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Synthesis and Reactivity of Aluminum (I11) Complexes Supported by Non-Innocent
Bis(enol)amine and Di(imino)pyridine Ligands

Abstract

This dissertation discusses the synthesis and characterization of aluminum(lll) (AI®*)
complexes with the non-innocent ligands bis(enol)amine (H3ONO) and di(imino)pyridine (12P).
This work contributes to the rich history of main group coordination chemistry by exploring the
capacity of these non-innocent ligand AI** complexes to activate small molecules through novel
ligand-based proton-, electron-, and hydride-transfer reactions.

In chapter 2, a series of AI** complexes supported by the tridentate bis(enol)amine ligand
(HsONO, 1,1’-azanediylbis(3,3-dimethylbutan-2-one) is coordinated to Al are synthesized and
characterized. Reaction of AICIs with singly deprotonated H>ONO- affords the pseudo-
octahedral complex [(H2ONO")AI]J[AICI4] (2.1). Reaction of AICIs with the doubly protonated
HONO? affords the five-coordinate, pseudo-trigonal bipyramidal complex (HONO?)AICI(THF)
(2.2). Reversible ligand-based protonation/deprotonation of the Al complexes is demonstrated by
the deprotonation of 2.1 with EtsN to afford 2.2 and the protonation of 2.2 with HCI to afford 2.1.
An attempt to deprotonate 2.2 with 'BuOK yielded [(HONO?)AI](x-'BuO) (2.3), with no change
to the ligand protonation state. An intermolecular C—H bond activation reaction takes place
when 2.2 reacts with two equivalents of TEMPO to afford [[HONO?*)AI(TEMPO)(TEMPOH)]

(2.4).



In Chapter 3, di(imino)pyridine (I.P) AIP* complexes are synthesized and characterized
with ancillary unsupported primary phosphido ligands. (I.P*)AlI reacts with LiP(H)Mes to form
(12P?)AI(PHMes) (3.1) and (I.P?)AII reacts with LiP(H)Ph to form (1.P>)AI(PHPh) (3.2). Solid-
state structures reveal distorted tetrahedral geometry in 3.1 and 3.2 and single bond character in
the Al—P bond. Near infrared spectra display low energy absorption bands near 1050 nm that
are consistent with pincer ligand — Al charge transfer transitions and metalloaromatic character
in the “(I,P*)Al” fragment of the molecules. The phosphido ligands lie out of the 1P ligand
plane by up to 15°, consistent with previous reports where m-donor halide ligands occupy a

fourth coordination site on Al.

In Chapter 4, an electrochemical characterization of V{N(SiMes)2}s (4.1) is presented.
During the preparation of 4.1 a discrepancy between the observed violet color and the previously
reported brown color prompted further investigation of the compound. As a result,
electrochemical measurements are presented to contribute to the characterization of the purple

compound.
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Glossary of Abbreviations

Abbreviations

am = amido

Ar = aryl

Ad = adamantyl

Bn = benzyl

CAAC:s = cyclic alkyl amino carbenes

CeDs = deuterated benzene

CeHe = benzene

Cp = cyclopentadiene

CV = cyclic voltammagramm

Diip = diisopropylphenyl

DMAP = N,N-dimethylaminopyridine
DMAPH* = N,N-dimethylaminopyridinium tetrafluoroborate
EtsN = triethylamine

EtsNH™ = triethylammonium tetrafluoroborate
Et2O = diethyl ether

EtOH = ethanol

Fc = ferrocene

Fc* = ferrocenium

GC = glassy carbon

GC-MS = gas chromatography mass spectrometry

iX



im = imine

'Pr = isopropyl

K2P = dibenzoylpyridine

MeOH = methanol

Mes = mesityl

MeCN = acetonitrile

NMR = nuclear magnetic resonance
Ph = phenyl

py = pyridy!

SCE = saturated calomel electrode
'Bu = t-butyl

TEMPO = (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

THF = tetrahydrofuran



Chapter 1: Introduction

1.1 Motivation and Background. The fundamental and societal need for scientific
investigation in exploratory chemical research is vast. The work presented in this dissertation
will focus on the development of sustainable catalysis via exploratory organometallic synthesis.
Achieving accessible and efficient sustainable catalysis is vital research needed to address the
alarming rapid change in global climate and the allocation of Earth’s natural resources.! To
address these concerns, one area of research is expanding the function of non-precious metals
into a nontraditional role of small molecule activation and catalysis. Utilizing aluminum as an
organometallic platform for sustainable catalysis is attractive due to aluminum’s abundance and
unique chemical properties.

Aluminum (Al) is the most abundant metal in Earth’s crust and is relatively non-toxic. Al
is commonly known as a sturdy yet lightweight metal and has common industrial and everyday
applications. In chemistry, Al is known to participate in a range of reactivity that is attributed to
its Lewis acidic properties. As a lighter main group p-block metal, Al typically exists in the +3
oxidation state and consequently holds a high charge density. As a Lewis acid catalyst, Al has
been well-established to perform organic transformations such as Friedel-Crafts reactions,
Oppenauer oxidations, and reliably reducing common functional groups via Al hydrides. There
has also been widespread work in using Al as an a-olefin polymerization catalyst.? Furthering the
known reactivity of Al for sustainable catalysis is a desirable next step.

A key phase in developing catalytic systems is performing small molecule activation,

which usually requires a redox transformation. There has been much progress on the



development of redox chemistry with main group metals but not to the same extent as transition
metals.>* Transition metals can inherently perform redox chemistry due to their accessible metal-
centered redox couple. Al under mild conditions does not have a metal-centered redox couple
that is readily accessible. Recently there has been much progress in low-valent Al(l) complexes
that can activate small molecules but their syntheses remain challenging and have limited
stability.>® In addition to low-valent Al complexes, other strategies to activate small molecules
with main group elements include using Frustrated Lewis Pairs (FLPs)” and noninnocent ligands.

The work presented will focus on recent development of Al complexes with noninnocent
ligands. It is a known strategy to use noninnocent ligands with the purpose of uncovering new
reactions pathways for small molecule activation. These pathways include ligand-based proton-,
electron-, and hydride-transfer, which can provide novel reactivity for Al complexes. The
development of these new complexes as a fundamental study has elucidated new structures,
bonding, and reactivity. The results have contributed to the rich history of Al chemistry and have
provided insight into molecular organometallic design principle with main group metal Al and is
working toward the goal of sustainable catalysis.

1.2 Organometallic Chemistry of Aluminum. The first organometallic Al complexes
were discovered mid-19" century.? The early organometallic Al complexes featured o-bonded
aliphatic and halide groups surrounding a 3-4 coordinate metal center. These simple alkyl Al
complexes are described by the AIRs formula where R can vary among aliphatic groups such as
methyl, benzyl, tert-butyl, etc (Scheme 1.1). The bonding and geometry of these complexes vary
on the size of the R substituent and their electronic contribution. For example, the less bulky

trimethylaluminum and triethylalumium exist as dimers and feature bridging alkyl ligands.
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Scheme 1.1. Simple organoaluminum complexes with AIR3 formula.

Alkyl Al compounds have a wide range of uses as chemical reagents. They are typically
clear colorless liquids that are water-reactive and pyrophoric. Alkyl Al reagents are strongly
reducing and can utilize their basic alkyl ligands to deprotonate acids and to alkylate substrates.
Alkyl Al reagents have also demonstrated high performance in polymer catalysis.® Ziegler and
Natta were awarded the Nobel Prize in Chemistry in 1963 for their contributions to the field,

where the Al catalysts polymerized olefins.

The earliest multidentate chelating ligand complexes of Al were developed in the 1960’s.
S. Herzhog reported the first synthesis of Al complex with bidentate ligand bipyridine in 1963.%
Joyce Corey further developed bipyridine Al halide complexes, along with phenanthroline and
terpyridine ligands, in 1977 (Scheme 1.2).1! Other noteworthy early multidentate ligand Al
complexes include the incorporation of catechol-'2, diethylenetriamine-'3, aminophenol-based*
ligands. These early complexes were initially notable for their structural properties in
comparison to prior transition metal analogues. Their syntheses were instrumental for
influencing future Al complexes that have applications toward activating small molecules were

later developed.
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Scheme 1.2. Early multidentate chelating ligand complexes of Al featuring bipyridine (left),

phenanthroline (center), and terpyridine (right) ligands.

A few examples of the reactivity of early multidentate ligand Al complexes demonstrated
include CO; activation, mixed-alkyl ligand exchange, and ring opening polymerization. Inoue
reported the activation of CO, with Al porphyrin complexes (Scheme 1.3).% With ancillary
alkoxide ligands, Inoue’s complexes activated COz via insertion into the Al—O bond.
Darensbourg reported the synthesis of novel tris-pyrazolyl hydroborate Al complexes that
catalyzed the coupling of CO with epoxides to form cyclic carbonates (Scheme 1.3).16 Smith
reported the initial synthesis of a B-diketiminato Al complex that demonstrated unusual exchange
of alkyl ligands (Scheme 1.3).} p-diketiminato Al complexes later became a common motif to

support low-valent Al, which has since exhibited a further range of reactivity.®

Another noteworthy example of a multidentate ligand Al complex with interesting
reactivity is Bertrand’s Al complex flanked by a diamidoamine ligand (Scheme 1.3).18 Bertrand’s
trigonal-monpyramidal Al complex catalyzed the ring-opening polymerization of propylene
oxide and (D,L)-Lactide. The reactivity of the complex is attributed to the complex’s unusual
geometry and the empty axial coordination site which is utilized for substrate binding at the

Lewis acidic Al center. Bertrand’s complex was also capable of being protonated by the addition
4
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of one equivalent of HCI at the amido position of the diamidoamine ligand. The ligand’s basicity
foreshadows future work with Al and non-innocent ligands where ligand-based proton-transfer is

explored.

Scheme 1.3. Select examples of multidentate ligand Al complexes with a diverse range of
reactivity, featuring porphyrin (A), tris-pyrazolyl hydroborate (B), B-diketiminato (C), and

diamidoamine (D) ligands.

In the 2010’s, Al-based Frustrated Lewis Pairs (FLP) became increasingly common in
organometallic Al chemistry. FLPs are a class of compounds that contain sterically separated
Lewis acidic and Lewis basic components. Due to having two reactive sites, FLPs have shown
an impressive range of the dipolar activation of small molecules.® The majority of FLP
chemistry has been based on using boron Lewis acids but has been recently expanded to Al and

other Lewis acids. Chen has reported the rapid polymerization of methyl methacrylate, pairing
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Lewis Acid Al(CsFs)s with either N-heterocyclic carbenes or phosphine Lewis bases.?° Uhl has
reported the activation of terminal acetylenes and reversible binding of CO, with Al—P based

FLPs.2!

More recently low-valent Al coordination complexes have also become a class of Al-
based compounds that can exhibit a range of reactivity toward small molecules.?? Unlike FLPs,
low-valent Al compounds’ reactivity are attributed to redox processes with the Al(I)/AI(III)
redox couple. The first stable low-valent Al compound reported was in 1991 by Schndckel, a
tetrameric Al cluster. 2 The second reported low-valent Al compound reported was an
organometallic p-diketiminato two-coordinate complex synthesized by Roesky.?* The p-
diketiminato Al(l) complex has since been discovered to have a rich set of reactivity, being able

to activate CO, CO», alkenes, and cleave C—H bonds.?

Al(I) chemistry has since been expanded when Aldridge reported the synthesis of the first
nucleophilic aluminyl anion in 2018.2% Al(111) compounds are known for their reactivity as Lewis
acids and electrophiles. The discovery of nucleophilic aluminyl anions provided an expansion of
what is traditionally expected from Al coordination complexes with respect to both synthesis and
reactivity. The formally Al(l) complex is supported by a tridentate diamido-dimethylxanthene
ligand (Scheme 1.4). Aldridge’s compound has demonstrated remarkable reactivity, even
reversibly activating the C—C bonds of benzene at room temperature.?” Soon after Aldridge’s
initial work, additional nucleophilic aluminyl anions were synthesized with differing ligand
scaffolds. Diamido N,N -heterocyclic nucleophilic aluminyl anions were reported by Coles?® and
Hill (Scheme 1.4).%° Alkyl substituted ligands were reported by Yamashita® and Kinjo®!, bearing

cyclic (alkyl)(amino) ligands substituted by an aluminyl.
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Scheme 1.4. Nucleophilic aluminyl anions reported by Aldridge (A), Coles (B), Hill (C),

Yamashita (D), and Kinjo (E).

