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Abstract

Activation of carbon-carbon single bonds remains a long-standing pursuit in
synthetic chemistry due to their high stability. However, the ability to selectively break
down C-C bonds under mild conditions and with inexpensive catalysts would be
beneficial for rapid development of complex molecules as well as for valorizing
neglected feedstocks such as biomass and plastics. To address this issue, we have
prepared a series of vanadium photocatalysts that are able to effect highly selective C-
C bond activation in aliphatic alcohol substrates under exceptionally mild conditions

and visible light irradiation.

Improving on our group’s initial catalyst VO-10, we began with the systematic tuning
of electronic properties of the ligand backbone by introducing strong electron-
withdrawing groups at specific ligand sites. This approach led to the development of
new photocatalysts with significantly enhanced reactivity. Detailed kinetics studies of
photodegradation of representative non-phenolic, f-O-4-containing lignin model
substrates 5 and 25 revealed VO-14 as the fastest catalyst, performing up to 7 and 17
times faster than the original VO-10, with respective substrates. Furthermore, the
computational DFT studies supported our initial hypothesis that stabilization of the
HOMO level of the complex could significantly improve the catalytic rate of the C-C

bond cleavage.

In the subsequent work, we have been able to apply this unique reactivity of catalyst
VO-14 to a wide range of substrates. Alcohols that generate highly stabilized benzyl
radicals upon C-C bond cleavage were especially suitable. Additionally, mechanistic
screening and substrate modifications revealed that various functional groups are well
tolerated under optimized reaction conditions. Moreover, even simple, commercially
available alcohols, which generate less stabilized tertiary, secondary, and even primary
radicals underwent C-C bond cleavage under photocatalytic conditions. Remarkably, in
some instances, a second C-C bond cleavage of the initially formed alcohol product
occured, indicating a possibility of applying a cascade-type C-C bond activation in

specific substrates.

Lastly, the ease of preparation of hydrazone-amide ligands and their corresponding

complexes allowed us to synthesize a significant number of new vanadium catalysts



with various functional groups on the ligand. This work shows that fine-tuning the
ligand design can effect distinct structural, as well as photophysical properties in the
resulting vanadium complexes. Depending on the type, and the position of ligand
substitution, complexes with different reactivity, as well as distinct light absorbing, and

emitting properties may be obtained.
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CHAPTER 1
INTRODUCTION



PREFACE

The content of this chapter has been reproduced from the article “Artificial
Photosynthesis by Light Absorption, Charge Separation, and Multielectron Catalysis”,
Poki¢, M.; Soo, H. S. Chem. Commun., 2018, 54, 6554-6572, with permission of the

Royal Society of Chemistry. Both authors contributed to the preparation of the final
manuscript.



1.1 Artificial Photosynthesis

The “terawatt (TW) challenge” was coined in 2005 by the late Nobel laureate,
Richard Smalley, to contextualize the scale of our energy requirements in the near
future.! Currently, over 80% of global energy needs are satisfied by fossil fuels,? and
the total energy demand is expected to increase by about 20% from 19 to 23 TW in
2030.% 4 Furthermore, fossil fuels are limited, and the additional strain from pollution
and global climate change due to fossil fuel combustion has led to an impending energy

and environmental crisis.> ©

Nature has provided a blueprint and inspiration for averting and overcoming
these energy and pollution crises.® * ™ On average, solar energy reaches the Earth’s
surface at a rate of 120 000 TW, which is at least three orders of magnitude above what
the global population uses now and will need in the foreseeable future.® X° To exploit
this virtually unlimited resource, natural photosynthesis worldwide currently stores
solar energy at a rate of around 120 TW.* %1% Photosynthetic organisms have evolved
sophisticated biological processes, using exclusively earth-abundant elements available
in disparate ecosystems, to capture solar energy and store it in reduced carbon
compounds.®>* In so doing, they have simultaneously achieved multiple functions that

should instruct us, including the following aspects:

(i) The storage of diffuse sunlight over a panchromatic spectral range into energy
dense fuels. Although solar energy is plentiful, it is distributed over a broad surface area
and electromagnetic spectrum.® % ® Yet photosynthetic organisms have been able to

concentrate this energy into energetic small molecules.

