increased
4f orbital mixing of Pr and O orbitals in PrO; (even over Ce0>) as reported by Minasian et al.,[*!
coupled with the higher barrier to oxidize Pr'"" (over Ce'") and the nucleophilicity of existing Ce-
oxo complexes. If the barrier to oxidize Pr'" is surmounted and a Pr-oxo complex can be made, it
is likely to be less nucleophilic and potentially more stable than the analogous Ce-oxo complex.
Certainly, gas-phase experiments would help to illustrate this difference as well: by replacing NO3~
in the [Ln(O)(NOs)3]~ complexes studied with weakly donating ligands (like ClO47), or by utilizing
stronger hydrogen donating reagents (weaker O—H bonds) would help to illustrate this difference
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as well, specifically, in the predicted reduced tendency of PrO?* to abstract a hydrogen relative to
the CeO% moiety.
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Conclusions

Reactivity was assessed for gas-phase anionic lanthanide oxide complexes, [Ln(O)(NOs)s]~
, formed via NO>* elimination from [Ln"'(NOs)4]™. Expanding on a previous survey of reactivity with
H,0,%%! hydrogen donors MeOH and iPrOH with weaker R—H bonds and higher gas-phase
basicities were employed to compare reactivity of six lanthanides most easily oxidized to the
tetravalent state: Ce, Pr, Nd, Sm, Tb, and Dy. Based on standard electrode potentials and relative
reactivities, the LnO?** moiety in [Ln(O)(NO3)3]~ can be considered a nearly pure oxo for Ln = Ce
(CeV=0), in contrast to oxyls Ln"-O° for Ln = Sm and Dy. The less reactive Ce'V=0 complex
evidently features larger reaction barriers and less favorable reaction energies. The other three
considered LnO?* (Ln = Pr, Nd and Tb) are better represented as intermediate oxidation state,
Ln"V, with oxyl/oxo character resulting in intermediate hydrogen atom abstraction kinetics.
Faster kinetics for NdO?* compared with PrO?* and TbO?* is in accord with less stable Nd'V and
greater Nd"-O- character.

Whereas TbO?* reacted with both MeOH and iPrOH, PrO?* was comparatively inert, with
at least two orders of magnitude slower kinetics using iPrOH. The implication that Pr'" is more
stable towards reduction than Tb'Y contrasts with solution electrode potentials, decomposition
of solid compounds, and reactivity of molecular complexes, all of which indicate higher stability
of Tb" versus Pr'V. For extremely ionic solids, bonding may be reasonably modeled based on metal
atom ionization in vacuum or electrode potentials in solution. The terminal oxygen in the
complexes studied here can form multiple bonds to the lanthanide, with differing degrees of
covalency that might involve 4f- and/or 5d-orbitals. The lower reactivity (higher stability) of Pr'V=0
versus Tb'V=0 suggests reduced covalency of the latter due to more compact valence orbitals with
increasing nuclear charge. Similarly, lower reactivity of NdO?* versus DyO?* implies higher stability
of Nd'V versus Dy, which is not expected based on nearly identical E°(1V/IIl) but is consistent with
greater covalency for the lighter lanthanide Nd.[*3]

Beyond Pr'V and Tbh"Y emphasized here, Nd", Dy, and Pm'Y emerge as lanthanides with
sufficiently low predicted E°(1V/111) to potentially form tetravalent molecular complexes. Changing
the surrounding ligand architecture in gas-phase [Ln(O)(NOs)s3]~ might favor Ln'V=0 oxos,
rendering them unreactive towards hydrogen atom abstraction. This approach would elucidate
comparative stabilities of Nd'"V, Dy" and Pm", and perhaps yield the first Dy-oxo and Pm-oxo
complexes. Replacing the ancillary nitrate ligands in [Ln(O)(NOs)s3]~ with better donors like
hydroxide or fluoride might stabilize Dy"V=0 and Pm'V=0.

The approach employed here to assess Ln""V stabilities via hydrogen atom abstraction
could be extended to actinides (An). In particular, Am, Cm, Cf, and Es have E°(IV/IIl) = 2.4, 3.0, 3.2,
and 4.5 V respectively—in the same range as E°(IV/IlI) for Pr, Tb, and Nd (Figure 3.4). Exploring
the nature of An'Y=0 bonds would provide comparison with Ln'V=0, perhaps revealing a role of
more diffuse actinide 5f- and 6d-orbitals—versus lanthanide 4f and 5d—in enhancing bond
covalency, multiple-bond character, higher oxidation states, and reduced reactivity.
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Chapter 4

Organolanthanide Complexes Containing Ln—CHs; o-bonds:
Unexpectedly Similar Hydrolysis Rates for Trivalent and
Tetravalent Organocerium

87



Introduction

Since the isolation of the first m- and o-bonded organometallic lanthanides in 1954 by
Wilkinson and Birmingham,* and in 1972 by Cotton et al., respectively,? organolanthanides have
found synthetic and catalytic relevance in methanol synthesis, polymerization, olefin
hydrogenation, hydrosilylation, alkyne dimerization, and even metallobiochemistry.3=! The Lh—C
bond has also become a focus of gas-phase studies, including laser-ablated lanthanide complexes
probed via two-photon ionization or infrared spectroscopy.[*®-12 Unsurprisingly, then, there are
many reviews detailing aspects of organolanthanide bonding, spanning oxidation states +lI, +lll,
and +IV (Roman numerals implying formal oxidation states), as well as o- and m-bonds.[*3-23]
Organolanthanides are categorically sensitive to air and moisture, and involve electrostatic Ln—C
bonds exhibiting fast ligand exchange (e.g., exchanging alkyls or cyclopentadienyl with halides in
FeCl; and UCls to form the more covalent Fe—C and U-C analogues, or scrambling bridging and
terminal alkyls intramolecularly). Thus, organolanthanides require steric bulk and coordinative
saturation to stabilize molecular complexes.

Tetravalent organocerium chemistry, less developed than its trivalent counterpart, faces
the additional dual challenges of a strongly oxidizing Ce', and a one-electron oxidation of Ce'"
that is extremely sensitive to solution conditions and ligand reorganization: as the ionic radius
decreases from 1.01 A to 0.87 A, large inner sphere ligand reorganization energies diminish the
predictive power of thermodynamics in cerium oxidations.[202%241 Because of this, an
understanding of the formally tetravalent Ce'V—C o-bond is still in its infancy: the first CeV—Ccarbene,
Ce'V=Ccarbene and Ce'V—Caryi were reported in the last two decades, and no Ce'V—Caik,i complexes are
known to date.[?>?71 Enhanced covalency in Ce'V complexes is identifiable experimentally by slow
rates of ligand exchange (with UCls) and hydrolysis (in wet THF), relative to Ln"' analogues, and
computationally by decreased polarization of the Ce'V—C bond, with ligand exchange rates and
bond polarization typically comparable to Th" and U" analogues.[?26-33] Cerium, however, is a
lanthanide, and to date, no studies have systematically probed organolanthanide bond stability
as a function of oxidation state: e.g., Ce'V—C relative to Ce'"'-C, and Eu'"—C relative to Eu'"'-C. There
is also a lack of understanding of Ln—C bond stability as a function of Ln size: for example, while
trivalent organolanthanide thermal stability is inversely correlated to size (e.g. Lu'"'-C more stable
than La"-C), the opposite trend is observed for divalent organolanthanides (e.g. La"-C more
stable than Lu"—C).343% Finally, there is no clear correlation of the ground state electronic
configuration (e.g. 4f"*1 vs 4f"5d* in Ln" complexes) to Ln—C bond stability or reactivity.!3¢!