1.3 Non-Innocent Ligands. Non-innocent ligands are ligands that have ambiguous
charge states because they can coordinate to metals in multiple possible charge states. This is
contrary to “innocent" ligands where charge states are obvious due to only a single charge state
being accessible. Determining the charge state of a non-innocent ligand can further be
complicated when the metal center of the coordination complex also has several accessible
oxidation states. Crystallographic and spectroscopic measurements are used to determine and
confirm the charge states of non-innocent ligand. An example of a non-innocent ligand is the
catechol-quinone moiety (Scheme 1.5). When complexed to a metal, the ligand scaffold can

support various protonation and charge states.

S SO -SR-S SO
—_— —_— —_— L7 —
OH +H* 0~ +H* @O_ +e” 0 +e” 0

Catechol Quinone

Scheme 1.5. Redox and protonation series of the non-innocent catechol-quinone moiety.



The first transition metal complexes with non-innocent ligands initially attracted interest
for being a unique class of chemical compounds. Nickel dithiolene complexes reported by
Schrauzer and Mayweg featured an electronic structure that was accepted to be Ni?* in square
planar geometry with each dithiolene ligand singly reduced with a radical.®? Soon afterward
other dithiolene transition metal complexes were synthesized and other non-innocent ligands

such as quinones and amido phenolates.

The utility of non-innocent ligand transition metal complexes expanded when redox
transfer reactions were developed with the platform. Redox transformations facilitated by non-
innocent-ligand complexes allow for more advanced reaction mechanisms than using a metal
alone. 3 Non-innocent ligands facilitate ligand-based electron-transfer whereas the redox
processes of traditional transition metal complexes are metal centered. Scheme 1.6 depicts a
remarkable example of a non-innocent ligand iron complex that “cycles” between ligand charge
states when transferring electrons. *> % The formally Fe" complex catalyzes the [2 + 2]
cycloaddition reaction, where electron-transfer takes place between ligand and substrate. The
fluctuating charge state of the ligand also modifies the Lewis acidity of the Fe complex, allowing

the substrate’s ring-closing reaction to occur at the metal center.
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Scheme 1.6 A non-innocent 2,6-diiminepyridine ligand iron complex catalyzes [2 + 2]

cycloaddition ring-closure reactions through a ligand-substrate electron-transfer pathway.

Non-innocent ligands have also been recognized in bioinorganic chemistry.
Metalloenzymes have been known to facilitate redox reactions such as the reduction of dioxygen
to superoxide and peroxides.®” Initially these catalytic reactions and their products were known
but their reaction mechanisms were poorly understood. With advances in spectroscopy,
theoretical methods, and model chemistry to develop synthetic models, the nuances in the
reaction mechanism of Cu-O, complexes were elucidated.® Another example of non-innocent
ligand in a metalloenzyme is galactose oxidase.*® Galactose oxidase, a copper-centered protein,
catalyzes the oxidation of D-galactose, utilizing a non-innocent tyrosine ligand to facilitate
electron transfer (Scheme 1.7).%° Galactose oxidase has inspired model complexes with similar

non-innocent ligand scaffolds and those have shown catalytic reactivity as well (Scheme 1.7).
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Non-innocent ligands in bionorganic chemistry serve as an inspiration for ligand design as well

as showcasing possible reactivity in discovering new reaction mechanisms.

Tyr49s
Hls581 Tyr272
yr R
p290 F j
N, N
N, L an0 Cu.
His498 \/ g C ~ " Ph—do'cu"o%}—Ph
., N> HI Cysm Ph PH
(A) H (B)

Scheme 1.7 (A) Copper center of metalloenzyme galactose oxidase. The tyrosine ligand serves
as a noninnocent ligand, shuttling electrons. (B) Copper complex model compound with a

tetradentate non-innocent ligand. The complex can reduce primary alcohols to aldehydes.

An example of bioinorganic chemistry influencing ligand design in main group
coordination chemistry is a dihydropyridnate Al complex (Scheme 1.8, right).*? In biological
systems, NADH (nicotinamide adenine dinucleotide), an organic cofactor, participate in proton-,
electron, and hydride-transfer reactions with regioselectivity (Scheme 1.8, left). The
dihydropyridinate Al complex was synthesized to explore potential ligand-based hydride-transfer,

a reaction pathway that could expand upon accessible hydride-transfer selectivity.

10
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Scheme 1.8 (A) Organic cofactor NADH (nicotinamide adenine dinucleotide) (B)

Dihydropyridnate Al complex

1.5 Outlook.

The aim of the work presented is to develop Al complexes from the elementary steps of
molecular design to ultimately discover new chemical reactivity in catalytic systems. The
combination of the rich history of Al coordination chemistry and the development of non-
innocent ligands has set forth a solid foundation for considerable research. In Chapter 2, novel Al
complexes with a non-innocent ligand that demonstrates unique ligand-based proton-transfer are
discussed. Chapter 3 introduces Al complexes with primary phosphido ligands that have the

potential to support unique redox-transfer reactions.
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Chapter 2: A Bis(enol)amine Ligand Protonation Series of Aluminum(l1l)

Complexes

2.1 Introduction.

The most common coordination mode for the ONO ligand (1,1'-azanediylbis(3,3-
dimethylbutan-2-one) is as ONO?*, where triple deprotonation has been affected. As examples,
complexes of P(I11), P(V),! As(Il1),% and Sh(lll), have been reported with various ancillary
ligands to fill out their coordination sphere. Redox chemistry associated with ONO?*- is generally
oxidative and can either involve the ONO®* fragment or the central ion of a complex, and this of
course depends on their relative oxidation potentials. As an example, in the case of P(lIl) in
(ONO*)P""! oxidation to a series of (ONO*)PVX, complexes, where X includes H-, NHPh, or
NH, has been documented.®*°¢ Analogous to the P(I11/V) examples, single reports of As(111/V)
and Sb(I11/V) interconversion, have been reported where the ligand remains as ONO?*

throughout the redox processes. #°

Complexes of the oxidized ligand, ONO™ have also been reported, and these are generally
observed when electron transfer occurs concomitant with ligand coordination to the central ion.
Coordination of ONO" to Si(ll), Ge(ll), and Sn(ll) has been observed in reactions of Si(I1V),
Ge(1V), and Sn(IV) precursors,© respectively, with the deprotonated ONO?*. As an example,
synthesis of the Si(ll)-containing dimer (JONO]SiR), was performed starting with Si(IV)
reagents, RSiCls, where R = H, Ph, CI, Br.1* Synthesis of (ONO)3Bi was achieved from BiCls

and ONO? although the source of six oxidizing equivalents was not identified in that case.'?

18



The (ONO*)Pn scaffold, where Pn = pnictogen, has also been isolated as an adduct with
various transition metal complexes where the lone pair on the pnictogen can coordinate to a
metal as a neutral donor ligand. A series of complexes of (ONO*)P coordinated to Pt,** Ag,'*
Mn,*® Ru,'® Fe, Cr, W, Ni, and Pd,!’ have been characterized. Similarly, the analogous (ONO*

YAs and (ONO?*)Sb scaffold also form adducts with transition metals.3

Efforts to probe a range of protonation states on ONO have not been extensively
discussed in the literature and we therefore cannot determine to what extent this chemistry has
been explored. As an example report, reaction of (772-ONO*)P with HOTf or MeOH affords
[(77-ONO%)P]OTf (A) or (7-ONO*)P(OMe) (B), respectively, and in each molecule the
HONO? ligand is asymmetric and protonated at one of the carbon atoms adjacent to the N-donor.
One of the O-donors dissociated from the P(I11) center, and protonation was not shown to be
reversible (Scheme 1).8 Reaction of the P(V) complex (73-ONO*)PCl, with TASF
(tris(dimethylamino)sulfonium difluorosiliconate) gave (7°-HONO?)PFs; (C).8 Again, the
resulting 7°-HONO? is asymmetric, protonated at one of the C atoms and neither further
deprotonation nor re-protonation chemistry was discussed. Partial deprotonation chemistry has
also been initiated beginning at the H3ONO ligand before coordination to a metalloid. In both of
those examples, the asymmetric ligand was observed in [(72-HONO?)E]., where E = Ge(lV), or

Sn(1V) (D), and further deportation or re-protonation efforts were not explicitly described.®
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Scheme 2.1. Summary of previous reports on protonation chemistry of ONO®~ (in each complex

the ligand is HONO?)

In this work we explore the effect on ONO ligand chemistry of employing highly
electrophilic central ion such as Al(l11), which might form stronger ionic interactions with ONO
to stabilize the lower-charged HONO? and H-ONO™ complexes to enable interconversion
between protonation states. Recent work on the chemistry of non-innocent ligands has
demonstrated that both electron transfer and proton transfer can often be accessed in
combination with a suitable central supporting ion.'® To determine whether additional
protonation states of ONO could be accessed in this report, we employed Al(I11). The stability of
AI(111) to both oxidation and reduction makes it ideal to support a wide range of charge and

protonation states as has been demonstrated using ligands such as iminopyridine, °

20 18b

di(imino)pyridines, a-diimines, 2* dpp-BIAN, 22 bis(pyrazolyl)pyridine, and
amidobis(phenolate).?® Here Al(l11) enables us to introduce two additional electronic structures
for the protonation states of ONO: HONO? and H,ONO", along with interconversion of these
compounds in acid-base reactions (Scheme 2.2). However, the ubiquitous ONO?® protonation
state is not accessible. We also explore the ligand-based oxidation and reduction chemistry using
cyclic voltammetry, and the reaction chemistry of the HONO? and H,ONO" complexes.
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Scheme 2.2. Possible protonation states of ONO (blue labels denote protonation states in this

work; R = 'Bu)

2.2 Results and Discussion.

2.2.1. Synthesis of Compounds. Synthesis of Al complexes containing the ONO ligand
have been achieved by deprotonating H3ONO with potassium hydride (KH). Deprotonation of
H3ONO with 1 equivalent of KH, followed by the addition of AICIs in THF resulted in formation
of the orange compound which was identified as a pseudo-octahedral complex, [(H2ONO
)2AI][AICI4] (2.1), in which the two ligands are each deprotonated once (Scheme 2.3). The site of
deprotonation at one of the a-carbons is evident in the *H NMR spectroscopic measurements
which are consistent with an asymmetric electronic structure for H.ONO™ (Figure 2.1). The
methylene and vinylic protons flanking the amine appear with three distinct chemical shifts. The
vinylic proton is a doublet at 4.78 ppm (Jun = 5.1 Hz), one methylene proton appears as a
doublet of doublets (3.97 ppm, Jun = 19.1 and 5.1 Hz), and the other methylene proton appears
as a doublet at 3.76 ppm (Jun = 19.1 Hz). The vinylic proton and the first methylene proton are

split by the N—H proton, which appears as a singlet resonance at 5.18 ppm, and the methylene
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protons split each other. The IR spectrum shows an N—H stretch at 3264 cm™,

1657 cm™ and a C—O band at 1095 cm™.