(i) The spatial and temporal separation of energy collection versus energy use. The
available sunlight varies with the location, season, time of the day, and the weather. By
storing the energy within the chemical bonds of small molecules, Nature circumvents
the need to manage or match the solar flux with utilization, as usually required in

photovoltaics.® 1

(iii) The one-directional multielectron charge separation across an interfacial
membrane via thermodynamically and kinetically favorable and well-matched chemical
processes. The chlorophyll chromophores absorb single photons and undergo single

charge separation events, but are coupled with energetically downhill charge transfer



reactions that kinetically outcompete undesired recombination processes.>* 78 Natural

photosynthesis operates essentially with a molecular diode.

(iv) The indirect energy storage on the reductive half-reaction in the form of partially
reduced carbon (instead of nitrogen) compounds via Kkinetically more facile proton
reduction processes. The primary light driven process in the reductive Photosystem |
half-reaction is the generation of “hydride” equivalents from water to convert NADP*
to NADPH, which is subsequently employed in carbohydrate synthesis in the dark
Calvin cycle.>* "8 The two-electron reduction of NADP* and subsequent reduction of
CO: are all kinetically accessible reactions with numerous stable intermediates.

(v) The concurrent generation of an oxygenic atmosphere to support their own
survival and those of other aerobic organisms in an equally productive and critical
oxidative half-reaction. Energy is stored during water oxidation to O, which can

subsequently be released during aerobic respiration.

Nature has thus created a self-sustaining system from which we can derive insights

and adapt to our contemporary demands.

Commensurate with the scale of the TW challenge, inter-university and even
international consortiums have dedicated research efforts to the development of artificial
photosynthesis (AP), with the intention of mimicking green plants to produce solar
chemicals and ultimately solar fuels.'? However, the term AP is traditionally often
synonymous with solar fuels or water splitting, which may be unnecessarily restrictive.
As the term suggests, AP is the invention of man-made (artificial) chemical or biological
processes to harness light (photo) to produce fuels and chemicals (synthesis). To
differentiate between photosynthesis and photocatalysis, we can consider a convention
based on thermodynamics and kinetics.!® Photocatalysis involves light as an energy
input to accelerate rates by overcoming the kinetic barrier for reactions that are already
thermodynamically downbhill reactions, whereas photosynthesis requires light to drive
reactions that are otherwise thermodynamically uphill. In other words, we use
photosynthesis to refer to redox processes that will store energy overall across two half-

reactions.

Tremendous progress has been reported in the field of AP, although the research has

largely focused on solar fuels production through water splitting by semiconductor



materials.’*1" On the other hand, molecular systems offer the advantages of systematic
ligand design and modification, better product selectivity, and more comprehensive

characterization.

Inspired by natural photosynthesis, our research group has adopted an engineering
“plug-and-play” concept to create AP constructs based on combining the functions of
individual components (Figure 1.1). A number of researchers have been exploring a

more general perspective to use light to make chemicals, beyond H, and O from water

splitting.

Alternative <] > Alternative
reduction oxidation
half-reaction D Q half-reaction
- CO, reduction v - halide oxidation
- NO, reduction - alcohol oxidation
- SO, reduction - oxidative C-C

- 0, reduction bond activation

Oxidation a——
half-reaction \"

Figure 1.1. Proposed general “plug-and-play” system for AP to encompass a more
inclusive range of catalytic processes that can store sunlight in the form of chemical
bonds in solar fuels and value-added solar chemicals.

In general, photosynthetic systems possess elements to enable the following essential

processes:

(i) The productive absorption of sunlight, especially with panchromatic

chromophores.