An inert environment in the gas phase allows for the study of air- and moisture-sensitive
organolanthanide bonds, and trends in organolanthanide bonding can be studied systematically.
Mass spectrometers equipped with electrospray ionization (ESI) and collision-induced
dissociation (CID) capabilities allow studies of organic, inorganic, and organometallic reactivity.[37-
391 Charged complexes can be transferred to the gas phase via ESI, where they can be subjected
to reactions with neutral reagents or heat (i.e., CID).[*0*3 Organometallic species, in particular,
can be prepared via CID-induced endothermic decarboxylation of acetates, forming M—C bonds
which can then react with water via hydrolysis to form M—OH bonds. This approach has been
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covered extensively in a recent review by O’Hair and Rijs,[*¥ and has also been applied to f-
elements, where decarboxylation and hydrolysis have been used to prepare and probe new types
of actinide—carbon (An—C) o-bonds.[*>=>%1 When discrete actinyls containing AnV'-C bonds were
isolated in [AnO2(R)(RCO.)2]~ complexes (An = U, Np, Pu), the rate of hydrolysis followed UO,** >
NpO,%* > Pu0,?%, in line with expected slower hydrolysis for more covalent Pu.7%% Here, we
report the gas-phase isolation and reactivity of the first tetravalent cerium-alkyl complex,
[Ce'V(O)(CH3)(CHsCO,),]-, and compare the hydrolysis rate of the Ce'V—CHs3 bond with several Ln"'—
CHs (including Ce""-CH3) and Eu'-CHs.
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Concepts and Methods

The experiments were performed in a ThermoScientific LTQ-XL linear ion trap mass
spectrometer (LIT/MS). The LIT/MS is equipped with an lon Max atmospheric pressure ionization
(API) source housing with a heated ESI probe (HESI-Il). The LIT/MS also has MS" CID capabilities.
The detection range is 50-2000 m/z, and Normal scan rate results in peak width resolution
(FWHM) of < 0.4 m/z. The instrument was operated in negative ion accumulation and detection
mode, with maximum ion injection time of 10 ms and Automatic Gain Control to maintain
optimum quantity of ions for each scan. Though optimized in cases with very low target ion
intensities, most spectra were acquired with the following instrumental parameters: solution flow
rate, 5 uL-min~?; source voltage, +3500 V; sheath gas flow rate, 3 arb units; capillary voltage, —6.1
V; capillary temperature, 325 °C; tube lens voltage, —241.2 V; lens 0/1, 7.50/39.00 V; multipole
00/0/1 offset, 6.50/9.75/17.5 V, gate/front/back lens, 14.0/12.0/-0.2 V; multipole RF amplitude,
400 V,-p; front/center/back section, 8.7/12.0/6.9 V.

High-purity N2 for nebulization and drying is supplied by the boil-off of a liquid nitrogen
Dewar. Helium is used as a bath/buffer gas to assist in trapping efficiency and to serve as the
collision gas for CID studies. The pressure inside the LIT is about 10™ Torr, where ions can
thermalize via collisions with helium and are stored in the LIT at an effective temperature of 318
+ 23 K, allowing studies of reactivity at near ambient temperature.l®>-831 For CID experiments
reported in this study, precursor ions were isolated using an isolation window of 1.0 m/z and the
normalized collision energy (NCE) was set between 20 and 60% (percentage relative to arbitrary
units). The activation parameter Q, which defines the frequency of the applied radio frequency
potential, was set at 0.25 and a 30 ms activation time was used. The water pressure in commercial
3-D quadrupole ion traps (QITs) has been estimated around 107 Torr,[®4 and the pressure inside
the LIT tends to be lower.[>%%] This water pressure is sufficient to observe ion-molecule reactions
by storing ions in the LIT for a time ranging from 1 ms to 10 s.

Lanthanide salts were dissolved in ethanol/water mixtures (< 25% H,0) to make stock
solutions of La(NOs)s, Ce(NOs)s, Pr(CHsCO3)s, NdBrs, SmCls, Eu(NOs)s, Tb(CH3CO3)3, Tm(NOs3)s,
YbBrs, and Lu(CH3CO3)s. These stock solutions, when diluted to 10-20 pM in Ln3* and mixed with
1-20 pM in HNOs and 0.2-4 M in CH3CO2H, were subjected to ESI to generate gas-phase
lanthanide acetates and nitrates.

Trivalent lanthanide anions [Ln"(CH3CO3)4]” (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Tm, Yb, Lu),
produced by ESI, can be isolated in the ion trap. After this purification step, CID can be used to
decarboxylate the acetate and form the trivalent lanthanide-methyl complexes,
[Ln"(CH3)(CH3CO3)s]™ (Ln = La, Ce, Pr, Nd, Sm, Tb, Tm, Yb, Lu), as shown in the decarboxylation
reaction 4.1a and illustrated in Figure 4.1a.

[Ln"(CH3CO2)a]- —— [Ln"(CH3)(CH3CO2)3]" + CO> (4.1a)
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In the case of Eu and Yb, ligand loss is observed, resulting in reduction from Ln"" to Ln", as
shown in the reduction reaction 4.2 and illustrated in Figure 4.1b. Instead of ligand loss, a
stepwise decarboxylation (reaction 4.1a) followed by methyl radical elimination cannot be ruled
out, even though the intermediate lanthanide-methyl complex is not observed. For Eu, the
reduced complex can then decarboxylate to form the respective divalent methyl complex,
[Eu'(CH3)(CH3CO,)2]~, as shown in the decarboxylation reaction 4.1b. Efforts to isolate the Yb"
acetate complex for further CID were unsuccessful, owing to very low intensities in the ion trap.

[Ln"(CH3CO,)4]” — [Ln"(CH3CO,)s]~ + CH3CO,* Lh =Eu, Yb (4.2)
[Eu'(CH3CO,)3]” —— [Eu"(CH3)(CH3CO,),]~ + CO» (4.1b)
Tetravalent lanthanide-oxo precursors [Ln'"V(O)(CH3CO2)n(NO3)3-n]~ can result from nitrate
decomposition of [Ln"(CH3CO2)n(NO3)a—n]" (n = 3 for Ln = Ce; n = 1 for Ln = Ce, Pr), as shown in the
oxidation reaction 4.3 and illustrated in Figure 4.1c.1-77] Distinctively for Ce, the precursor
complexes further decarboxylate, forming the tetravalent cerium-methyl complex
[CeV(O)(CH3)(X)2]~ (X = CH3CO2, NOs), as shown in the decarboxylation reaction 4.1c.
[Ln"(CH3CO2)n(NO3)a-n]- —— [Ln"Y(O)(CH3CO2)a(NO3)3-n]" + NO2*  Ln=Ce, Pr (4.3)

[Ce"V(O)(CH3CO2)n(NO3)3-n]- —— [Ce"V(O)(CH3)(CH3CO2)n-1(NO3)3-n]~ + CO> (4.1c)
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Figure 4.1 CID mass spectra (NCE: 30%) of isolated (a) [**°La" (CH3CO;)4]", (b) [*°1Eu"(CH3CO3)4]~
, and (c) [**°Ce'"(CH3CO;)3(NOs)], depicting decarboxylation (reaction 4.1a), reduction (reaction

4.2), and oxidation (reaction 4.3) respectively.
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Figure 4.2 Mass spectra depicting hydrolysis (reaction 4.4a) of [*3°La"(CH3)(CH3CO2)3]~ to form
[*3°La"(OH)(CH3CO;)s]-, itself generated by decarboxylation (reaction 4.1a) of
[3°La"(CH3CO3)4]".