NI Bu AICI4
2': 1. KH
HN 2.ACl,  1/2 l O _ ]
—_— W
— ——N
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8’ I VCI 4 C') ~ O/ Cl) Y

0 Bu By tBu
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(HONO?)AICI(THF) [(HONO?)Al],(u-tBuO)
2.2 2.3

Scheme 2.3. Synthesis of 2.1, 2.2, and 2.3
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Figure 2.1. *H NMR spectrum of 2.1 (top) and 2.2 (bottom).
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Reaction between H3ONO and 2 equivalents of KH over two hours was followed by
addition of AIClz in THF, and gave a purple-colored solution. Upon workup, a five-coordinate
pseudo-trigonal bipyramidal complex (HONO?)AICI(THF) (2.2), was isolated in 70% yield
(Scheme 2.3). Both a-carbon positions are deprotonated, and the ligand appears symmetric when
probed by *H NMR spectroscopy (Figure 2.1). The vinylic C—H resonance is observed at 4.87
ppm as a doublet (Jun = 1.99 Hz), and the N—H resonance appears as singlet at 3.28 ppm. The
IR spectrum shows an N—H stretch at 3271 cm™, the sp? C-H absorption band at 3098 cm™, and
a CO band at 1108 cm™. To probe the potential for exchange of ligand H atoms, the NMR
spectra of complexes 2.1 and 2.2 were recorded on solutions exposed to D> for 24 h. No evidence

for exchange was observed.

The ONO? charge state has been observed in many previous reports and in an attempt to
obtain an Al complex with ONO?, reaction between HsONO and 3 equivalents of KH over two
hours was followed by addition of AICI3 dissolved in THF. A mixture of unidentifiable products
was observed using proton NMR spectroscopy. Deprotonation of 2.2 was also explored in efforts
to isolate Al(I11) complexes containing fully deprotonated ONO?®*. Reaction of 2.2 with KH or
EtsN afforded no change to 2.2. Reaction of 2.2 with nBuL.i yielded a color change from purple
to pale yellow, but the resulting *H NMR spectrum contained large numbers of resonances in the
alkyl region which suggested multiple products and decomposition. Reaction of 2.2 with '‘BUOK
yielded the dimeric complex [(HONO?)Al]2(u-'Bu0). (2.3), in which the HONO? ligand in 2.2
has not been deprotonated, but KCI has been eliminated as byproduct to yield an Al.O, diamond

core structure (Scheme 2.3, Figure 2.2).
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Figure 2.2. *H-NMR spectrum of [(HONO?)AI](x-tBuO) (2.3)

In a series of reactions, we explored the possibility of accessing a protonation series with
either one ligand per Al center, as in 2.2, or with two ligands per Al center, as in 2.1. Reaction of
2.1 with one equivalent of EtsN successfully deprotonated H.ONO~ to HONO?, but
rearrangement of the metal-ligand connectivity afforded 2.2 in 52% yield. We reasoned that
exchange of the [AICI4]" counteranion in 2.1 with anions such as PFs or CFsSOs™ may prevent
formation of 2.2, however reaction of both NaPFs and NaCFsSOs with 1.2 afforded intractable
mixtures. Complex 2.2 can be selectively protonated at just one of the a-enolate carbon atoms in
a reaction with one equivalent of HCI dissolved in ether. In that reaction, rearrangement of

metal-ligand connectivity also occurs so that the bis(ligand) complex 2.1 was obtained in 42%
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yield (Scheme 2.3). The same reactivity was observed with weaker acids such as
[HDMAP][BF4] (pKa = 13.6 in THF,?* Figure 2.3). Thus far, we have been unable to generate a

protonation series with a single ligand bound to the Al center.
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Figure 2.3. *H-NMR spectrum of (HONO?)AICI(THF) with one equivalent of [HDMAP][BF4].

The resistance of 2.2 toward deprotonation led us to explore the effects of providing
additional donating ligands to the AI(I1l) center to potentially stabilize the ONO?®* protonation
state. We explored reaction of 2.2 with bidentate ligands oxalate, bipyridine, and 2,4-di-
‘butylcatecholate, but detected no reaction in each case. The reaction of 2.2 with two equivalents
(TEMPO) afforded [(HONO?

of monodentate  2,2,6,6-tetramethylpiperidine-N-oxyl
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YAI(TEMPO)(TEMPOH)] (2.4) in 84% yield (Scheme 2.4). The protonation state of the HONO?*

ligand is unchanged in the product as compared with the reactant.
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v, |
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Scheme 2.4. Synthesis of [([HONO?)AI(TEMPO)(TEMPOH)] (2.4)

The 'H NMR spectrum of 2.4 supports the ligand assignment as symmetric with
protonated N-donor atom (Figure 2.4): a vinylic C-H resonance is observed at 6.85 ppm as a
singlet, and the protonated HONO? N-H resonance at 9.51 ppm in proton NMR spectra. Two
TEMPO ligands coordinate the Al center and one of those appears to be protonated. In the proton
NMR spectrum the TEMPOH N-H resonance appears at 6.53 ppm. Previous reports of TEMPO
protonated at the N-H position include complexes of B,?® Ni,?® Zr,?" and Ir,?® and those
TEMPOH N-H resonances were observed at 7.25, 7.62, 7.36, and 12.32 ppm, respectively.
Broad IR absorption bands appear at 3403 and 3255, and are reasonably attributed to the N-H

bonds in HONO? and in TEMPOH, respectively.
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Figure 2.4. *H-NMR spectrum of (HONO?)AI(TEMPO)(TEMPOH) (2.4)

We also attempted to elucidate details of the mechanism for formation of 2.4 which
contains both an anionic n-TEMPO ligand and a neutral, protonated n-TEMPOH ligand
coordinated to the Al center (Scheme 2.4). Formally, each TEMPO radical has been reduced by
one electron in 2.4 but the charge state of the ONO ligand remains unchanged between reactant
and product. We propose that reduction of TEMPO may be coupled with the oxidation and
dissociation of the chloro ligand which is not present in 2.4. TEMPO is a strong oxidizing agent
(E° =1.24 V vs. SCE),® and ClI" is oxidized at 1.12 V vs. SCE,*’ so it is possible that the chloro
ligand is oxidized to Cl,, and this would provide one electron toward the observed two-electron
reduction. Indeed, the reaction solutions are initially green-brown in color and become brown

upon exposure to vaccum which may suggest the formation of chlorine gas. The synthesis of 2.4
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was repeated in the presence of the olefins cyclohexene, 9,10-dihydroanthracene, and styrene in
an attempt to isolate chlorinated products however none were detected by proton NMR

spectroscopy or GC-MS. The unreacted olefins were observed in those spectra.

We further reasoned that formation of protonated TEMPOH may occur by abstraction of
H* from THF solvent: the reaction yield of 2.4 is consistently 65 - 84% and so it is unlikely that
H* is derived from ligand decomposition. A H* transfer would also account for the second
electron. Protonated TEMPO Al complexes have been previously observed by Hayton and co-
workers,®! and in those examples the proton is derived either from the oxidation of alcohols or
from 9,10-dihydroanthracene. Accordingly, reaction of 2.2 with 2 equivalents of TEMPO was
performed in dg-THF and the product was interrogated using *H-NMR spectroscopy (Figure 2.5).
No deuterated products were detected. We also prepared ds-2 using ds-THF as solvent so that the
solvate THF molecule is deuterated (Figure 2.6). The reaction of ds-2.2 with 2 equivalents of
TEMPO was performed in ds-benzene and the *H-NMR spectrum revealed the loss of the N—H
resonance at 6.53 ppm (Figure 2.5). The reaction suggests that in the synthesis of 2.4, TEMPO is
protonated via H* abstraction from the solvate THF molecule in an intramolecular process. The
reaction of 2.2 with 2 equivalents of TEMPO was also performed in ds-benzene and the *H-NMR

spectrum revealed no deuterium incorporation (Figure 2.5).

29



| L i L JW{
R Ty

Y N AN
\

I JuU N

10.0 95 9.0 85 80 75 7.0 65 60 55 50 45 40 3.5 3.0 25 20 1.5 1.0 05
ppm

Figure 2.5. 'H NMR spectra for: a) (HONO?)AI(TEMPO)(TEMPOH) (2.4) synthesized in THF
from 2.2; b) 2.4 synthesized in dg-THF from 2.2; c) di-2.4 synthesized from dg-2.2 in C¢Ds; and
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2.2.2. Solid State Structures. Single crystals of 2.1 were grown as pale orange plates
from a concentrated toluene solution held at -15 °C overnight (Figure 2.1, Table 2.1, and Table
2.2). The solid-state structure of 2.1 was characterized by single-crystal X-ray diffraction. The
bond lengths and angles in 2.1 suggest that the HoONO" ligand is deprotonated once at an a-
carbon position and is monoanionic. The anionic ligand charge appears localized on one enolate
O-donor, where the Al-O bond length is 1.836(3) A and the C-O bond length is 1.315(5) A. The

other Al-O and C-O bonds in 2.1 are 1.978(3) A, and 1.209(5) A, respectively.

1 2 3 (ONO*)PH, *
M—O 1.836(3) 1.773(10) 1.7749(9) 1.721(1)

1.978(3) 1.7745(10) 1.699(2)

M—N  2.006(4) 2.0592(10) 2.1210(15) 1.676(2)

C—0 1.315(5) 1.3624(15) 1.3468(15) 1.384(2)
1.209(5) 1.3450(15)

C—N  1.456(5) 1.4665(15) 1.4591(18) 1.400(2)
1.494(5) 1.4641(15)

C—C 1.347(6) 13456(18) 1.332(2)  1.325(2)
1.513(6) 1.3438(17)

Table 2.1 Select average bond distances for 2.1, 2.2, and 2.3.

31



18 2b 3b 4b
Formula Cs1H52Al:CI4N204 C16H20AICINO3 Cs2HeoAlN2Og C3oH39AIN304
Crystal size 0.28x0.19x0.18 0.89x054x048 0.26x0.18x0.17 0.41x0.27 x 0.26

Formula weight, g mol?!

Space group

a, A

b, A

c, A

a, deg

/3, deg

7, deg

v, A

Z

T, K

p, caled, g cm®
Refl. collected/2 Gnax
Unique refl./ 1 > 20 (1)

No. parameters/restraints

A, A lu (Ko, cm
R1/GOF

WRo (I > 20(1))°

Residual density, e A3

237.50

P1
11.2959(4)
19.5809(7)
19.6873(8)
113.942(2)
94.859(2)
93.987(2)
3939.6(3)

4

100(2)

1.201
28951/140.726
14974/11456
975/216
154178
0.0775/1.059

0.2176

1.036/-0.607

345.83
P2,212;
10.1142(10)
10.4277(10)
18.2304(17)
90

90

90

1922.7(3)

4

90(2)

1.195
21879/61.138
5864/5706
209/0
0.71073
0.0276/1.0004

0.0706
0.593/-0.183

622.78
C2/im
13.6133(5)
18.4236(6)
9.7708(3)

90
94.3910(12)
90
2443.38(14)
2

100(2)

0.846
8551/144.756
2496/2236
130/0
154178
0.0376/1.066
0.0987
0.200/-0.214

532.63
P2i/c
12.2305(3)
12.0552(3)
22.6611(6)
90

96.8336(11)
90
3317.44(15)

4

90(2)

1.105
20429/144.828
6458/6108
421/0

1.54178
0.0461/1.1.35

0.1257

0.509/-0.241

80btained with graphite-monochromated Mo Ka (A = 0.71073 A) radiation. "Obtained with

graphite-monochromated Cu Ko (A = 1.54178 A) radiation.

{EIW(Fo2-Fc2)2) = [w(Fg2)2J3L/2.

°R1 = Z|IFol-Fcll/ZIFol, WRo =

Table 2.2. Crystollographic data for [(H:ONO").AIJ[AICIs] (2.1), (HONO*)AICI(THF) (2.2),

[(HONO?)AI]2(-Bu0); (2.3), and (HONOZ)AI(TEMPO)(TEMPOH) (2.4).
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Figure 2.7. Solid state structures of (left) [(H.ONO)-AI]* in 2.1, and (right) (HONO?*
)AICI(THF) in 2.2. Pink, red, blue, gray, green and white represent Al, O, N, C, Cl and H atoms,
respectively. Thermal ellipsoids at 50% probability. t-Bu H atoms omitted.