(i) The effective charge separation and interfacial chemistry to achieve a more

systematic flow of reducing and oxidizing equivalents.
(iii) The multielectron catalytic reduction of substrates to produce fuels.

(iv) The multielectron catalytic oxidation of substrates to produce similarly value-
added chemicals other than the atmospherically abundant O..



With the aim of developing new, and applicable AP systems, the focus of this thesis
will be to examine alternative photocatalytic oxidation reactions that would lead to
production of synthetically more useful chemicals than Oz, which is commonly
generated by solar water splitting. Specifically, the elusive oxidative carbon-carbon (C-
C) single bond activation reaction will be explored. Given the abundance of C-C bonds
in organic compounds, their selective activation would be a useful tool in synthetic

chemistry.
1.2 Alternatives to Water Oxidation Reaction

The envisioned plug-and-play concept allows for a highly modular system in which
a variety of oxidative and reductive half-reactions can be combined into suitable AP
systems. Apart from the water oxidation reaction, which has been an integral part of
many water splitting AP units, we aim to investigate other photo-oxidative
transformations that can supply electrons for the reductive half-reaction and result in
value-added solar chemicals production. Discussed in this section are the photocatalytic
oxidation processes that generate solar chemicals, with an emphasis on the use of earth-

abundant constituents.

The water oxidation half-reaction is kinetically and thermodynamically challenging
since it involves multiple electron and proton transfers, and usually produces O, an
abundant gas with limited commercial value. Hence, there have been some efforts to
develop scalable oxidative half-reactions commensurate with the electron demand for
solar fuels production. For instance, Meyer and co-workers have been adapting their
dye-sensitized photoelectrochemical cell (DSPEC) architecture to target the oxidation
of earth-abundant halides, namely bromide and chloride (Scheme 1.1).!8 1 They
employed cationic, visible light absorbing Ru'" polypyridyl photosensitizers and
complexes to form ionic donor-acceptor interactions with halide ions and bring them in
close proximity to the catalytic center.?° After the halide photooxidation reaction, the Xz
molecules would be released due to the absence of Coulombic interactions.?° In the case
of chloride oxidation, the reaction product was indirectly determined to be chlorine

atoms via the use of 2,3-dimethyl-1,3-butadiene as a halogen trap.*°
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Scheme 1.1. Work of Meyer and co-workers on photooxidation of 1) bromide and 2)
chloride in presence of ruthenium polypyridyl photocatalysts,8-20

They have also applied their DSPEC for HBr splitting en route to the simultaneous
generation of H as a solar fuel and Brz and Brs~ as solar chemicals.?! Notably, however,
the DSPECs predominantly comprise Ru photosensitizers and catalysts, which will offer

future opportunities for replacement with earth-abundant variants instead.

As another alternative to water oxidation, Reisner and co-workers have reported a
system that replaced water oxidation with alcohol oxidation, and coupled it with H;
production to form an AP unit with concurrent solar chemicals and solar fuel
generation.?? They employed a cyanamide surface-functionalized melon-type carbon
nitride as the light harvester that oxidizes 4-methylbenzyl alcohol to the corresponding
benzaldehyde through the photogenerated holes, while electrons are funneled to a
[P2N2]Ni" catalyst, which performs as the H, evolution catalyst.?? This study represents
an outstanding integrated catalytic redox cycle free of expensive noble metals with
almost 100% atom economy and yields value-added products for both half-reactions,
showcasing the feasibility of accomplishing functional and effective AP using

exclusively earth-abundant elements.??

In some novel developments lately, there has been greater political and economic
pressure to reduce our dependence on finite fossil fuels and harness the under-utilized

but sizable quantities of biomass as renewable sources of carbon. Biomass is often

7



treated as fuel currently, which destroys the inherent valuable functional groups in the
original form. Moreover, the biomass-derived feedstocks produced in large scale often
possess low value, which can be increased in further transformations. Thus, they
represent suitable substrates for the oxidative half-reaction in AP constructs.