The lanthanide-methyl bonds created via reactions 4.1a, 4.1b, and 4.1c all react with
background water in the ion trap. These hydrolysis reactions result in the formation of a
lanthanide-hydroxide bond with the elimination of neutral methane, as shown in the hydrolysis
reactions 4.4a, 4.4b, and 4.4c and illustrated in Figure 4.2 for the La"-CHs bond. Kinetics of these
hydrolysis reactions were obtained by storing the lanthanide-methyl complexes in the LIT for
different reaction times and observing the relative ratios of the reactant lanthanide-methyl
complex and product lanthanide-hydroxide complex. Sample kinetic plot for La"'-CH3 hydrolysis
is shown in Figure 4.3.

[Ln"(CH3)(CH3CO2)3]™ + H20 —> [Ln"(OH)(CH3CO2)3]~ + CHa (4.4a)
[Eu"(CH3)(CH3CO2)2]~ + H20 —— [Eu'(OH)(CH3CO.)2]™ + CH4 (4.4b)
[Ce(0)(CH3)(CH3CO2)2]™ + H20 —— [Ce™(0)(OH)(CH3CO,)2]™ + CHa (4.4¢)

Each mass spectrum reported in this study was recorded by averaging 50 spectra. The
partial pressure of water in the ion trap is several orders of magnitude larger than that of reactant
ions, and as a result, hydrolysis kinetics can be simplified by pseudo first-order kinetics. The
absolute (intrinsic) rate constant, k'n4, and the large water concentration, [H20], can be
combined into the pseudo first-order rate constant, knya:
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d[Ln(OH)]

= KiyalH01[Ln(CH3)] = kyg[Ln(CH3)]

Note that the lanthanide-methyl and lanthanide-hydroxide anion complexes have been
abbreviated as Ln(CHs) and Ln(OH) in the rate equation. The pseudo-first order integral rate law
is then:

EICID) S
"n(Chlo ™

Analytically, this last relationship yields a semilogarithmic plot giving a straight line with a
slope that is the negative of the rate constant,—knyq, as in Figure 4.3. For a reaction mass spectrum
such as in Figure 4.2, [Ln(CH3)]: is the reactant intensity at time t, and [Ln(CH3)]t=o is the sum of
the reactant and product intensities at time t. Reaction rates are measurable for 0.005 s7* < kpyq <
50 s7%, where the lower limit signifies 5% conversion by 10 s, and upper limit signifies 90%
conversion by 50 ms.

time (s)
0 0.1 0.2 0.3 0.4
0 | | |
0.25 + 0
@ [La(CH;)(CH;CO,);]
- (®) slope = —2.409 (41) 5!
= R? = 0.996
= 8o
= 05 +
°6
(@)
-0.75 + Q
-1

Figure 4.3 Sample kinetic plot of the hydrolysis reaction 4.4a of [La"'(CHs)(CH3CO;)s]". The rate
of hydrolysis, knya(La"), is the absolute value of the slope. The x-intercept is non-zero because
the reaction time is applied on top of innate time delays (ca. 0.05 s) in isolating and ejecting the
trapped ions. Standard error in slope is indicated in parentheses.
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Because the absolute water pressure in the ion trap is unknown and may vary slightly from
day-to-day, the rate of hydrogen atom abstraction, kqss, of [La"(O°)(NOs)3]~ (reaction 4.5) was
measured alongside every kn,g measurement.[6%76]

[La"(O°)(NOs3)3]~ + H,0 —— [La"(OH)(NO3)s]~ + OH® (4.5)

Water pressure in the trap, measured by changes in kabs, has a day-to-day deviation of
approximately 18%. Based on this, water pressure is estimated to vary by 6% over the course of
experiments on a single day, which is used as the error in kaps measurements. The knyq are then
scaled to kq»s measured on the same day to get dimensionless scaled hydrolyses rates, k%yq:

khyd( Ln)
kabs

kohyd(l-n) =
Finally, these k%yq agnostic to the day-to-day pressure variations, are all normalized to

kyq(La") arbitrarily defined as 100, and reported as dimensionless relative rate constants k’ayq:

kohyd( Ln)

khyd(Ln) =100 - m
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Results and Discussion

Rationalizing the rates of hydrolysis for trivalent organolanthanides

Organolanthanide chemistry is evolving rapidly since the first m- and o-bonded complexes
of lanthanides, but the general description of bonding has not changed: Ln—C bonding is highly
polarized and results in Ln that are strong Lewis acids. These Ln-centers are oxophilic and reactive
to air and moisture. Indeed, successful isolation of o-bonded organolanthanides, like those
studied here, requires steric bulk and coordinative saturation: for example, thermal stability for
trivalent organolanthanides increases with smaller lanthanide size.[!31421] By moving to the gas
phase, where H,0 and O, concentrations are low, several organolanthanides, from La through Lu,
were isolated without the use of bulky ligands. The isolation of Ln complexes featuring simple
ligands, like methyl, unlocks the potential to probe fundamental aspects of the Ln—C bond.

Table 4.1 Relative rates of hydrolysis (reactions 4.4a, 4.4b, 4,4c), k’ny4, for various Ln—CHz bonds.
All rates are normalized to [La"(CH3)(CH3CO>)s], defined as 100. 2

Reactant species K’nya
[La"|(CH3)(CH3CO2)s]™ 100 (18)
[Ce"(CH3)(CH3CO)s]” 93 (17)
[Pr'"(CH3)(CH3CO2)3]" 110 (19)
[Nd"/(CH3)(CH3CO2)s]~ 88 (16)
[Sm"(CHs)(CH3CO>)3] 73 (13)
[Tb"(CH3)(CH3CO2)s] 54.4 (9.7)
[Tm'(CH3)(CH3CO2)s]~ 31.9 (5.7)
[Lu"(CH3)(CH3CO)s]™ 20.6 (3.6)
[Eu"(CH3)(CH3CO2)2]" 192 (34)

[Ce"V(O)(CH3)(CH3CO2),]™ 104 (19)

(2] Errors (two-sigma) in parentheses.

These lanthanide-methyl complexes were prepared by spraying a solution containing
lanthanide and acetate ions. ESI produces gas-phase lanthanide acetates, [Ln"(CH3CO.)4]~, which
were isolated in the ion trap. Excitation of lanthanide acetates via CID results in decarboxylation
(reaction 4.1a), allowing the isolation of lanthanide-methyl complexes, [Ln"(CH3)(CH3CO,)s]".
Once isolated, the [Ln"(CH3)(CH3CO,)s]™ can be observed to hydrolyze (reaction 4.4a), forming the
hydroxide [Ln"(OH)(CH3CO2)3]- and eliminating neutral methane at a measurable rate of
hydrolysis, k’ayq(Ln").

The scaled and normalized rates of hydrolysis, k’syq, for several trivalent Ln"'-CH3 bonds in
[Ln"(CH3)(CH3CO2)s3]™ are reported in Table 4.1 and visualized in Figure 4.4. The k’n,q follow the
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order: Pr>La > Ce > Nd > Sm >Tb > Tm > Lu. Rates of hydrolysis for the Ln""-CHs3 bond, with the
notable exception of Pr, decrease with decreasing Ln size. The decrease in k’nyq is significant: the
Lu""-CH3 bond hydrolyzes five times slower than the La"-CHs bond. The increased stability of
smaller Ln is in qualitative accord with condensed-phase literature and demonstrates the ability
of gas-phase results to recover insights from the condensed phase.[!314

According to previous literature on organometallic bond hydrolyses, steric crowding and
metal hardness (polarizability), both dependent on metal size, assert control on hydrolysis rates
in opposite ways.[* While framing the rationalization of Ln""—CHs bond hydrolysis rates in terms
of sterics and hardness alone is an oversimplification, such an approach is illuminating and can
explain observed trends. For example, steric crowding around [Mg(CHs)(X)2]~ leads to slower
hydrolysis when the spectator ligands X are bidentate acetates versus monodentate chlorides; for
this particular system, sterics are a better predictor of reactivity than both electrostatics and
thermodynamics.l”8 Alternatively, given that hydrolysis results in elimination of the softer methyl
ligand in favor of a harder hydroxide ligand, hardness of the metal center can favor hydrolysis. For
example, hydrolysis of M—CHs in [M(CHs)(phen)]* dominates when M = Ni relative to the softer
(larger) Pd and Pt.l7?!