Single crystals of 2.2 suitable for X-ray diffraction were grown as pale purple plates from
a concentrated solution of 1:1 hexanes/toluene held at -15 °C overnight (Figure 2.7, Table 2.1,
Table 2.2). Based on the Al-ligand bond angles, we calculated the 15 value for 2.1 as 0.70, and
this indicates that the Al center is best described as pseudo-trigonal pyramidal in geometry.? The
bond lengths for 2 suggest that the ligand framework is symmetric and that both a-carbon
positions are deprotonated. The ligand is dianionic as evidenced by the elongated C—O bonds,
1.3624(15) and 1.3540(15) A, and the shortened Al—O bonds 1.7723(10) and 1.745(1) A.
Despite the higher overall anionic ligand charge in 2.2, relative to 2.1, the AN bond length is

approximately the same, at 2.0592(10) compared with 2.006(4) A.

Single crystals of 2.3 were grown as blue blocks from a concentrated toluene solution
held at -15 °C overnight (Figure 2.8, Table 2.1, and Table 2.2). The Al—O and C—O bond
lengths in 2.3 are very similar to those in 2.2, at 1.7749(9) and 1.3468(15) A, respectively, and
these comparisons suggest that the best assignment for 2.3 is with HONO?, in agreement with

spectroscopic data. Single crystals of 2.4 were grown as blue needles from a concentrated
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solution of 1:1 hexanes/toluene held at 15 °C overnight. The 15 value of 2.4 is 0.72, consistent
with a pseudo-trigonal pyramidal geometry.3? The average Al-O and C-O bond lengths in 2.4 are
similar to those in 2.2, at 1.8200(11) A and 1.3486(19) A, respectively. These metrics, along
with the proton NMR and IR data confirm that the ligand is best described as being in the

HONO? charge state.

Figure 2.8. Solid state structures of (left) [(HONO?)AI]2(u-'BuO); in 2.3, and (right) (HONO?*
)JAI(TEMPO)(TEMPOH) in 2.4. Pink, red, blue, gray, and white represent Al, O, N, C, and H
atoms, respectively. Thermal ellipsoids at 50% probability. t-Bu H atoms and TEMPO C-H
atoms omitted.

2.2.3. Electrochemical Studies. Electrochemical measurements were performed using
cyclic voltammetry (CV) of complexes 2.1 and 2.2 in solutions of 0.3 M BusNPFs THF solution

(Figure 2.9).
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Figure 2.9. Cyclic voltammograms of 0.5 mM 2.1 (left) and 1 mM 2.2 (right) in 0.3 M BusNPFg
THF. Scan rate = 100 mV s, glassy carbon working electrode.recorded in CsHe. Discontinuities

at 950 and 1120 nm are associated with lamp and detector changes in the instrument.

The CV of 2.1 has two quasi-reversible couples that we assigned as ligand-based
reduction events. The first couple occurs at -0.14 V vs. SCE, and we assign this as H.ONO%
(Scheme 2.5). The second couple was observed at -0.51 V and we assigned that as H,ONO"Z.
One further irreversible reduction event was observed with Ep, = -0.76 V. No further processes
were observed when the CV was scanned in the anodic direction. As might be expected,
reduction of 2.2 which has only one proton, occurs at more negative potential than the reduction
of 2.1. The CV of 2.2 shows one irreversible reduction event with E, = -2.26 V, and we assign
this to the HONO?”* couple in 2.2. Loss of CI" from the Al center, or loss of H* from the ligand
upon reduction could account for the irreversibility of the event at -2.26 V. There is an
irreversible oxidation event at E, = -0.32 V which we attribute to oxidation of HONO? into
HONO". This event persists when the CV is scanned in the anodic direction first. Chemical
oxidation of 2.2 was attempted using ferrocenium hexafluorophosphate and that reaction resulted

in the loss HONO? ligand from AI(111).
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Scheme 2.5. Potentially accessible charge states of the H2ONO (left) and HONO (right) ligands.
2.3 Conclusion.

The combination of the ONO ligand platform with highly electrophilic Al(IIl) has
allowed the isolation of ONO ligand protonation states HONO? and H,ONO", along with their
interconversion using Brgnsted bases and acids. The substitution of ancillary chloro ligands in
the HONO? complex, 2.2 with oxo donors such as TEMPO and p?-O'Bu is reported. Structural
characterization of each of the reported compounds shows that the Ho-ONO" is deprotonated at
one of the alpha C atoms to provide an asymmetric ligand form with unequal C-O, and C-C bond
lengths. The ligand form HONO? is symmetric and deprotonated twice at equivalent C atoms.
Previous explorations of the chemistry of the ONO ligand have revealed numerous reports of the
ONO?* and the oxidized ONO" forms, and this work has expanded on the available ligand
protonation chemistry to demonstrate once again the unique influence of highly electrophilic

AI(111) on ligand-based proton and electron transfer chemistry.
2.4 Experimental section.

2.4.1 Physical Measurements. Elemental analyses were performed by the
Microanalytical Laboratory at The University of California, Berkeley. *H and 3C NMR spectra

were recorded at ambient temperature using a Varian 600 MHz or Bruker 400 MHz spectrometer.
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Chemical shifts were referenced to residual solvent. Infrared spectra were recorded on a Bruker
Alpha Infrared spectrometer (2 cm™ resolution). GC-MS measurements were conducted on an
Agilent 6890N GC with a 5973N MS. UV-Vis spectra were recorded in THF solution using an

Agilent 8453 UV-Vis spectrophotometer.

2.4.2. Electrochemical Measurements. Cyclic voltammograms were recorded in a
nitrogen-filled glovebox. A CH Instruments model 620D electrochemical analyzer with a glassy
carbon working electrode (CH Instruments, nominal surface area of 0.071 cm?), a platinum wire
auxiliary electrode, and a Ag/AgNOs (0.001M) nonaqueous reference electrode with a Vycor tip
was used. All potentials are referenced to the SCE couple, and ferrocene was used as an internal
standard, where the Ei» value of ferrocene/ferrocenium is +0.56 V versus SCE in 0.3 M
BusNPFs THF solution.®® BusNPFs was recrystallized from ethanol and placed under vacuum for
72 h before electrolyte solutions were made. Electrolyte solutions were stored over 3 A
molecular sieves for at least 48 h before use. Sieves were activated by heating under vacuum at
270 °C for at least 72 h. All other reagents were purchased from commercial vendors and used as

received.

2.4.3 X-ray Structure Determinations. X-ray diffraction studies were carried out on a
Bruker SMART APEX Duo and Kappa Duo diffractometer equipped with a CCD detector.®*
Measurements were carried out at -175 °C using Mo Ka (0.71073 A) radiation and Cu Ko
(1.54178 A) radiation. Crystals were mounted on a glass capillary or Kaptan Loop with
Paratone-N oil. Initial lattice parameters were obtained from a least squares analysis of more
than 100 centered reflections; these parameters were later refined against all data. Data were
integrated and corrected for Lorentz polarization effects using SAINT and were corrected for

absorption effects using SADABS2.3. Space group assignments were based upon systematic
37



absences, E statistics, and successful refinement of the structures. Structures were solved by
direct methods with the aid of successive difference Fourier maps and were refined against all
data using the SHELXTL 2014/7 software package. Thermal parameters for all non-hydrogen
atoms were refined anisotropically. Hydrogen atoms, where added, were assigned to ideal
positions and refined using a riding model with an isotropic thermal parameter 1.2 times that of

the attached carbon atom (1.5 times for methyl hydrogens).

2.4.4 Preparation of Compounds. All manipulations were carried out under a dinitrogen
atmosphere using standard Schlenk line and glovebox techniques. All chemicals were purchased
from VWR International, Acros, Alpha Aesar, or Cambridge Isotopes. Bulk solvents were
deoxygenated and dried by sparging with argon gas followed by passage through an activated
alumina column. Deuterated solvents and other liquid reagents were degassed with dinitrogen
and stored over activated 3 A sieves prior to use. HsONO was synthesized in accordance with a

reported procedure.”

[(H2ONO")2AI][AICI4] (2.1). A solution of H3ONO (259 mg, 1.22 mmol) in THF (2 mL)
was held at -78°C while KH (58.1 mg, 1.45 mmol) was added. The solution was stirred for 1
hour as it warmed to room temperature and then cooled again to -78°C along with a solution of
AICl3 (188 mg, 1.42 mmol) in THF (2 mL). The solution of “H20NO” was added to the stirring
solution of AICIz dropwise and warmed to room temperature with stirring over 2 hours. The
resulting orange solution was evaporated to dryness, rinsed in 2 mL hexanes, extracted into 5 mL
benzene, and filtered through Celite. The filtrate was evaporated to dryness to afford 2.1 as a
light orange powder (263 mg, 70%). Crystals suitable for X-ray diffraction were grown from a
concentrated toluene solution at -15°C overnight. *H NMR (400 MHz, C¢Ds) 6 5.18 (s, 2H, CH),

4.78 (d, J = 5.1 Hz, 2H, NH), 3.97 (dd, J = 19.1, 5.1 Hz, 2H, CH,), 3.76 (d, J = 19.0 Hz, 2H.
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CHy), 1.16 (s, 20H, C(CHs)3), 0.74 (s, 19H, C(CHs)s). 3C NMR (600 MHz, CeDs) 5 170.37,
100.25, 58.09, 43.39, 34.79, 27.92, 27.84, 25.28. IR (KBr; cm™): 3305 (w, NH), 3264 (m, NH),
3090 (w, CH), 2970 (s, CH), 2911 (m), 2873 (m), 1715 (m), 1657 (s, C=0), 1623 (m), 1480 (m),
1462 (m), 1414 (w), 1390 (m), 1370 (s), 1344 (m), 1297 (m), 1221 (m), 1161 (m), 1107 (m),
1095 (s, C-0). UV-vis spectrum (THF) Jmax (em): 328 (2513), 447 (5770) nm (Lmol™*cm™). Anal.

Calcd. C24H4sAlCIsN204: C, 46.49; H, 7.14; N, 4.52. Found: C, 43.55; H, 6.79; N, 4.04.

(HONO?)AICI(THF) (2.2). A solution of H3ONO (295 mg, 1.39 mmol) in THF (2 mL)
was held at -78°C while KH was added (128 mg, 3.19 mmol). The solution was stirred for 1 hour
as it warmed to room temperature and then cooled again to -78 °C along with a solution of AICl3
(185 mg, 1.39 mmol) in THF (2 mL). The solution of “HONO” was added to the stirring solution
of AICIs dropwise and warmed to room temperature with stirring over 2 hours. The resulting
purple solution was evaporated to dryness, extracted into hexane (5 mL) and filtered through
Celite to remove salts. The filtrate was evaporated to dryness and 2.2 was isolated as a light
purple powder (357 mg, 75%). Crystals suitable for X-ray diffraction were grown by cooling a
concentrated 1:1 hexane:toluene solution at -15°C overnight. *H NMR (400 MHz, C¢Ds) 6 4.87
(d, J = 1.99 Hz, 2H, CH), 4.04 (s, 4H, THF), 3.28 (s, 1H, NH), 1.17 (s, 22H, THF and C(CH3)a).
13C NMR (600 MHz, CsDs) & 168.14, 101.87, 71.51, 34.88, 27.97, 25.07. IR (KBr; cm™): 3271
(m, NH), 3098 (w, CH), 2963 (s), 2906 (m), 2869 (m), 1666 (W), 1642 (s), 1481 (m), 1458 (W),
1389 (m), 1356 (m), 1331 (s), 1219 (m), 1161 (m), 1131 (m), 1108 (m, C-O) 1092 (s), 1020
(s).UV-vis spectrum (THF) Amax (em): 308 (1251), 454 (105), 562 (28) nm (Lmol-*cm™). Anal.

Calcd. for C16H20AICINO3: C, 55.58; H, 8.45; N, 4.05. Found: C, 55.39; H, 8.08; N, 4.32.