In a recent study, Reisner and Kuehnel discussed the use of biomass lignocellulose
for H production at room temperature and light irradiation in a photoreforming
process.?® 2 Although the reduction half-reaction generates H cleanly as a fuel, the
biomass oxidation half-reaction is unselective and predominantly yields CO2, which
also presents opportunities to develop new processes to obtain more value-added
feedstocks from non-food biomass.?®>?* For example, Sun and co-workers reported the
oxidation of furfuryl alcohol and 5-hydroxymethylfurfural (HMF) coupled with a H;
evolution half-reaction using earth-abundant electrocatalysts.?> 2 The reaction was
conducted under strongly alkaline conditions and carboxylate products were obtained,
of which 2,5-furandicarboxylic acid is a promising replacement for terephthalic acid in
polyamides, polyurethanes, and polyesters.?® Their subsequent visible-light induced
oxidative valorization of furfuryl alcohol and HMF over Ni decorated ultrathin CdS
nanosheets in neutral water resulted in selective formation of value-added aldehyde or
acid products, depending on the reaction conditions.?” Unfortunately, aldehydes
appeared to inhibit the Ni/CdS catalyst, which led to incomplete conversion of HMF.%’
Nonetheless, their work is an important demonstration that biomass derived feedstocks
can be upgraded to value-added aldehydes or acids, which are commonly used in the
pharmaceutical and fragrance industries. This oxidative half-reaction produces more

valuable solar chemicals than O, from H-O.

Bearing the versatile plug-and-play concept in mind, we have been exploring the
oxidation of non-food biomass lignin as another half-reaction in an AP system. Lignin,
a sizable constituent of non-food biomass, is especially attractive since it represents one
of the only renewable sources of aromatic compounds on Earth. However, although
much effort has been devoted to the valorization of lignin into fuels through thermal and
microbial reactions, majority of the valuable aromatic units and functional groups are
destroyed. In our group’s work on lignin model compounds, Soo and co-workers have
uncovered a unique vanadium(V) photocatalyst that is able to induce a highly selective
and unprecedented C-C single bond scission in aliphatic alcohols under visible light

irradiation and ambient, atmospheric conditions.?® Surprisingly, the more common

8



alcohol oxidation to ketones is not competitive since it occurs only at temperatures
exceeding 80 °C.?® The obtained reaction products are valuable aryl aldehydes and
formates, which contain a synthetically useful carbonyl moiety. This remarkable
photooxidation reaction catalyzed by the earth-abundant vanadium-containing
complexes is a suitable half-reaction for highly modular AP systems that would generate
solar chemicals. Development of vanadium complexes that effect such unprecedented
C-C bond cleavage in aliphatic alcohols under visible light irradiation and ambient
conditions will be discussed in more detail in the following chapters of the thesis.
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2.1 Thermal and Photoredox Carbon-Carbon Bond Cleavage Reactions

The C-C bonds are among one of the most pervasive covalent interactions in nature.
Given that formation of such bonds typically leads to the increase of a molecule’s
complexity, methods that enable C-C bond construction are highly sought after in
synthetic chemistry. However, in some instances, C-C bond cleavage processes may
also yield synthetically useful compounds that cannot be obtained by other means.
Unfortunately, selective, catalytic C-C single bond cleavage has been a formidable
problem that is yet to be overcome. Several challenges include the poor selectivity of C-
C bond activation over reactions in other functional groups, the lack of
thermodynamically compensating bond formation processes, and the kinetic inertness
of the non-polar C-C bond. Hence, thermal conditions are typically employed to induce
the C-C bond activation reactions in specialized substrates with specifically constructed
functional groups to prevent undesired decomposition.