Given the dual effects of decreasing Ln size, the variations in k’s4 can be interpreted as
the result of competition between steric crowding and metal ion hardness. Lanthanide ions are
traditionally considered to be hard Lewis acids, with hardness increasing from La to Lu. The ~16%
reduction in radius (Shannon’s Effective lonic Radii®) from La3* to Lu3* results in a substantial
~30% increase in surface charge density (Z/4mr?); the increased hardness comes with predictable
consequences in fragmentation patterns of gas-phase bimetallic clusters.[!l Furthermore, the
same ~16% reduction in radius from La3* to Lu3* results in a ~40% reduction in effective volume
(4rtr3/3) of the Ln center, increasing steric overcrowding around the Ln center. Mechanistically, a
harder (smaller) Ln center provides a more favorable coulombic attraction towards H,0, lowering
the association (hydration) energy and allowing for more efficient reactivity.!®?! Alternatively,
overcrowding in the transition state leads to stronger repulsive interactions that raise the energy
of the transition state, thereby slowing reactivity.8384
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Figure 4.4 Relative rates of hydrolysis (reaction 4.4a), k’na, for trivalent Ln"-CHs; bonds in
[Ln"(CH3)(CH3CO2)s]~. All rates are normalized to [La"(CH3)(CH3CO:)s], defined as 100. Error
(two-sigma) depicted by error bars.

The progressive decline in hydrolysis rates from La to Lu (Figure 4.4) suggests that steric
crowding outcompetes hardness. Assuming bidentate coordination from each of the acetates, the
Ln are only seven-coordinate in [Ln"(CH3)(CH3CO,)s]~; given that Ln"' typically accommodate
much higher coordination numbers, these Ln centers appear to be sterically unsaturated.[8>26]
Lanthanum, for example, is 10- and 12-coordinate in anhydrous lanthanum salts of acetates and
nitrates respectively.®®) Given this context, the decline in hydrolysis rates is intriguing and
suggests that the chemistry of seven-coordinate Ln centers in the gas phase is still dominated by
steric effects.

If the thesis developed so far (that sterics outcompete hardness) is in operation, then
decreasing steric crowding has the potential to reverse the trend in Figure 4.4. This would result
in increasing hydrolysis rates from softer La"'-CHs to harder Lu"-CHs. Potential ways to
accomplish such a reactivity reversal include: (i) switching from bidentate to monodentate ligands
like chlorides, resulting in four-coordinate [Ln"(CHs)(Cl)s]~, and (ii) switching from anionic to
cationic complexes, eliminating two ligands to result in the three-coordinate [Ln"(CH3)(CH3CO,)]*
or two-coordinate [Ln"'(CHs3)(Cl)]*. While (i) may be feasible experimentally, given the wide
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availability of LnCls salts, (ii) may not be so simple as CID fragmentation patterns and ion-molecule
reactions can vary from negative to positive polarity inside an ion trap. This was demonstrated by
van Stipdonk et al., who noted that UO,%* acetates fragment differently depending on polarity of
the complex: ketene elimination to form cationic UO,OH*, or neutral ligand elimination to form
an anionic UO,* acetate.[*?52 Because of disparate cationic and anionic reactivity observed in the
gas-phase, future studies that probe hydrolysis rates experimentally in [Ln"'(CHs)(Cl)3]~ and
computationally in the cationic complexes of [Ln"(CHs)(CH3CO,)]* and [Ln"(CHs)(Cl)]* are
encouraged. Given that the cationic complexes have fewer electrons, it may be more feasible to
approach them via computational studies.

Finally, the seemingly anomalous Pr'"'—CHj; result in Figure 4.4 is intriguing. The degree by
which k’na(Pr'") deviates from the rest of the lanthanides is small and possibly explained by
variation within the error limits, however, this faster-than-expected k’sa(Pr'") result is
reproducible and was confirmed by additional rate determinations. Perhaps future studies
focusing on Ln"'—C hydrolysis and stability, both computationally and in the condensed-phase,
could further assess and illuminate the nature of this apparent deviation observed for Pr''—C.
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Comparisons to hydrogen atom abstraction reactivity

It is tempting to draw analogies to our work studying hydrogen atom abstraction reactivity
(Chapter 3) of trivalent Ln-oxyl complexes [Ln"(O*)(NOs)s]~ (reaction 4.5 for various Ln).l’®l The
similarity of hydrolysis reactions 4.4a and 4.5, apart from their bimolecularity, is apparent, in that
both feature anionic, seven-coordinate trivalent Ln complexes, presumably featuring three
bidentate ligands and one reactive monodentate ligand. Furthermore, H,O is the reagent in both
instances.
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Figure 4.5 Relative rates, k’, of Ln""-CHs hydrolysis (reaction 4.4a, k’nyq, blue circles) and Ln"-0O°
hydrogen atom abstraction (reaction 4.5, k’abs, gold squares). k'nya and k’aps were measured for
[Ln"(CH3)(CH3CO.)s3]~ and [Ln"(O°)(NO3)s]~ respectively. Both k’ng and k’aps are relative to
K’nya(La) and k’abs(La) respectively, normalized to 100 in each case. Data for k’nya is from Figure
4.4, and data for k’ass is from Lucena et al.78! Uncertainties are removed for ease of comparison.

Owing to these parallels, the rates of reactions 4.4a and 4.5 are compared in Figure 4.5 as
plots of relative hydrogen atom abstraction rates, k’ass, reported elsewhere (Chapter 3),7¢! and
relative hydrolysis rates, k’nyq, reported here. The k’aps are essentially invariant to Ln size, which
contrasts with k’syq.
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The transition state of both reactions 4.4a and 4.5 involves activation of the H-OH bond.
In hydrolysis, the first step is coordination of H,0 to the metal-center, followed by H-OH activation
via a Lewis acid-base mechanism where a proton is transferred from H,0 to the methyl ligand to
yield the hydroxide.[#446:69.7879 |n contrast, for hydrogen atom abstraction, because the formed
hydroxyl radical does not remain coordinated, the first step may or may not involve coordination
of H,0 to the metal-center, and subsequent H-OH bond activation may occur by either a stepwise
or concerted proton coupled electron transfer.[87-93]

The difference between k’aps and k’nya suggests that the initial H.O association step in
hydrogen atom abstraction reactivity of [Ln"'(O)(NOs)s]™ involves an outer-sphere coordination
pathway rather than a metal-coordinated pathway. An outer-sphere coordination via hydrogen
bonding between the Ln-oxyl and H—OH should be relatively invariant to Ln size, as evident in
Figure 4.5, in contrast to an inner sphere coordination subject to steric overcrowding around the
Ln-center as exhibited by the corresponding hydrolysis reactions.
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Fragmentation reveals differing redox behavior