[(HONO?)Al]2(u-'BuO)2 (2.3). A solution of complex 2.2 (106 mg, 0.307 mmol) in THF

(2 mL) was prepared. A second solution of '‘BuOK (37.4 mg, 0.333 mmol) in THF (1 mL) was
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then added to the first solution. The resulting blue solution was evaporated to dryness and
extracted into benzene (5 mL) and filtered through Celite to remove salts. The filtrate was
evaporated to dryness and 2.3 was isolated as a light blue powder (93.3 mg, 49%). *H NMR (400
MHz, CsDs)  4.96 (d, J = 2.17 Hz, 4H, CH), 3.60 (s, 2H, N-H), 1.49 (s, 18H, C(CHa3)3), 1.21 (m,
36H, C(CHs)3). 3C NMR (600 MHz, CsDes) & 168.65, 99.93, 73.01, 34.62, 31.28, 27.79. IR
(KBr: cm™): 3295 (w NH), 3093 (w, CH), 2963 (s), 2924 (m), 2905 (m), 2869 (m), 1642 (s),
1542 (w), 1481 (m), 1460 (m), 1421 (w), 1387 (m), 1370 (m), 1343 (s), 1240 (m), 1220 (s), 1183
(m), 1164 (m), 1142 (m), 1112 (m, C-0), 1030 (m), 1004 (s). UV-vis spectrum (THF) Amax (em):
323 (29), 457 (17) nm (Lmol?*cm™). Anal. Calcd. Cs2HsoAl:N2Os-H20: C, 59.98; H, 9.75; N,

4.37. Found: C, 59.65; H, 8.53 N, 4.47.

(HONO?%)AI(TEMPO)(TEMPOH) (2.4). A solution of complex 2.2 (44.5 mg, 0.129
mmol) in THF (1 mL) was prepared. A second solution of TEMPO (44.9 mg, 0.287 mmol) in
THF (1 mL) was then added to the first solution. The resulting brown solution was evaporated to
dryness and extracted into benzene (5 mL) and filtered through Celite. The filtrate was
evaporated to dryness and 2.4 was isolated as a light brown powder (60.2 mg, 74 %). 'H NMR
(400 MHz, CeDs) & 9.51 (s, 1H), 6.85 (s, 2H), 6.53 (s, 1H), 1.82 (s, 6H), 1.56 (d, J = 8.0 Hz, 6H),
1.38 (s, 14H), 1.17 — 1.12 (m, 30H). $3C NMR (600 MHz, CsDs) & 200.13, 116.28, 68.17, 60.05,
39.20, 38.25, 30.35, 27.14, 20.37, 19.95, 15.90. IR (KBr: cm™): 3403 (w, NH), 3255 (w, NH),
2961 (m, CH), 2927 (m), 2871 (m), 1567 (m), 1535 (m), 1460 (m), 1438 (m), 1421 (m), 1386
(m), 1375 (m), 1366 (m), 1298 (s), 1226 (m), 1103 (s, C-O), 1064 (m), 1014 (m). UV-vis
spectrum (THF) Amax (em): 323 (1013), 434 (6829), 452 (6960) nm (Lmol*cm™). Anal. Calcd.

CaoHssAIN3O4-2H20: C, 61.30; H, 10.63; N, 7.15. Found: C, 60.28; H, 10.04; N, 7.04.
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Chapter 3: Synthesis of Unsupported Primary Phosphido Aluminum(lll)

Complexes

3.1 Introduction.

Materials containing element — phosphorous multiple bonds continue to receive interest
for their promising materials properties.! Ongoing efforts to expand the scope of Group 13 —
Group 15 containing species, with single, double, or triple bonds have resulted in many
contributions to Al and Ga chemistry. Using the combination of Al and P has thus far led to the
isolation of some terminal Al-phosphido complexes which contain an Al-P single bond. Of those
terminal Al-phosphido containing molecules, most contain phosphido ligands that are well
protected by two large R groups on the phosphide ligand, as in LAI-PR2 and a majority of those
secondary phosphido complexes are further protected by coordination of a Lewis base to the Al
center.? Representative examples of Lewis base-free Al complexes having the form LAI-PR;
include those with R = SiPhs reported by Power and coworkers,® R = SiMes reported by Paine
and coworkers,* and those with R = PPh, which was reported by Siefert and coworkers.® In each
of those cases the ancillary L ligands comprise either one or two bulky N-donor ligands.

A less common moiety in Al-phosphido chemistry is the “LAI-PHR” core, where only
one bulky R group protects the primary phosphide and L is a bidentate ligand. Lewis base-
stabilized primary phosphido complexes have been reported.® along with just one report that is
Lewis base-free. Tokitoh and coworkers have described two examples where R = 2,4,6-tri-tert-
butylphenyl which is denoted as Mes*. The terminal phosphido P(H)Mes* is supported by a
Lewis base-free Al center, Mes*(CDHAI-, in Mes*(Cl)-Al-P(H)Mes* and in Mes*Al-

(P(H)Mes*),: both of these compounds contain three-coordinate Al centers.” In a later report, a
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further Lewis base stabilized complex was reported with the form Bbp(Br)(NHC)AI-P(H)Mes,
where Bbp = 2,6-[CH(SiMes)2].CséH3, NHC = N-heterocyclic carbene, and Mes = 2,4,6-
trimethyphenyl.2 An Al-phosphido double bond has been reported using bulky ligands to protect
both the Al and P atoms,® and one reason that the Al-P(H)R functionality is targeted in other
work is that it is seen as a precursor for a deprotonation or H-atom abstraction reaction to

potentially afford an alternative route to the Al-P double bond.

Possible Al-P double bond routes

Ph Ph Ph -
“—r SN—Ar -He ~_x SN—Ar -H* §—_§N Ar
Ph—& N\Alg <—— ph< N/\AI\/ — Ph—< N/\Alg
P P

N~ - N N -
Ar/ R Ar/ HP—R Ar/ R
(I,P")AIPR (1,PZ)AIP(H)R [(1,PZ)AIPR]

Scheme 3.1. Possible Al—P double bond routes from precursor (I.P%)AIP(H)R. Deprotonation
of the phosphido ligand would generate an anionic complex. H-atom abstraction would generate
a ligand radical complex, which monoanionic IoP ligand complexes have demonstrated being

able to support.

The square planar (SP) di(imino)pyridine (I.P) Al complexes, denoted as (I.P*)AIX,
where X = H, CI, or I, were previously reported, and present an unusual geometry for a
molecular main group species.’®!! The chemical reactivity properties and theoretical work that
has been communicated regarding these complexes suggests that the Al atom has an empty

49



molecular orbital which is perpendicular to the square plane.'®*? Analogous SP Ga complexes
display similar electronic and reactivity properties.!! In the present work we explore ligand
substitution reactions at the Al center in SP complexes, and we also explored the nature of the
empty orbital on Al and whether it can be exploited to access Al-ligand bonds with ©-symmetry

that contribute to Al-ligand multiple bond character (Chart 3.1).

A d(C-Njn)
B d(C-Ngm)
C d(M-Ngn)
D d(M-Njmn)

Chart 3.1. (left) Depiction of the possible z~symmetry donation from X-ligand into the SP 1,P*
AIX complexes (X= P(H)Mes, P(H)Ph, CI, or I). (right) Atom labelling scheme used in the

manuscript discussion.

3.2 Results and Discussion.

3.2.1. Synthesis of Compounds. In both of the reports by Tokitoh and coworkers a salt
metathesis reaction route was employed where reaction between an Al halide and a lithium
phosphide results in formation of an Al-phosphido, following work-up to remove the lithium salt
by-products.”® Similar approaches to the synthesis of terminal phosphides have been employed
in transition element chemistry such as in the reports of nickel-phosphido complexes, which
were reported by Hillhouse and coworkers in 2002.* We followed a similar approach and set out
to synthesize Al complexes of primary phosphido ligands via salt metathesis of (1.P?)AIX with
LiPHMes or LiPHPh, where X = Cl or I. The lithium salts of a phosphide, LiPHMes and LiPHPh,
were generated in situ from the addition of one equivalent "BuL.i to either PH2.Mes or PH2Ph,
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respectively, in an Et.O solution at -68 °C in a dry-ice acetone cold well. Our initial attempts
explored dropwise addition of the LiPHMes or LiPHPh solutions to (gippl2P?)AICI but it quickly
became apparent that no reaction was occurring under those conditions. We turned instead to
reactions of LiPHMes or LiPHPh with the iodo complex, (aippl2P?)All because iodo is often a
better leaving group than chloro, and because the Al-1 bond should be weaker. Dropwise addition
of Et20 solutions of LiPHMes or LiPHPh to (dippl2P?)AI, also dissolved in Etz0, afforded an
immediate color change. Following removal of the ethereal solvent in vacuo, and extraction of
the products into benzene and into hexanes, sequentially, to remove the Lil, we obtained (gippl2P%
YAI(PHMes) (3.1) and (gippl2P?)AI(PHPh) as dark brown-orange powders (Scheme 3.2). We
were able to fully characterize 3.1 however, only the proton NMR spectrum of (gippl2P?>
YAI(PHPh) was obtained (Figure 3.1), and further confirmation of the identity of (gippl2P?

)AI(PHPh) was elusive.

Ph : Ph
LiP(H)Mes
N _ON—Ar ———— N _ON—Ar
7 SAl Et,O 7 Al
Ph —N~ 2 Ph —
N Lil N He
Ar  OEb Ar ~R
R = Mes

Scheme 3.1. Synthesis of 3.1. Ar = 2,6-diisopropyphenyl (diip). R = mesityl (mes).
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Figure 3.1. *H NMR spectrum of (gippl2P?)Al(PHMes) (3.1)

Characterization of 3.1 was performed using ‘H-, 3C-, and 3P-NMR spectroscopy
(Figure 3.1), along with single crystal X-ray crystallographic analysis of 3.1 which is described
in more detail below. The proton NMR spectrum for compound 3.1 shows a triplet resonance at
5.77 ppm corresponding to its para-pyridine resonance and this represents a shift of 0.20 ppm
upfield compared with the resonance at 5.97 ppm in (gippl2P?)AIll. The (P)H resonance is
observed as a doublet at 2.97 ppm with a large coupling constant of *Jen = 215 Hz, and when the
decoupled 3'P-NMR spectrum is acquired, a doublet is observed at -176 ppm with 1Jpyy = 215 Hz.
This combined data suggests that the NMR signals for the two atoms are coupled to each other

and that only one phosphorous containing compound, 3.1, was synthesized. Compound 3.1 was
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not stable when stored outside the glove-box freezer and thus combustion analysis was not
obtained. Additionally, attempts to obtain high-resolution mass spectra for 3.1 were also

unsuccessful.

In 3.1 the 1P ligand and the primary phosphido ligand both contain relatively bulky
functional Ar and R groups, 2,6-diisopropyl phenyl and mesityl, respectively (Scheme 3.2) and
so we reasoned that those groups might contribute to the instability of 3.1 and they might also
contribute to lengthening of the Al-P bond in 3.1. To test this hypothesis we synthesized an
analog of the I:P ligand where the 2,6-diisopropylphenyl substituents are replaced with the
smaller 2,6-dimethylphenyl (xy) substituents, and we sought out the analogous complex (xyil2P%
YAl following a synthetic procedure identical to the one that was used to obtain (xyil2P?)All
Unfortunately, we were not able to reliably isolate (xyil2P )All in good yields and with a clean
proton NMR spectrum. We did obtain confirmation of the identity of that compound from the
crystallization of the compound from a concentrated toluene solution (Figure 3.2, Tables 3.1,
3.2). The single crystal X-ray diffraction study indicated that an ether molecule is bound to the

Al center, and that the compound is (xyil2P 2)All(Et,0) (vide infra).
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Figure 3.2. Solid-state structure of (wvel2P 2)AI(Et20)I. Pink, blue, purple, red, and grey
ellipsoids represent Al, N, I, O, and C atoms, respectively. Ellipsoids are shown at 30%

probability level and H atoms have been omitted for clarity.