In one recent example, Sarpong et al. demonstrated a deconstructive fluorination of
cyclic amines.! The reaction encompasses a C(sp?)-C(sp®) bond cleavage with a
concomitant C(sp®)-F bond formation in presence of Selectfluor and silver catalyst
under thermal conditions (Scheme 2.1).! The commercially available cyclic amines are
converted into fluorinated acyclic analogues with potential application in
pharmaceutical or agrochemical industry via a two-step process.! First, in the presence
of Ag(l) salt, the cyclic amine is oxidized to the iminium ion, which then reacts with
water to form a hemiaminal.! In the second step, the hemiaminal undergoes a ring-
opening with the aid of the Ag salt yielding the primary alkyl radical in the process.!
Subsequently, a fluorine atom transfer furnishes the desired fluorinated amine product.t
Notably, this work showcases the possibility of utilizing cyclic amines as synthons for
amino alkyl radical intermediates that could undergo coupling reactions with other
radicals.! Furthermore, the deconstructive fluorination was applicable to cyclic amines
containing unstrained rings and was even demonstrated in several examples of di- and
tripeptides as a tool for rapid drug discovery.! Additionally, the reaction tolerated

various functionalities, allowing for fluorination in a number of substituted piperidines.
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Scheme 2.1. Deconstructive fluorination of cyclic amines demonstrated by Sarpong
etall

In another report, Li et al. used a silver(l) catalyst under thermal conditions and
oxygen environment to perform a highly selective C-C bond cleavage of 1,2-diols
(Scheme 2.2) and obtained corresponding carboxylic acids as products.? Both terminal
and internal diols were examined, and the reaction showed good tolerance to various
functional groups.? Furthermore, the authors reported several examples of cyclic diols
and natural products that could be converted into carboxyl acid derivatives.? The
procedure could even be applied to gram-scale reactions with satisfactory conversion
and product yields.? To investigate the reaction mechanism behind this transformation,
the authors utilized 80, as the sole oxidant and proposed that the 1,2-diol is firstly
oxidized to a 1,2-dicarbonyl intermediate, which then undergoes a Baeyer-Villager-type

cleavage to give the final products.?

HO OH o) o)

R, > <R4 cat.?gg(()lé, Oy o )J\ + )J\

R "R, Ry "R,

Scheme 2.2. General reaction conditions for oxidative C-C bond cleavage in 1,2-diols
proposed by Li et al.?

A recent review paper by Dong and co-workers summarized the “cut and sew”
concept of transition metal (TM) catalyzed C-C bond activations in strained systems
under thermal conditions.>* Generally, the TM oxidatively adds into the C-C bond
leaving the terminal carbons exposed for functionalization in subsequent migratory
insertion and reductive elimination steps with unsaturated moieties such as alkenes,
alkynes, CO, or other polar multiple bonds (Scheme 2.3). The procedure is mainly
applicable to highly strained three- or four-membered rings, while the instances of

unstrained systems are rare and usually require presence of directing groups.
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Scheme 2.3. The “cut and sew” concept of C-C bond activation by TM catalysts.?
The C-C bond depicted in red undergoes activation, while the dashed circle represents
a ring-type substrate of arbitrary size.

Additional to thermal processes, photoredox C-C bond activation chemistry has
mainly relied on the release of ring strain in small cyclic organic molecules such as
cyclopropane, cyclobutane, and even cyclopentane rings. For instance, Zheng and co-
workers have reported annulation reactions of cyclopropyl- and cyclobutylanilines with
unsaturated systems to give amine-functionalized ring-expanded products (Scheme
2.4).5% The ring- opening is facilitated by the oxidation of the aniline to a transient amine
radical cation by the photoexcited *Ir®* catalyst, which is in turn reduced to 1r?*.5>® The
following ring-opening generates a radical iminium ion, which can then react with
phenylacetylene in a intermolecular fashion to yield the vinyl radical.® Subsequently,
the vinyl radical undergoes an intramolecular addition to the iminium ion, giving rise to
a six-member ring and an amine radical cation.® Finally, the radical cation is reduced by
Ir2*, which regenerates to Ir** completing the cycle.®> As reported by the authors, both
mono- and bicyclic cyclobutylanilines could react with terminal and internal alkynes to
give rise to amine-functionalized six-member cyclic products.® Furthermore, the
reaction showed significant tolerance to various functionalities incorporated on the

cyclobutylaniline, including the presence of heterocycles.®

=
C-C bond // Ph
<}NH __Ircatalyst <}NH cleavage <¥NH NI
Ph T visible e
light Ph

Scheme 2.4. Visible light induced [4+2] annulation of cyclobutylaniline with alkynes
proposed by Zheng and co-workers.>®