The first step to isolating complexes featuring Ln—CH3 bonds is CID decarboxylation of
acetates generated via ESI. When [Eu"(CH3CO,)a]™ and [Yb"(CH3CO,)4]~ are subjected to CID
(Figure 4.6) with a goal of preparing trivalent organolanthanide complexes to obtain k’sa(Ln'"),
reduction to formally divalent Ln" via neutral acetate ligand loss, reaction 4.2, is observed. This is
in line with the accessible reduction potentials of Eu"' and Yb"', with E°(11I/Il) of =0.35 V and —-1.15
V vs NHE respectively, these being the highest among the lanthanides.[®*% Reduction via neutral
ligand loss under low-energy CID conditions employed here has been reported previously: for
example, [Cf'(CH3S0,)s3]~ was isolated via CID-mediated elimination of a neutral methanesulfinate
ligand.l®”l When reduction is thermodynamically accessible, such as in An0,2* (An = U, Np Pu) and
in some trivalent Ln carboxylate complexes, it can occur in competition with decarboxylation, and
the same effect is seen here.[46:4849,52,54]
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Figure 4.6 CID mass spectra (NCE: 30%) of isolated [Ln"(CH3CO2)4]” for Ln = (a) >1Eu, and (b)
172yp. Three fragmentation products are evident: [Ln"(CH3CO;)s]~ (gold arrow) via reduction
(reaction 4.2), [Ln"'(CH3)(CH3CO2)s]~ (blue arrow) via decarboxylation (reaction 4.1a) and
[Ln"'(OH)(CH3CO;)s]~ (blue dashed arrow). In accord with favorable reduction potentials, both
Eu and Yb complexes undergo neutral acetate loss and form the reduced divalent acetates.
Decarboxylation to form [Ln"'(CH3)(CH3CO2)3]~, however, is suppressed for Eu relative to Yb.
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While reduction and decarboxylation are competitive for [Yb"(CH3CO2)4]~, reduction
outcompetes decarboxylation for [Eu'(CHsCO2)4]", and we are unable to isolate the trivalent
organoeuropium complex. However, [Eu"(OH)(CH3CO,)s]™ is observable as a minor product,
which could result either from an extremely fast hydrolysis with k’sq(Eu") > 2000 s™* (unlikely in
view of the other much slower k’nq4(Ln")), or via a ketene (CH.CO) elimination as a direct
fragmentation product. The reduced complexes of Eu and Yb, [Ln"(CH3CO2)3]", provide an
opportunity to further decarboxylate (reaction 4.1b) and isolate the divalent organolanthanides
featuring the Ln"-CHs bond. Attempts to isolate the Yb'"-CHs bond failed; results for the Eu'—CHs
bond are discussed in the next section.

A key motivation of this study is to understand the effect of a higher (Ln'"V) oxidation state
on Ln—C bond stabilities and hydrolysis rates. Nitrate decomposition has been utilized in both gas-
and condensed-phase studies to oxidize metal centers, and this technique has been extended to
lanthanides in the gas phase.l®-77! To obtain formally tetravalent organolanthanides, complexes
of Ce, Pr, and Tb of the type [Ln"(CH3CO2)(NO3)3]~ and [Ln"(CH3CO3)3(NOs)]~ were isolated and
subjected to fragmentation. The CID mass spectra of [Ln"'(CH3CO2)(NOs)s]~ with Ln = Ce, Pr and
Tb are reported in Figure 4.7.
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Figure 4.7 CID mass spectra (50% NCE) of isolated [Ln"(CH3CO2)(NOs)s]~ for Ln = (a) *4°Ce, (b)
141pr and (c) 1>°Th. Two fragmentation products are evident: [Ln"(CH3)(NOs)s]~ (blue arrow) via
decarboxylation (reaction 4.1a) and [Ln"V(O)(CHsCO2)(NOs):]- (gold arrow) via oxidation
(reaction 4.3). Oxidation to tetravalent [Ln'"(O)(CH3CO2)(NO3).]" is observed for Ce and Pr, but
not Th.

The two fragmentation pathways, namely, nitrate decomposition (oxidation to Ln" via
reaction 4.3) and decarboxylation (Ln""-CHs formation via reaction 4.1a) are in competition, with
the results aligned with expected ease of oxidations for these three Ln. In the case of Ce, nitrate
decomposition to form the oxidized [Ce'V(O)(CH3CO2)(NOs)2]™ is observed as the only pathway,
whereas for Tb, nitrate decomposition is suppressed in favor of decarboxylation to retain Th"" in
[Tb"(CH3)(NOs)s]~. The Pr case is particularly interesting: the Pr complex fragments via both
nitrate decomposition and decarboxylation, suggesting that the accessibility of Pr'V is
intermediate between Ce"V and Tb'V. This result is in contrast to Tb having a slightly lower E°(1V/111)
than Pr (by 0.1-0.4 V vs NHE)?®*% which corresponds to easier oxidation of Tb" versus Pr'" in
aqueous solution. The present result, which seemingly contrasts with solution redox properties,
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is aligned with the observation that the Pr'V=0 bond is more stable than the Tb'V=0 bond, which
is attributed to Pr having an increased potential to engage in favorable covalent interactions via
multiple bonding.[®°]

After the initial oxidation step, [Ln'V(O)(CHsCO2)(NOs)2]~ complexes of Ce and Pr were
isolated and subjected to an additional CID step, with hopes of decarboxylating the acetate
(reaction 4.1c) to form tetravalent lanthanide-oxo-methyl complex [Ln'Y(O)(CH3)(NOs)2]~ featuring
a Ln"(O)(CHs)* core. Results of these fragmentations, shown in Figure 4.8, demonstrate the
potential of CID to reveal unique redox behavior. Tetravalent praseodymium, with a formal
electron configuration of [Xe]4f! in [Pr'V(O)(CHsCO2)(NOs).]-, sheds the last valence electron and
forms the complex [PrVO2(CH3CO2)(NOs)]~ featuring a linear pentavalent praseodymyl core:
PrV0O,*. Pentavalent praseodymium species have observed and characterized in both solid noble-
gas matrices as well as ion traps.”7°8%1 Monteiro et al. in particular have elaborated on the
structure and nature of praseodymyl previously.[””)
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Figure 4.8 CID mass spectra (30% NCE) of [Ln"Y(0)(CH3CO,)(NOs)2]~ for Ln = (a) **°Ce, and (b)
41pr produced from oxidation of [Ln"(CH3CO;)(NOs)s]~ (reaction 4.3, Figure 4.7). Two
fragmentation products are evident: [Pr'(0),(CH3CO;)(NOs)]~ (blue arrow) via another
oxidation, and the desired [Ce'V(O)(CH3)(NOs)z]~ (gold arrow) via decarboxylation (reaction
4.1c). For Pr, oxidation to pentavalent praseodymyl, PrO,*, is seen, whereas the Ce complex
fragments to form a tetravalent organolanthanide.
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Thus, neither Tb nor Pr result in the desired tetravalent organolanthanide complexes,
albeit for differing reasons, to wit inaccessible Th'" and accessible PrV. The [Ce'V(O)(CHs)(NOs)2]~
and [Ce'V(0O)(CH3)(CH3CO3),2]” complexes, which feature the elusive Ce'V—CHs bond, are accessible
and represent the first gas-phase complexes featuring any CeY—Cakyi bond, providing
opportunities to probe the tetravalent organocerium bond. The assigned formula,
[CeV(O)(CH3)(X)2] is justified over the methoxide [Ce"(OCH3)(X)2]~ based on two reasons: (i) The
species reacts with water via reaction 4.4c (hydrolysis), a pattern in line with all other
organolanthanides in this study. Additionally, the cerium methoxide should exchange with water
to form cerium hydroxide, [Ce"(OH)(X)2]-, and such a product is not observed; (ii) reaction 4.1c
(decarboxylation) of [Ce'V(O)(CH3CO2)(X)2]~ preserves the stable tetravalent oxidation state for
cerium, whereas decarboxylation followed by rearrangement to [Ce"(OCHs)(X)2]~ proceeds via an
unlikely two-electron reduction of [CeV(O)(CH3CO2)(X)2]~. If such a two-electron reduction is
feasible for [Ce'V(0)(CH3CO,)(X)2]~, then it should be observable for [Pr'V(O)(CHsCO>)(X)2]~ as well,
but that is not the case. The focus of this study is on [Ce'V(O)(CHs)(CH3CO).]™ as it makes for a
more direct comparison to the Ln"-CHs series, which also feature acetate ligands, and the
hydrolysis results are reported and discussed below.
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Hydrolysis of the divalent organoeuropium bond
In conjunction with the Ln"" results reported above, hydrolysis rates of the two complexes,
[Eu"(CH3)(CH3CO3)2]~ and [Ce'V(0O)(CHs)(CH3CO,),], allow comparison of Lh—CH3 bonds in three
oxidation states, +lI, +1ll and +IV. These hydrolysis rates are reported in Table 4.1 and visualized in
Figure 4.9.