To circumvent our inability to isolate (xyil2P?)AIlI(Et20), we performed a reaction where
(xyil2P )AII(Et,0) was generated in situ in Et,0 and then a suspension of LiP(H)Ph, also
generated in Et,0, was added dropwise to the solution of “(xyil.P 2)All(Et.0)”. The resulting

primary phosphido complex was isolated in 80% yield and identified as (xyil.P?)AI(PHPh) (3.2)

(Scheme 3.3).
Ph 1. 2Na Ph Ph
< = < Vol = < ,
%\&»—(N_Ar. 2. Al %N—Ar LiP(H)Ph WN_N
A 2Nacl  Ar OEb Lil Ar' ~R

Scheme 3.3 Preparation of 3.2. Ar’ = 2,6-dimethylphenyl (xy), R = phenyl (Ph).

Characterization of 3.2 was performed using 'H-, 3C-, and 3!P-NMR spectroscopy
(Figure 3.3), along with single crystal X-ray crystallographic analysis of 3.2 which is described

in more detail below. The proton NMR spectrum for compound 3.2 shows a triplet resonance at
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6.29 ppm corresponding to its para-pyridine resonance and this represent a shift of 0.52 ppm
downfield compared with the resonance at 5.77 ppm in 3.1. The (P)H resonance is observed as a
doublet at 3.20 ppm with a large coupling constant of *Jpn = 224 Hz, and when the decoupled
3IP-NMR spectrum is acquired, a doublet is observed at -141 ppm with Jpy = J = 219 Hz.
Despite the differences in steric bulk and electronic properties between 3.1 and 3.2, compound
3.2 was also not particularly stable at room temperature for long periods and we were unable to

obtain combustion analysis or a high-resolution mass spectrum.

6.27
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Figure 3.3. *H NMR spectrum of (xy1.P?)AI(PHPh) (3.1)
We also compared the 3P-NMR chemical shifts for 3.1 and 3.2 to those that were

previously reported for the Al complexes of primary phosphido complexes, by Tokitoh and
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coworkers. Those 3'P-NMR spectroscopic resonances were observed at -120 ppm ({Jpn = 222
Hz) and at -133 ppm (*Jpr = 210 Hz) for Mes*(CI)-Al-(P(H)Mes*), and Mes*(CI)-Al-P(H)Mes*,

respectively.’

Reactions with alkali metal bases were performed in attempts to remove H* from the -
P(H)Mes and P(H)Ph moieties of 3.1 and 3.2, respectively, with the goal that an Al-
phosphinidene might be accessed. As an example of two separate reactions that were performed,
one equivalent of benzyl potassium (C7H-K), or of nBuLi in toluene at -68 °C was stirred, with
either 3.1 or 3.2. In all cases a color change from a brown-orange to a red-brown solution was
observed within 10 minutes. After removal of the solvent in vacuo, a solid product was obtained
in each case and comprised about 40% of the original sample mass. The 3P-NMR spectra of
those solid products did not display any resonances and that suggested either no P-containing
product had formed or that the product is paramagnetic. Unfortunately, all attempts to crystallize

the reaction products were unsuccessful.

3.2.2. Solid State Structures. Single crystals of 3.1 and 3.2 were grown as brown cubes
from concentrated hexanes or toluene solution, respectively, that was stored at -25 °C overnight.
(Figure 3.4, Tables 3.1 and 3.2). The neutral complexes have a four-coordinate Al center that is
best described as distorted tetrahedral and consists of one tridentate 1.P? ligand and an anionic -
PHR (R = Mes, Ph) ligand. The geometric structures of the ligands, diipl2P? and xyil2P %, reveal
an asymmetric structure with Nim—Cim and Nan—Cam bond lengths of 1.349(3) A and 1.381(3)
A, respectively for 3.1 and bond lengths of 1.348(7) A and 1.350(7) A, respectively for 3.2 (see
Chart 3.2 for atom labelling scheme) The asymmetry in the Al-Nim and Al-Nam bond lengths of
3.1, which are 2.054(2) A and 1.943(2) A, respectively, and 3.2, which are 1.943(4) A and

1.836(5) A, respectively, further confirms the asymmetry of the ligand electronic structure. The
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C-C bond lengths around the edge of the ligand are best described as having alternating single

and double bond character.

Figure 3.4. Solid-state structure of (top) (aiipl2P?)AI(PHMes) in 3.1, and (bottom) (xyil2P %
)AI(PHPh) in 3.2. Pink, blue, orange, and grey ellipsoids represent Al, N, P, and C atoms,
respectively. Ellipsoids are shown at 30% probability level and H atoms, except (P)H have been

omitted for clarity.
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Table 3.1. Crystallographic data for (xyI2P 2)All(Et.0), 3.1, and 3.2.

(xy1P 2')A| I(Et20)

3.1

3.2

Formula Cs3Hs7AlIN3O Cs2Hs0AIN3P C1H37AIN3P
Crystal size 0.306 x 0.304 x 0.138 0.19x0.18 x0.14 0.228 x 0.207 x 0.107
Formula wt., gmol* 905.89 783.97 629.68
Space group Pbca P1 P21212
a, A 11.480(16) 10.9796(4) 7.3303(3)
b, A 27.886(4) 13.3273(4) 18.6884(6)
c, A 28.860(5) 16.0565(5) 23.9329(7)
a, deg 90 78.8627(16) 90
B, deg 90 78.2135(17) 90
7, deg 90 72.4072(16) 90
Vv, A3 9242(2) 2170.56(13) 3378.7(2)
YA 8 2 4
T, K 90(2) 100(2) 90(2)

p, caled, g cm™ 1.302 1.345 1.276
Refl. collected/2 Gax 38139 16434 13148
Uniqgrefl./ 1> 20 (1) 8471/5448 8568/6618 5910/4302
No. param./restraints 540/0 549/30 423/1
A, A'lu (Ko, cmta 1.54178 1.54178 1.54178

R1/GOF® 0.0633/1.029 0.0566/1.057 0.0575/0.979

WR2 (I > 20(1)) 0.1509 0.1261 0.1338

Resid density, eA3 1.798/-0.526 0.436/-0.400 0.582/-0.233
30btained with graphite-monochromated Cu Ka (A = 1.54178 A) radiation. °R1 = || Fo |-

Fll/Z|Fo |, WR2 = {Z[W(Fo?-Fc?) %)/ = [w(Fo?)2}2.



Table 3.2. Selected bond distances and angles for (xyI2P 2)AlI(Et20), 3.1, and 3.2.

(xyl2P #)AlI(Et,0) 3.1 3.2

Al—Nin 2.021(5) 2.054(2) 1.943(4)
Al—Nam 1.961(6) 1.943(2) 1.940(4)
Al—Npy 1.855(5) 1.831(2) 1.836(5)

Al—I 2.630(2) N/A N/A
Al—P N/A 2.3423(12) 2.367(2)
Nim—Cim 1.365(7) 1.349(3) 1.348(7)
Nam—Cam 1.388(8) 1.381(3) 1.350(7)
Npy—Chy(0) 1.374(7) 1.376(3) 1.382(7)
Npy—Cpy(o)’ 1.385(8) 1.409(3) 1.403(6)
Cpy(0) —Cim 1.421(8) 1.431(3) 1.424(7)
Cam—Copy(oy 1.422(8) 1.392(3) 1.415(7)
Coy(m) —Chy(0) 1.365(9) 1.375(3) 1.370(9)
Cpy(oy—Cpy(my 1.392(9) 1.394(3) 1.384(8)
Cry() —Cpy(m) 1.40(1) 1.395(4) 1.398(7)
Cryp) —Cpy(m’) 1.390(8) 1.371(4) 1.391(8)
Nim—Al—Npy 79.8(2) 80.55(8) 81.5(2)
Nam—Al—Npy 81.1(2) 83.18(8) 82.0(2)
Nam—Al—Nim 152.2(2) 151.28(8) 152.0(2)
Npy—Al—X 2 165.0(2) 156.89(8) 144.3(2)

T N/A 0.367 0.452

T5 0.208 N/A N/A

3 For (xyl2P¥)AII(Et,0), X = I; and for 1 and 2, X = P.

The AI-P distances of 2.3423(12) in 3.1 and 2.367(2) A in 3.2 fall within the ranges of Al-P

bond lengths previously reported as single bonds. As examples, Mes*(Cl)-Al-P(H)Mes* which
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has a three-coordinate Al center has Al-P bond length 2.379(3) A, and in Mes*Al-(P(H)Mes*),
which has a tetrahedral Al center, the two Al-P bond lengths are 2.405(2) and 2.417(2) A.’
Another four-coordinate Al center with terminal primary phosphide ligand, Bbp(Br)(NHC)AI-
P(H)Mes, has Al-P bond length of 2.4074(6) A,” although some other four-coordinate Al centers
do show shorter Al-P bonds as in (dmap)Me.Al-P(SiMes). [P-Al 2.379(1) A, dmap = 4-
(dimethylamino)pyridine].* These comparisons indicate that the Al-P bond length in 3.1 (or
3.2) is shorter than the Al-P bond lengths that have been observed for some other four-coordinate
Al centers, and are instead more similar to the Al-P bond length found in three-coordinate Al
complexes. Another example of an Al-P bond supported at a three-coordinate Al center is in
Tip2Al-P(SiPhs)(1-adamantyl) [2.342(2) A, Tip = 2,4,6-(iPr)sCeH2], which is 1.342(2) A2 Taken
in the context of these previous reports, the Al-P bond lengths in 1 and 2 (at 2.3423(12) and
2.367(2) A, respectively) are single bonds, and this is further consistent with the pyramidal

geometry about each P atom in 3.1 and 3.2.

The angles Np,-Al-P associated with each of 3.1 and 3.2 are 156.89(8) and 144.3(2) A,
respectively. In previous work describing square planar (SP) complexes of Al and Ga we have
shown that the SP complexes, (1.P?)AIH and (1.P?)GaH, with c-donor hydride ligands have Npy-
Al-H or Npy-Ga-H angles of 180(1) and 177(11)°, respectively. In contrast, SP complexes
containing a halide ligand have smaller angles that range from 167.01(4) to 168.78(19)° across
the three compounds (I.P*)AICI, (12P?)Al, and (12P?)GaCl.1*5 In the case of the halides and in
the current case of the phosphide ligands there appears to be no steric driving force for the
deviation from 180°. These smaller angles are therefore believed to derive from n-donation from
the m-donor halide ligands, and from a m-donating contribution from the phosphido which is

more effective when the m-symmetry orbital on the P atom approaches the empty orbital on Al
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more closely. The very weak n-donation, in the case of the Al-phosphido complexes may be the
origin of the shortening of the Al-P bond lengths, by roughly 0.05 A, relative to the Al-P bond

lengths in other four-coordinate Al-phosphides (vide supra).’

The single crystal X-ray diffraction structure of (xyl.P*)AII(Et20) revealed a similar
electronic as the previously published (aippl2P?)AILIY The primary difference between the two
compounds is that the former is five-coordinate with square pyramidal geometry and the latter is
four-coordinate with square planar geometry. The ligand electronic structure in (xyiloP*
)AII(Et20) is best described as localized with alternating single and double bonds, and this is
consistent with all of the other structures we have collected for square pyramidal complexes
containing the dippl2P ligand.2® For (xyil2P?)AII(Et20), the two Al—Nim bonds differ in length
and are 2.021(5) A and 1.961(6) A, whereas for SP (gippl2P?)All the bond lengths are similar and
are 1.945(5) A and 1.965(5) A. The Al—I bond in (xyil.P ?)AII(Et20) is 2.630(2) A whereas in
(gippl2P?)AII it is 2.556(19) A. The longer Al—I bond in (xyil2P 2)AN(Et20) is consistent with

the five-coordinate Al center as compared with the four-coordinate Al center in (gippl2P?)AIl.