In a related study, Knowles et al. demonstrated a photocatalytic isomerization of
cycloalkanols to acyclic ketones via C-C bond cleavage.” Their mechanistic studies
suggest that the key alkoxy radical intermediate is formed during the intramolecular
proton-coupled electron transfer (PCET) (Scheme 2.5).” The alkoxy radical

subsequently weakens the proximal C-C bond and causes the ring-opening via p-
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scission. The formed alkyl radical is finally trapped and reduced by a hydrogen atom
donor.” The reaction proceeded with cyclic substrates of different sizes, indicating that
the ring-strain is not required for this transformation. Furthermore, the C-C bond
scission was possible in bicyclic systems as demonstrated in several examples of natural
product derivatives. Finally, the authors also explored the possibility of functionalizing
the alkyl radical with various halogen atoms further supporting the versatility of this C-
C bond activation strategy. Though the work demonstrates an unusual C-C bond
deconstruction via PCET and p-cleavage, the procedure relies on expensive iridium

photosensitizers and is limited to cyclic alcohols.

OH  Ir photocatalyst, 0
- 7L R base - R
H-atom donor,

blue LED H

PCET & o p-cleavage
M\R H-atom donor

Scheme 2.5. Visible-light induced ring-opening in cycloalkanols via alkoxy radical
intermediate reported by Knowles et al.’

On the other hand, the group of Zuo has combined the photoredox catalytic ring-
opening of unstrained secondary cycloalkanols with amination of the transient alkyl
radicals by utilizing cerium trichloride (CeCls) as the catalyst (Scheme 2.6).8
Cerium(I11) compounds are known for their luminescent properties, but have not been
used in photoredox catalysis prior to this work.® Here, the authors propose that Ce(111)
undergoes a photoexcitation to *Ce(l11), which by single-electron transfer (SET) would
generate Ce(IV).2 The highly oxidizing Ce(IV) species then promotes a S-cleavage,
similarly to what was observed in the work of Knowles, to yield a Ce(lll)-coordinated
carbonyl intermediate and an alkyl radical.® The resulting alkyl radical is finally
functionalized by di-tert-butyl azodicarboxylate (DBAD). The authors noted that
analogously with the report of Knowles and co-workers, ring-strain of the substrate was
not a pre-requisite for pg-scission. Additionally, the C-C bond cleavage/amination
proceeded with both secondary and tertiary cycloalkanols, and various functional
groups, as well as sterically demanding substrates were tolerated. Furthermore, the
authors demonstrated a possibility of using this procedure for the preparation of
pharmaceutically important compounds by incorporating the diazepine pharmacophore
in the reaction products.
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Scheme 2.6. Cerium(l111) catalyzed C-C bond cleavage with subsequent amination in
unstrained cycloalkanols reported by Zuo et al.®