The Eu"-CHs bond features relatively fast hydrolysis: k’n4(Eu'") of 192 is approximately two
times faster than hydrolysis of La""-CH3 and 10 times faster than for Lu"'—CHs. This is in line with
the thesis developed so far that steric crowding outcompetes hardness. Through the elimination
of one bidentate acetate ligand, the Eu'-CH3 complex releases steric strain by both reducing
coordination number from seven to five, and also by expanding the Eu effective ionic radius by
~10% upon reduction from Eu" to Eu'.B% Although a lower oxidation state also results in a softer
metal center (by reducing the effective nuclear charge), this effect is apparently overridden by
the release of strain in the divalent Eu complex. There are two other examples in literature where
gas-phase f-block organometallics were isolated in various oxidation states.l*>4 Specifically,
Perez et al. were able to isolate [UY'O2(H)(HCO.)2]~ and [UYO2(CHs)(CH3COy)], and Xiong et al.
isolated [UY'02(CsHa)(Cl)]~ and [UYO2(CsHs)(CI)]". In both studies the impact of oxidation states on
hydrolysis rates was not the focus and direct comparisons cannot be made given differing
hydrolyzed ligands: H vs CHs, and CgHa vs CgHs.

Given the ability of steric effects to drastically affect reactivity (k’sya(La") = 5 « k’sya(Lu'™),
and k’nyg(EU") = 2 - k’nye(La™)), it would be interesting to probe the stability of the Eu'-CHj3 relative
to Ln""-CH3 in systems where steric effects are minimized. As suggested previously, switching to
monodentate chlorides or cationic complexes by isolating [Eu"(CHs)(Cl).]~ or [Eu"(CHs)]* could
further reduce steric crowding and allow for more direct comparison of Eu''-CHs against Ln'"'—CHs
to illuminate the effect of the lower oxidation state Eu'". Furthermore, isolation of a Yb"—CHs
complex could provide another divalent Ln—C bond for comparison to Eu"—CHs. To understand the
degree to which ionic parameters like steric effects and hardness control hydrolysis rates, Ca", Sr',
and Y" provide examples of ions without valence f-electrons. These ions have radii (six-coordinate
Effective lonic Radii:[®1 1.00 A, 1.18 A, 0.90 A respectively) comparable to Yb", Eu", and Ho"' (1.02
A, 1.17 A, 0.90 A respectively), and any deviations in hydrolysis rates would illuminate the degree
to which electronic configuration differences, particularly presence or absence of f-electrons,
impact reactivity.
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Figure 4.9 Relative rates of hydrolysis (reactions 4.4a, 4.4b, 4.4c), k’nyq, for various Ln—CH3
bonds. The three series include trivalent Ln"'-CHs bonds in [Ln"(CH3)(CH3CO:)s]~ (blue circles),
the tetravalent Ce'V—CHs bond in [Ce'V(0)(CHs)(CH3CO;)2]~ (gold square), and the divalent Eu'-
CHs bond in [Eu"(O)(CH3)(CH3CO:).]~ (green diamond). All rates are relative to k’nyq(La™),
normalized to 100. Error (two-sigma) depicted by error bars.
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Hydrolysis of the tetravalent organocerium bond

The Ce'V—CH3 bond features slow hydrolysis relative to Eu'-CHs, with k’s4(Ce"V) = 104
(Table 4.1). This rate of hydrolysis is remarkably similar to the early k’no(Ln") (La"" = 100, Ce" =
93, Pr'' = 109; Figure 4.9), which suggests that properties of the tetravalent organocerium bond
are similar to its trivalent organolanthanide neighbors, as well as Ce'"'-C, at least when the organic
ligand is methyl. It is understood that higher oxidation states in general, and Ln" relative to Ln"
in particular, may be well suited for covalent interactions and multiple bonding owing to the lower
energy of the 4f orbitals which allow a better energetic match with ligand orbitals.[100,101]

In the context of f-elements, where bonding is primarily electrostatic in nature, covalency
may not always confer thermodynamic bond strength. A few literature examples demonstrate
this: (i) Barros et al., showed that the more polarized single U*—O~ bond is much stronger than
the more covalent U=NMe bond;[%% (ii) for pentavalent actinyls (AnO,*), Marcalo et al. assessed
the more covalent Pu—0Oyi bond to have a 30% lower dissociation energy than the more polarized
U-0y bond;*%1 and (iii) even when orbital mixing (covalency) is comparable in Ce"(CgHs), and
U"V(CgHs)2, Smiles et al., demonstrated that differing origins of covalency in the two molecules
(energy-degeneracy for Ce vs orbital-overlap for U) make Ce'V(CsHs)> bonding comparatively
weak.[104

Increased sharing of electrons between the metal and ligand, however, should generally
increase bond stability, as indicated by kinetics of reactions such as hydrolysis, by providing a
higher barrier to decouple the shared electrons and thus raising the activation barrier towards
reactivity. For example, Rios et al., found that disrupting the weaker An—Oy bond in PuO;* is more
difficult than in UO*,°8 and Kaltsoyannis directly tied this result to an enhanced covalency in the
Pu—0yi bond.l*! The electrons, shared across the Pu—0y bond, provide for a higher barrier to
activation (thus, slower reactivity) relative to the thermodynamically stronger U-Oy bond.
Furthermore, in the only study that characterizes hydrolysis of discrete An—C o-bonds in
[AnO2(R)(RCO3)2]~ complexes, the same effect was apparent: hydrolysis is slowest for the more
covalent Pu0,2*.1%6l In summary, kinetic stability of a more covalent bond is generally a
consequence of a larger energetic penalty to uncouple shared electron density.

Since Ce is the only Ln readily accessible in the tetravalent state, it is of special interest
from a bonding perspective. To understand how the higher oxidation state in Ce'V impacts the
Ce'Y—C bond, Table 4.2 lists studies that have probed, isolated, and characterized the Ce'V—C
bond.[?6733] Indeed, enhanced covalency in the CeV—C bond (relative to Ln"'—C) is evidenced by
reactivity studies that have demonstrated slower ligand exchange reactivity, suggesting increased
stability of the CeV—C bond relative to comparable Ln"'-C bonds.[?®311 Gregson et al. also showed
that their Ce'V=Ccarvene €ngages in metallo-Wittig reactivity, deviating from Y featuring a more
polarized Y"=Ccarpene bond.[?632] Spectroscopic and computational data have demonstrated
significant covalency in the CeV-C bond that is often of comparable magnitude to UV
analogues.?®! Descriptions of the Ce'V—C bond have included increased Ce contribution to bonding
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orbitals relative to Ce"—C,[2733] with the majority of the Ce contribution originating from 4f
orbitals.[26-30,32]

Table 4.2 Select tetravalent organocerium studies. Included are examples of studies that
isolate and characterize bonding in a Ce'V—C complex, or a Ce"'-C analogue of a Ce'V—C complex.
When contributions of Ce (%) to o- and n-bonding molecular orbitals were available, the share
of 4f participation (%) in that bond is included. WBO = Wiberg bond order.