3.2.3. Electronic Spectra. Low energy, high extinction co-efficient absorption bands in
planar metal-ligand complexes are often associated with a metalloaromatic electronic structure,
and the observed transition is assigned to a metal-ligand charge transfer (MLCT) band.
Characteristic MLCT absorption bands have been observed in square planar Al compounds of
the di(imino)pyridine ligand where the absorption wavelength (and extinction coefficients) were
1041 (6900) and 1033 (4900) nm (Lmol*cm™), for (1.P?)AICI and (I2P%)AII, respectively.!! In
that prior work we also characterized the NIR region of the spectrum for one-electron oxidized

compounds such as (12P))AICI, and found no absorption band. Near infra-red (NIR) absorption
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spectra were collected for 3.1 and 3.2 and similar broad low energy bands were observed at 1042
(2489) and 1033 (1387) nm (Lmol*cm™), respectively (Figure 3.5). Each of these transitions is
slightly lower in energy than those previously reported for (1.P%)AICI and (I2P?)AI, and the
extinction coefficients are also lower suggesting that the transition is less allowed. Halide ligands
such as chloro and iodo are m-donor in character. The phosphido ligands are likely weaker 7-
donors and this may result in the lowered electron density on the Al center and thus, the slightly
lower energy for the observed MLCT absorption bands. Regardless of the exact details and
comparisons, the observation of the low energy MLCT bands in 3.1 and 3. is consistent with a
persistent metalloaromatic structure for the (1.P?)AIX moiety across a range of X-type ligands
including CI, I, H', "P(H)Ph, and "P(H)Mes. The UV-Vis portion of the spectra for 3.1 and 3.2
show a broad band around 400 nm (~1800 — 3500 L mol-cm) and we have previously assigned

bands in this region to ligand-based = - ©* transitions (Figure 3.6).
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Figure 3.5. NIR spectra of 1.0 mM solutions of 3.1 (black), and 3.2 (red). All measurements
recorded in CeHs. Discontinuities at 950 and 1120 nm are associated with lamp and detector

changes in the instrument.
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Figure 3.6. UV/ Vis spectrum of 3.1 (Black) and 3.2 (Red). All measurements recorded in CeHs.
3.3 Conclusion.

Two primary phosphido complexes of Al(I11) have been isolated and characterized using
single crystal X-ray diffraction, and *H-, *3C-, and 3P-NMR spectroscopy. The Al-P bond length
in each of the complexes are consistent with single bond character. In addition, NIR
spectroscopic measurements were used to characterize the metalloaromatic character in the Al-

pincer ligand component of the molecule.
3.4 Experimental section.

3.4.1 Physical Measurements. *H-NMR, *C-NMR, 3!P-NMR, spectra were recorded at
ambient temperature using a Varian 600 MHz or 400 MHz spectrometer. Chemical shifts were
referenced to residual solvent. UV-Vis spectra were obtained using a 1 cm cuvette using an
Agilent 8453 UV-vis spectrophotometer. Near infrared (NIR) spectra were collected using a

Perkin Elmer Lambda 2050 UV-Vis-NIR spectrophotometer.
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3.4.2 X-ray Structure Determinations. X-ray diffraction studies were carried out on a
Bruker SMART APEX Duo or a Bruker Kappa Duo diffractometer equipped with a CCD
detector.'” Measurements were carried out at -175 °C using Cu Ka (1.54178 A) radiation.
Crystals were mounted on a glass capillary or Kaptan Loop with Paratone-N oil. Initial lattice
parameters were obtained from a least-squares analysis of more than 100 centered reflections;
these parameters were later refined against all data. Data were integrated and corrected for
Lorentz polarization effects using SAINT,*® and were corrected for absorption effects using
SADABS?2.3.1° Space group assignments were based upon systematic absences, E statistics, and
successful refinement of the structures. Structures were solved by direct methods with the aid of
successive difference Fourier maps and were refined against all data using the SHELXTL 2014/7
software package.?® Thermal parameters for all non-hydrogen atoms were refined anisotropically.
Hydrogen atoms, where added and were assigned to ideal positions and refined using a riding
model with an isotropic thermal parameter 1.2 times that of the attached carbon atom (1.5 times

for methyl hydrogens).

3.4.3 Preparation of Compounds. All manipulations were carried out under a dinitrogen
atmosphere using standard Schlenk line and glovebox techniques. All chemicals were purchased
from VWR International, Acros, Alpha Aesar, or Cambridge Isotopes. Bulk solvents were
deoxygenated and dried by sparging with argon gas followed by passage through an activated
alumina column. Deuterated solvents and other liquid reagents were degassed with dinitrogen
and stored over activated 3 A sieves prior to use. Compounds xyil2P,? (dippl2P?)All,** PH,Mes,??

and PH,Ph,% were synthesized in accordance with reported procedures.

(dippl2P?)AlI(PHMes) (3.1). Solid sodium (50.6 mg, 2.20 mmol) was stirred with giipl2P

(493 mg, 1.00 mmol) in Et,O (10 mL) for 24 hours after which the solution became a uniform
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intense blue color. One equivalent of All3(0.408 mg, 1.0 mmol) was dissolved in 3 mL of Et,O
then added slowly to the blue solution of Naz(aiipl2P%) at room temperature. The reaction solution
turned red-brown and after stirring for thirty minutes. In a second reaction vessel, PH.Mes (27.2
mg, 0.17 mmol) was dissolved in 5 mL Et.O and cooled to -68 °C in a dry-ice acetone cold well.
Freshly titrated 2.9 M "BuLi (0.068 mL, 0.19 mmol) was added to the cold PH2Mes solution
resulting in the precipitation of a white solid and the evolution of butane. This slurry was added
over 5 minutes to the first reaction vessel was left stirring for one hour during which time a color
change from dark brown to a green-brown occurred. The Et,O was removed in vacuo and then
the solution was dissolved in benzene, filtered over Celite and the solvent was removed in vacuo
leaving 1 as a brown powder (88 mg, 64%). Crystals suitable for X-ray diffraction were grown as
brown cubes from a concentrated hexane solution stored at -25 °C overnight. *H-NMR (600 MHz,
CeDes): 6 7.14-6.84 (m, 18H, Ar, m-py), 6.64 (s, 3H, Mes), 5.77 (t, J = 7.7 Hz, 1H, p-py), 3.37
(hept, J = 6.7 Hz 4H, CH(CHs)2), 2.97 (d, J = 215.5 Hz, 1H, PH), 2.26 (s, 9H, Mes), 1.10 (d, J =
6.8 Hz, 6H, CH(CHa)2). 0.74 (d, J = 6.6 Hz 6H, CH(CH3)2). *'P-NMR (243 MHz, CsDs): & -176
(d, J = 215 Hz, PH). 3C NMR (101 MHz, C¢Ds): & 147.8, 143.9, 143.4, 141.7, 138.1, 135.0,
134.9, 134.6, 131.0, 130.4, 128.8, 128.6, 127.3, 126.5, 124.4, 119.1, 30.3, 26.2, 25.1, 24.2, 20.8.

UV-vis-NIR spectrum (C¢Ds) Amax (em): 408 (3541), 1042 (2489) nm (L mol* cm™).

(xy112P 2)AlI(Et20). Solid sodium (50.6 mg, 2.20 mmol) was stirred with xyil2P (493 mg,
1.00 mmol) in Et20 (10 mL) for 24 hours after which the solution became a uniform intense blue
color. One equivalent of Allz (0.408 mg, 1 mmol) was dissolved in 3 mL of Et,O then added
slowly to the blue solution of Nax(xyil2P %) at room temperature. The reaction solution turned
red-brown and after stirring for thirty minutes, the solvent was removed in vacuo at room

temperature. The residue was extracted into benzene (10 mL) and filtered through Celite to
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remove salts. The filtrate was evaporated to dryness. (xyil2P )AIlI(Et,0) was obtained as a red-
brown powder (476 mg, 66% vyield). Crystals suitable for X-ray diffraction were grown from a
concentrated toluene solution stored at -20 °C overnight. We were repeatedly unable to obtain a
pure sample of (xyil2P 2)AII(Et,0), and so we developed a synthesis of a phosphido complex

where “(xyil2P 2)All(Et,0)” was generated in situ and not isolated.

(xy1l2P Z)AI(PHPh) (3.2). Solid sodium (25.8 mg, 1.12 mmol) was stirred with xyl2P
(230 mg, 0.47 mmol) in Et,O (10 mL) for 24 hours after which the solution became a uniform
intense blue color. One equivalent of Allz (223 mg, 0.56 mmol) was dissolved in 3 mL of Et.O
then added slowly to the blue solution of Nax(xyil2P %) at room temperature. The reaction
solution turned red-brown after stirring for thirty minutes. In a second reaction vessel, PH2Ph
(56.6 mg, 0.513 mmol) was dissolved in 5 mL Et,O and cooled to -68 °C in a dry-ice acetone
cold well. Freshly titrated 2.9 M "BuLi (255 pL, 0.56 mmol in hexanes) was added to the cold
PH2Ph solution resulting in the precipitation of a white solid and the evolution of butane. This
slurry was added dropwise over 5 minutes to the solution of “(xyl2P 2)Al-I(Et20)”, and then the
reaction mixture was left stirring for one hour while the color of the solution changes from dark
brown to a green-brown. The Et.O was removed in vacuo and then the solution was dissolved in
benzene (10 mL), filtered over Celite and the solvent was removed in vacuo leaving 2 as a brown
powder (234 mg, 80%). Crystals were grown as brown blocks from a concentrated toluene
solution and stored at -25 °C overnight .!H-NMR (600 MHz, CsDs): & 7.08-6.80 (m, 18H, Ar, m-
py, PHCeHs), 6.27 (t, J =7.3 Hz, 1H, p-py, PHCe¢Hs), 5.90 (t, J = 7.7 Hz, 1H, p-py), 3.20 (d, J =
224 Hz, 1H, PH), 1.26 (s, 6H CHs3). 0.75 (s, 6H, (CH3). *'P-NMR (243 MHz, CeDs): & -141 (d, J

=219 Hz, PH). 3C NMR (101 MHz, CgDs): & 146.48, 145.98, 137.55, 135.82, 135.06, 134.92,

66



134.67, 134.28, 133.93, 133.50, 129.44, 128.89, 128.59, 127.67, 125.48, 118.47, 20.35. UV-vis-

NIR spectrum (CsDg) Amax (em): 372 (1800), 1033 (1387) nm (L mol* cm™).
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Chapter 4: Electrochemical Characterization of V{N(SiMe3):}s

4.1 Introduction.

In 2019, the Power group at UC Davis published a new characterization of the transition
metal complex V{N(SiMes)2}s.! V{N(SiMes).}s belongs to a class of metal trisilylamides with
the formula M{N(SiMes).}s (M = 1% row transition metal), which are well known three-
coordinate, open-shell transition metal complexes.>* The first examples were reported in the
early 1960s by Wannagat and Biirger>® who synthesized Cr{N(SiMes)2}s® and Fe{N(SiMes)2}s.
Bradley and coworkers expanded the range of compounds to include metal trisylylamides with
Sc, Ti, and V in the early 1970s.8° In the late 1980s tris(silylamido) derivatives of manganese
and cobalt were reported.'® Since then X-ray crystal structures of the scandium,*! titanium,*?
chromium,*® manganese,® iron,***° and cobalt'® tris(silyamides) have been published as well.
For the complex V{N(SiMes)2}s (4.1) only some parameters of the structure (V-N, Si-N
distances and Si—-N-Si angle) were given in a review.? Full details of 4.1 have not been published
until the publication from Power and coworkers in 2019.! In a previous publication, the
preparation of V{N(SiMes).}s was described as a brown, crystalline solid.'® The Power group
synthesized V{N(SiMez)2}s by following a route they previously described in a publication on
low-coordinate amido derivatives of the early transition metals.” This resulted in their isolation
of V{N(SiMes)2}s as violet needles, different in color from the brown crystals that were
previously described. The Power group provided full synthetic details of the violet color
observed by Horvath and coworkers,*® crystalline (4.1) product as well as its X-ray crystal
structure and electronic and IR spectrum. In addition, the Power group described its reduction to

the three-coordinate vanadium(Il) species [K(18-crown-6)(Et20)2][V{N(SiMes)2}3](4.2) as well
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as the corresponding chromium(ll) species [K(18-crown-6)(Et20)2][Cr{N(SiMe3)2}3] (4.3). In
order to assist with the characterization and elucidation of the electronic structure of 4.1-4.3, |

performed cyclic voltammetry (CV) measurements on the compounds.