Paper Molecule Bond Reactivity Electronic structure
Streitwieser Ce"(C,H,), Ce"—Carene Slow exchange with Significant covalency via 4f
etal, () UCly, in contrast to Comparable to U"(CgHs),
198528 Ln"(CsHs),~
Slow hydrolysis in wet
THF
Gulino et Ce"(OiPr) Ce"—Carene Significant covalency via 4f
al., 19882 (CsHs)s (m) Less covalent than UV
analogue
Arnold et Ce"(L)(N- Ce"—Cearbene Significant covalency via 4f
al., 2010B%  {SiMe3},),Cl @ (o) Less covalent than U"
analogue
Gregsonet  Ce"(BIPM™S)  Ce"=Ccarbene metallo-Wittig Bond Order: UV > CeV > Y"
al., 2013(® (ODipp); bl (o+m) reactivity like UV, in 0: 13% Ce; 76% 4f
contrast to Y" analogue 1. 12% Ce; 80% 4f
Gregsonet  CeV(BIPM™®)  Ce=Ceabene N0 exchange with ThCl, Lack of strong multi-
al., 2016BY (ODipp); bl (o+m) Equilibrates with UCl, configurational ground
state
Gregsonet  Ce"(BIPM™S),  Ce"V=Ccarbene metallo-Wittig Closed-shell singlet
al., 201782 [d (o+m) reactivity ground state: 4f°
0:13% Ce; 53% 4f
1: 8% Ce; 80% 4f
Panetti et [Ce"(k*-ortho- Ce"V—Caryi Multi-configurational
al., 20217 oxa)(MBP),] (o) ground state: 476
[de] comparable to Ce'V(CgHg),
WBO: 0.41
0: 12% Ce; 62% 4f
Pandey et [Ce"(k?*-ortho- Ce"Carene WBO: 0.28
al., 202283 oxa)(CsMes),] @ (o) 0: 7% Ce; 13% 4f

81| : N-heterocyclic carbene, OCMe;CH(CNCH2CH,NDipp);
! Dipp: 2,6-diisopropylphenyl, 2,6-iPr,CsHs;
] BIPM™S: bis(iminophosphorano)methandiide, [C(PPh;NSiMes);]*;

9l ortho-oxa: dihydrodimethyl-2-[4-(trifluoromethyl)phenyl]-oxazolide;
[l MBP?~: methylenebisphenolate, 2,2’-methylenebis(6-tert-butyl-4-methylphenolate)
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Based on this literature precedent the Ce'V—CHs bond is expected to be more stable, and
slower to hydrolyze, than Ln"'-CH; analogues. Thus, the slightly (~10%) faster hydrolysis relative
to the Ce'" analogue was unexpected. There are two possible explanations for this behavior that
do not invoke CeY—CH3 bond covalency: (i) sterics, and (ii) a separate, favorable pathway for
hydrolysis.

The first explanation, possibly the simplest one, is that [Ce'V(O)(CH3)(CH3sCO,),]™ is six-
coordinate. The reduced steric strain relative to the seven-coordinate [Ce"(CH3)(CH3CO)s], like
in the trivalent lanthanide series, outcompetes the increased hardness of a smaller and more
positively charged Ce" ion. The second explanation is that hydrolysis may occur through a
different mechanism altogether, because the CeV—CHs and Ce''-CHs are not perfect analogues:
The oxo ligand in [Ce'V(O)(CHs)(CH3CO,)2]~, absent in [Ce!'(CH3)(CHsCO2)s]-, could facilitate
hydrolysis. This can be envisaged in a transition state where water coordinates favorably both
with the Ce"V center (Ce'V-:-OH,) and the oxo ligand (Ce'V=0---H—OH). This hypothesis cannot be
verified experimentally since there are no reliable gas-phase methods to generate an oxo-free
[Ce'V(CH3)(CH3CO2)a]™ as an analogue to [Ce"'(CHs)(CH3COy)s]™. Furthermore, generating such a
species would result in a sterically hindered nine-coordinate Ce'V species. Additionally, efforts to
isolate a trivalent analogue of the cerium-oxo-methyl, [Ce"'(O)(CHs)(CH3CO2)]~ were unsuccessful
as well. This limitation presents as an opportunity for computational studies, where sterically
unhindered, oxo-free species of [Ce'V(CHs3)(CH3CO2)2]*, [Ce'V(CH3)(Cl)2]*, and [Ce'V(CH3)(Cl)a] could
serve as good comparisons to [Ce"(CH3)(CH3CO,)]* and [Ce"'(CH3)(Cl)s]".

This paper is an experimental study that measures rates of hydrolysis, and no
computational or theoretical work was performed to complement the results. However, any
discussion of stability of a Ce'V—C bond without invoking covalent character would be incomplete,
since the increase in bond covalency from Ce'" to Ce' is one of the driving forces for interest in
isolating cerium (and other lanthanide) complexes in high oxidation states.[21-23105106] Gjyen that
bond covalency in tetravalent organocerium complexes can be measured by slow rates of ligand
exchange, decreased bond polarization, and higher bond orders, the result that Ce''-CHs; and
Ce'V—CHs hydrolyze at similar rates is indeed surprising. The results suggest three potential
interpretations for these results: (i) higher covalency does not always stabilize Ln—C bonds
towards hydrolysis, which seems unlikely given the literature precedent otherwise; (ii) while the
Ce'V—CHs bond is indeed more covalent than Ce''-CHs, the additional bond stability conferred is
compensated by non-covalent factors mentioned earlier (sterics and presence of the oxo ligand)
; or, interestingly, (iii) the degree of covalency in the Ce'V—CHs bond is not significantly different
from Ce'—CHs, because 4f-driven covalency utilizes multiple bonding, whereas both Ce'V—CHs and
Ce'"'-CH3; are formally single o-bonds.

The latter interpretation, suggesting that 4f-driven covalency utilizes multiple bonding, is
particularly attractive given that studies which show increased covalency in tetravalent
lanthanides over trivalent lanthanides involve m-bonding: Ce'(CsHs)2 vs [Ln"(CgHs)2]-,[%8!
[CeVClg]>~ vs [Ce'Cle]3,[12071 and CeV(BIPM™S)(ODipp)2 vs Y"(BIPM™S)(CH,SiMes)(THF).[26]
Additionally, tetravalent lanthanides are quite sensitive to changes in orbital overlap and mixing,
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leading to observable differences: increased orbital mixing for condensed-phase Pr'VO, vs Ce'VO,
and TbV0,,11%! and an increased stability of gas-phase Pr'V=0 vs Tb"V=0 in [Ln(O)(NOs)s]~
complexes (Chapter 3).[°] Furthermore, when formally single Ce—C o-bonds are concerned,
computational results from Panetti et al. and Pandey et al. demonstrate that Ce'V—Caryi involves a
multiconfigurational ground state.[?733] Presumably, contributions from the Ce" ground state
would reduce the covalent character of the formal Ce'V—Cary bond, and a similar situation could
be imagined for the Ce'V—CH3 bond probed in this study.

Therefore, this interpretation would suggest that bond covalency in CeV—C o-bonds may
not be significantly higher than in Ce"-C o-bonds, and that m-bonding may be necessary to
enhance covalency in tetravalent organolanthanides. As suggested earlier, experimental
limitations present as an opportunity for theoretical studies: simple systems such as
[CeV(=CH2)(CH3CO2)]* and [Ce"'(=CH2)]* could reveal the effect of a higher oxidation state and the
associated higher bond covalency, especially when compared to earlier suggested complexes of
[CeV(CH3)(CH3CO2)2]* and [Ce'(CH3)(CH3CO2)]*. These are not perfect systems, given that
coordination numbers, extent of ligand donation, and charge and oxidation states of cerium are
not consistent; however, the barrier to hydrolysis is hypothesized to be largest for the Ce'V=CH,
species, whereas Ce'V—CHjs, Ce''-CH3s, and Ce'"=CH, would have comparable barriers.

Additional studies that would expand the results here include isolating the first tetravalent
organopraseodymium and organoterbium complexes. The challenges to isolating Pr'V—CHs3 and
Tb'V—CH3 are of an opposite nature: (i) a favorable oxidation pathway to PrV that suppresses
decarboxylation for the Pr'vV complex, and (ii) a favorable decarboxylation pathway that
suppresses oxidation for the Tb'"' complex. In general, non-bulky, unsaturated carboxylates
promote decarboxylation.[* Unsaturated carboxylates like tetrolates (R = CH3—C=C-) could
provide a path towards favorable decarboxylation of [Pr'V(O)(RCO2)(NOs).]~, forming a Pr'V—C
bond. Saturated, bulky carboxylates like pivalates (trimethyl acetate, R = (CH3)3C—) could provide
a path towards suppressing decarboxylation of [Tb"(RCO,)(NOs)s]~, forming the desired Tb"
intermediate [Tb'Y(O)(RCO2)(NOs).]~ on the way to a Th'V—C bond.
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Conclusions

We report the preparation, isolation, and reactivity of a series of gas-phase
organolanthanide complexes featuring the Ln—CHs bond, including the first report of a Ce'V—CH3
bond. Anionic lanthanide acetates [Ln"'(CH3CO2)4]- were formed via electrospray ionization,
isolated in a linear ion trap mass spectrometer, and subjected to fragmentation via collision
induced dissociation. Decarboxylation results in trivalent complexes [Ln"(CH3)(CH3CO2)3]™ (Ln =
La, Ce, Pr, Nd, Sm, Tb, Tm, Yb, Lu). Neutral acetate loss followed by decarboxylation generates
divalent complex [Eu"(CH3)(CH3CO,).]-, and nitrate decomposition followed by decarboxylation
of [Ce"(CH3CO,)3(NOs)]~ generates tetravalent complex [Ce'V(O)(CH3)(CH3CO),]".

Attempts to isolate complexes featuring Yb'"-CHs, Pr'Y—CHs, and Tb"V—CH3 bonds were
unsuccessful. In the case of Tb, oxidation to [Th'V(O)(CHsCO,)(NOs),]™ via nitrate decomposition is
suppressed by lower-energy decarboxylation pathway, and in the case of Pr, decarboxylation to
yield [Pr'V(O)(CH3CO2)(NOs)2]~ is suppressed in favor of additional oxidation via nitrate
decomposition, forming pentavalent PrO2* complex [PrY(0)2(CH3CO2)(NOs)]~. Dissociation
patterns reveal that oxidation of Pr''! to a Pr'V-oxo is more favorable than oxidation of Tb" to a
Tb'V-oxo, as reported elsewhere (Chapter 3).[6%

The rate of hydrolysis of gas-phase organometallic bonds is a measure of organometallic
bond stability, reflecting a competition between steric overcrowding around the metal center,
which suppresses hydrolysis, and hardness of the metal, which favors hydrolysis.[**l Both steric
crowding and hardness are functions of ionic radius and increase from La to Lu.[% Given that
lanthanides can accommodate coordination numbers of up to 12 in the condensed phase, it was
surprising to find that steric effects evidently outcompete hardness and control reactivity in the
seven-coordinate [Ln"'(CH3)(CHsCO2)3]™ system: the Lu'"'-CH3 bond, for example, hydrolyzes five
times slower than the La"'-CHs bond. This steric control is emphasized even more by the rate of
hydrolysis of the Eu'-CHs3 bond: five-coordinate [Eu'(CHs)(CH3CO)2]~ hydrolyzes twice as fast as
the most reactive Ln"'-CH3 bond in [La"'(CHs)(CH3CO.)s]™. Additionally, Pr''-CHs hydrolyzes faster
than expected, and this anomalous result, although within error limits, is reproducible.

Nitrate decomposition has been used to generate Ln'V-oxo complexes from trivalent
lanthanide nitrates (Chapter 3).16%76] By coupling nitrate decomposition with decarboxylation,
[CeV(O)(CH3)(CH3CO,)2] and [Ce'V(0O)(CHs)(NOs).]~ are prepared, the first examples of tetravalent
organocerium complexes featuring a CeV—Caiy 0-bond. Given the propensity of tetravalent
organocerium complexes to have increased covalency compared to analogous trivalent
organolanthanides,?!! the CeV-CH; bond was anticipated to hydrolyze slower than Ln"'—CHs;
bonds. Contrary to our expectations, the Ce'V—CHs bond hydrolyzes slightly (~10%) faster than the
analogous Ce""-CHs bond. This could be explained by one (or a combination) of two reasons: (i)
the increased bond covalency is compensated by a combination of reduced steric strain in the six-
coordinate [Ce'V(O)(CHs)(CH3CO2)2]~ and a favorable pathway to hydrolysis mediated by hydrogen
bonding via the oxo ligand, and (ii) m-bonding is a prerequisite for increased covalency in
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lanthanides in high oxidation states, such that bond covalency in Ce'V—CH3s may not be significantly
higher than in Ce!'—CHs.

Several studies could expand on the results discussed here: (i) the impact of f-electrons, if
any, can be isolated by assessing hydrolysis of organometallic complexes with metals in the same
oxidation state and similar effective ionic radii (by comparing, for example, trivalent Y and Ho,
divalent Sr and Eu, and divalent Ca and Yb); (ii) by decreasing the impact of steric crowding, the
effect of lanthanide hardness can be studied with the potential to observe a reversal in trend {i.e.
Lu—CH3 reacting faster than La'"'-CHs), for example, in [Ln"(CHs3)(Cl)3]-, [Ln"(CHs)(Cl)]* and
[Ln"(CH3)(CH3CO,)]*; (iii) potential avenues for preparing the first examples of tetravalent
organolanthanides featuring Pr and Tb require suppressing oxidation of [Pr'V(O)(RCO2)(NOs).]~
and encouraging oxidation of [Th"(RCO;)(NOs)s]~, possibly by utilizing unsaturated carboxylates
with Pr and bulky carboxylates with Tb; (iv) systematically probing [Ce"(CH3)(Cl)4]
[CeV(CHs)(Cl)2]*, and [Ce'Y(CH3)(CH3CO2)2]* can reveal the impact of covalency in the formally
single Ce—C o-bond with minimal steric hindrance and absence of an oxo ligand; (v) if the results
of (iv) show no difference between Ce"" and Ce", studying Ce"'=Ccarbene and Ce'V=Ccarbene bond
hydrolysis could provide evidence supporting the idea that m-bonding enhances covalency in
lanthanides.

Such additional studies will further reveal the nature of the air- and moisture-sensitive
organolanthanide o-bond, thereby contributing to efforts to isolate new examples of tetravalent
organolanthanides. To quote Woen and Evans, “although it is exciting to isolate new classes of
complexes as “trophy” molecules, the importance of these discoveries lies in the new chemical
opportunities that they provide in terms of physical properties and reactivity.” 18]
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