4.2 Results and Discussion.

4.2.1. Electrochemical measurements. Electrochemical measurements were performed
using cyclic voltammetry (CV) of complexes 4.1, [4.17], Cr{N(SiMe3).2}3, and [Cr{N(SiMe3)2}3]
(Figure 4.1). The CV of 4.1 was performed in a 0.3 M BusNPFs/fluorobenzene solution and that
of [4.1]", Cr{N(SiMe3)2}3, and [Cr{N(SiMes)2}3] in solutions of 0.3M BusNPFe¢/THF. When the
reduction of 4.1 is performed in THF two reduction waves are observed indicating the possible
formation of a THF complex with 4.1. The open-circuit potentials of 4.1, [4.1°], Cr{N(SiMe3)2}3,
and [Cr{N(SiMes3)2}s]" were measured as -0.95, -1.86, -0.65, and -1.43 V versus Fc/Fc",
respectively. In the CV of 4.1 and [4.1], a quasi-reversible couple is observed at -1.91 and -1.78
V, respectively, and is assigned to the V""" couple. The V""" couple potential in 4.1 and [4.1] is
significantly less reducing than the wvalue for (nacnac)VCI(ODipp) (nacnac =
[DippNC(CH3)]2CH; -2.14 V vs. Fc/Fc* in THF) which upon reduction also forms a three-
coordinate vanadium(ll) complex.® The CV Curves of Cr{N(SiMes)2}s, and [Cr{N(SiMes)2}3]
both have one quasi-reverisble redox couple at -1.48 V, corresponding to the Cr'"""" couple. This
is unlike the case of Cr{N(SiPr'3)Dipp} which shows an additional reduction wave at -2.04 V vs.

Fc/Fct demonstrating the feasibility of further reduction to Cr'.%°
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4.1

Cr{N(SiMes):}1

4.2 4.3
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Figure 3.1. CV curves of 3.2 mM 4.1 (purple) in 0.3 M BusNBF4/fluorobenzene and 2.6 mM
[V{N(SiMe3)2}s] (4.2; green), 2.6 mM Cr{N(SiMes).}s (blue), and 1.4 mM [Cr{N(SiMe3)2}s]"

(4.3; orange) in 0.3 M BusNPFs/THF. Scan rate = 200 mV s, glassy carbon working electrode.
3.3 Conclusion.

The synthesis and characterization of 4.1 by the Power group repairs the long-held belief
that 1 is a brown solid, and the definitive characterization may result in greater use of this
compound as a synthon. The reduction of 4.1 results in a rare low-coordinate vanadium(Il)
species, [4.1]". The reduction of the chromium analogue results in the analogous charge-
separated chromous salt.?>?2 Cyclic voltammograms of 4.1-4.3 assisted in the characterization of

these products, describing their electrochemical properties.
4.4 Experimental section.

4.4.1 Electrochemical Measurements. Cyclic voltammograms were recorded in a
nitrogen-filled glovebox in either 0.3 M BusNBF4 fluorobenzene solution or 0.3M BusNPFs THF

solution. A CH Instruments model 620D electrochemical analyzer with a glassy carbon working
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electrode (CH Instruments, nominal surface area of 0.071 cm2), a platinum wire auxiliary
electrode, and a Ag/AgNOs (0.001M) nonaqueous reference electrode with a Vycor tip was used.
Ferrocene was used as an internal standard and all potentials are referenced to the Fc/Fc* couple.
BusNBF4 and BusNPFs were recrystallized from ethanol and placed under vacuum for 72 h
before electrolyte solutions were made. Electrolyte solutions were stored over 3 A molecular
sieves for at least 48 h before use. Sieves were activated by heating under vacuum at 270 °C for

at least 72 h. All other reagents were purchased from commercial vendors and used as received.
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Appendix A: O-H Bond Activation by Di(imine)pyridine Complexes of Al(I11)

Substituted with Electron-Withdrawing Groups

Al Introduction.

In the pursuit of catalytic chemical transformations like alcohol dehydrogenation and
transfer hydrogenation, developing molecular compounds that can activate O—H bonds is the
first step. Previously, di(imine)pyridine (I12P) complexes of Al(Ill) have demonstrated O—H
bond activation of phenols, benzyl alcohols, and primary alcohols via a metal-ligand cooperative
pathway (Scheme A1).2? (pnlo.P)AIH reacts with 1 equivalent of alcohols to afford a product with
a protonated 1.P ligand and an alkoxide ligand. (pnl2P)AIH reacts with 2 equivalents of alcohols
to also afford a product with a protonated 2P ligand and two alkoxide ligands with H2 being
liberated in the process.

Ph, Ar Ph. Ar Ph.  Ar
=N =N H —No
L N-A—H ROH < N-A{  RoH_ < N—,?\Iio R
> N > N ) \ > N
Ph ‘Ar R

(pnl2P?)AIH (prHIoPT)AI(OR)H (phHIoP)AI(OR),

Scheme Al. Reaction of (pnl2P)AIH with various alcohols (R = Ph, p-BnOMe, p-BnCFs, p-

BnOMe, 'PrOH).

Building off established O—H bond activation work with 1P Al complexes, a derivative
of Io,P with electron-withdrawing pentafluorophenyl groups (rsl2P) was also explored (Scheme
A2). After being reduced with two equivalents of sodium, rsloP reacts with AICl3 to form

(rs12P)AICI(THF)2.2 An interesting feature of (esl.P)AICI(THF), is the complex has two THF
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solvate ligands whereas (pnl2P)AICI(THF) only has one, a likely result of the electron-
withdrawing I2P ligand enabling a more Lewis acidic Al center that can support more ligands.
When (gs12P)AICI(THF), is compared to (pnl2P)AICI(THF), there is a dramatic shift in the 1,P%
redox potential. (pnl2P)AICI(THF) has a redox potential at -1.55 V vs. SCE * and

(rs12P)AICI(THF)2 has a redox potential at -1.16 V vs SCE, 390 mV more positive.

(r512P?)AICI(THF),

Scheme A2. Synthesis of (rs12P)AICI(THF)2

The incorporation of electron-withdrawing ligands has been a proven method to alter
product formation, for example in Ni cross-coupling catalysis electron-withdrawing ligands can
be designed to favor reductive elimination.® Exploring (esl.P)AICI(THF),’s reactivity in
comparison to (pnl2P)AICI(THF) has potential to alter product formation due to the vast
difference in electronic profile of supporting I2P ligand, which is reflected in their respective
redox potential. Additionally, the rsl2P ligand has less steric bulk than pnl2P ligand which could
play a role in the outer coordination sphere of the complexes. Reactions of (rs12P)AICI(THF):
with primary alcohols were explored to probe the complexes ability to activate O—H bonds. The
rsloP ligand is more basic than the pnl2P ligand, given its’ electron withdrawing groups, which

may lead to contrasting reactivity with more acidic O—H bonds.
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A2 Results and Discussion.

A2.1. Synthesis of Compounds. The synthesis of esloP and (rs12P)AICI(THF), were
adopted from previously established procedure.*® To explore the potential of (rsl.P)AICI(THF):
to activate the O—H bonds of alcohols, reactions with methanol (MeOH) and isopropanol
('PrOH) were conducted. The reactions were carried out in THF where MeOH or 'PrOH were
added dropwise to solutions of (rsI2P)AICI(THF)2 (Scheme A3). An immediate color change was
observed with the addition of MeOH and 'PrOH, where the solutions turned from red-brown to
blue and blue-green, respectively. The reaction with MeOH formed product Al and the reaction

with 'PrOH formed product A2.

(r5l,P2)AICI(THF), (rsHI,P")AI(OR)CI

Scheme A3 Reaction of (rs12P)AICI(THF)2 with alcohols (R = Me, iPr) to form Al and A2.

A2.2. 'TH NMR Spectra. The *H NMR spectra reveals reactions of (rs12P)AICI(THF),
with MeOH and 'PrOH occurred in an analogous manner of (pnl2P)AIH reacting with phenols and
benzyl alcohols. The *H NMR spectrum of A1 (Figure Al, middle) shows a singlet peak at 6.01
ppm, corresponding to the protonated amine, and a quartet at 5.68 ppm, corresponding to the
para-pyridyl proton. These shifts are consistent with the previously reported protonated pnl2P

complexes.t2 For A2, the analogous singlet appears at 5.99 ppm and the analogous quartet at
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5.67 ppm. The emergence of a quartet for the para-pyridyl proton is expected as it indicates that
the protonated H-I2P ligand has an asymmetric electronic structure. This differs from the starting
compound (rsl.P)AICI(THF),’s para-pyridyl proton that appears as a triplet in the *H NMR

spectrum at 5.30 ppm (Figure Al, top).

ph.h__‘_ .-.'-" ,.-'H.__‘ ._ph

a I
; " HaM Al M
- I # FR ", ﬁl
' Ar cl L Ar /
I ¥
LA A SN R, \y

L= CMe, iProH

b,c

d ipr
\‘I\—Ma LA//\*——

7.0 6.5 6.0 55 50 45 4.0 35 3.0 25 20 1.5 10 05
& (ppm)

Figure A1 'H NMR spectrum of (gsl.P)AICI(THF), (top), Al (middle), and A2 (bottom). The
labeled chemical structure corresponds to each spectrum. The red box (top) and blue box (middle,
bottom) highlight the chemical shifts of the para-pyridyl proton of the ligand and how it changes

from the I,P? ligand charge state to HIP".

81



A3 Conclusion.

Two complexes with the protonated rsloP ligand have been identified by *H NMR via the
reaction of (rsl2P)AICI(THF), with MeOH and 'PrOH. The observed O—H bond activation is

consistent with previously reported Al pnl2P complexes.

A4 Experimental section.
A4.1 Physical Measurements. *H-NMR spectra were recorded at ambient temperature

using a Varian 600 MHz spectrometer. Chemical shifts were referenced to residual solvent.

A4.2 Preparation of Compounds. All manipulations were carried out under a dinitrogen
atmosphere using standard Schlenk line and glovebox techniques. All chemicals were purchased
from VWR International, Acros, Alpha Aesar, or Cambridge Isotopes. Bulk solvents were
deoxygenated and dried by sparging with argon gas followed by passage through an activated
alumina column. Deuterated solvents and other liquid reagents were dried with calcium hydride,

degassed with dinitrogen, and stored over activated 3 A sieves prior to use.

(rsHI2P)AICI(OMe) (Al). To a solution of (rsl2P)AICI(THF)2 (202 mg, 0.245 mmol)
dissolved in 5 mL of THF was added 1 equivalent of MeOH (9.94 uL) dropwise. The initial red-
brown solution stirred for two hours, gradually turning blue. The reaction solvent was removed
in vacuo and the resulting blue solid was dissolved in benzene and filtered over Celite.

Compound A1 was dried in vacuo and collected as a light blue powder (68 mg, 38.9% yield). 'H
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NMR spectrum was recorded in C¢Ds. *H-NMR (600 MHz, CgDs): & 6.93-6.46 (m, 12H, Ar, m-

py), 6.01 (s, 1H, NH), 5.80 (s, 3H, OMe), 5.68 (dd, J = 8.75 Hz, 1H, p-py).

(rsHI2P)AICI(OiPr) (A2). To a solution of (rsl2P)AICI(THF)2 (204 mg, 0.248 mmol) dissolved
in 5 mL of THF was added 1 equivalent of 'PrOH (18.9 L) dropwise. The initial red-brown
solution stirred for two hours, gradually turning green-blue. The reaction solvent was removed in
vacuo and the resulting green-blue solid was dissolved in benzene and filtered over Celite.
Compound Al was dried in vacuo and collected as a light green-blue powder (144 mg, 78.5%
yield). 'H NMR spectrum was recorded in C¢Ds. *H-NMR (600 MHz, CsDs): & 6.81-6.44 (m,
12H, Ar, m-py), 5.99 (s, 1H, NH), 5.78 (m, 3H, O'Pr), 5.66 (dd, J = 8.19 Hz, 1H, p-py), 1.95 (br,

9H, O'Pr) .
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