Another study pertaining to the ring-opening of unstrained cycloalkanols under mild
conditions was reported by Zhu and co-workers.® In their work, the authors used
iridium-based photocatalyst to perform a C-C bond cleavage of medium- and large-sized
cycloalkanols followed by a bromination to yield distally brominated alkyl ketones
(Scheme 2.7).° The authors proposed that in the presence of light, the photoexcited *1r'""
is generated, which is subsequently oxidatively quenched by N-bromosuccinimide
(NBS) to form Ir'V.° However, the Ir'Y complex is not able to oxidize the cycloalkanol
to the corresponding alkoxy radical via SET.® Instead, the alkoxy radical is presumably
generated via PCET in the presence of Ir'V and a weak base, such as succinimide anion.®
The alkoxy radical may alternatively form from the homolytic cleavage of the O-1 bond
formed in situ by the reaction of alcohol with phenyliodine(lll) diacetate (PIDA).
Subsequently, the alkoxy radical undergoes S-cleavage to yield the alkyl radical and a
carbonyl product.® The alkyl radical is finally trapped by NBS to furnish the brominated
ketone.® The authors also demonstrated that the reaction products could be further
functionalized to give a variety of useful compounds for organic or medicinal synthesis.®
Furthermore, the procedure was applicable to ring-opening cyanation and alkynylation
reactions of unstrained rings to a certain extent showcasing the prospect of C-C bond

cleavage followed by distal C-C bond formation.®
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Scheme 2.7. Photoredox C-C bond cleavage in unstrained cycloalkanols reported by
Zhu et al.

The group of MacMillan has been especially active in exploring the photoredox
catalysis.’>* Their work has mainly been noted for successfully merging the
photoredox and nickel-based catalysis to combine the C-C bond cleavage via
decarboxylation of carboxylic acids, followed by a C-C or C-heteroatom bond formation
processes (Scheme 2.8).12 Typically, the acid substrate is deprotonated, the carboxylic
acid anion reduces the photoexcited *Ir(111) catalyst and forms the alkyl radical upon
decarboxylation. Subsequently, the alkyl radical is coupled with an alkyl bromide in the
presence of a nickel catalyst to form a C-C cross coupled product.*® Their work has been
applied to a large number of substrates, including amino acids,® and they demonstrated
good tolerance to various functionalities.

Ir catalyst, .
COOH _H*, -CO, Ni catalyst,
I/\I/ blue LED I/\I RSB ./\./\/R
NP C-Cbond  “._.’ C(sp®-C(sp’) ‘._.’
cleavage formation

Scheme 2.8. The merger of photoredox and nickel catalysis for C-C bond formation
proposed by MacMillan et al.!® The dashed line represents an arbitrary size of the
substrate.

Most of the reported procedures for photoredox C-C bond activation involve small,
and often strained molecules, while its application for selective breakdown of
macromolecules remains scarce. In a formative study, Wang et al. employed a
heterogeneous, mesoporous graphitic carbon nitride (mpg-CsN4) catalyst for photo-
oxidative C-C cleavage in f-O-4- and fS-1-containing lignin model compounds under
mild conditions and room temperature through z-z stacking interactions.!” The authors
proposed that upon light absorption, C3Ns would undergo charge separation, and the
photogenerated holes (h*) in the valence band were the active species to mediate the C-

C bond cleavage process of 5-O-4 lignin model 1 in the presence of O2 (Scheme 2.9) as
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supported by the experiments involving active species scavengers as well as DFT

calculations.t’

©M© Saae
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_ - ‘ H

H _H
o 0 TQ
I H,0 O OH
J U o
Ph-CHO + O + PhCOOH o - \©
Ph 0.
) on
2 3 4
Major products TS-1 Int-3

Scheme 2.9. Mechanism for photocatalytic C-C bond cleavage in 1 by mpg-CsN4
proposed by Wang and co-workers.!’

The obtained major reaction products included synthetically valuable benzaldehyde
(2), phenyl formate (3), and benzoic acid (4), while small amounts of the benzyl alcohol
oxidation product were also noted.!’ The authors attributed the significant photocatalytic
reactivity of the mpg-CsNs partly to the low charge recombination efficiency and the
high specific surface area (206.5 m?g™?). This study indicates the potential of photoredox
catalysis in selectively breaking down polymeric feedstocks to useful, platform

chemicals.
2.2 Vanadium-based Catalysts for C-C Bond Cleavage

As previously discussed, application of photoredox catalysis for C-C bond activation
has been significantly limited, either by the high price of photocatalysts, or by the
narrow choice of substrates, which is mainly limited to small, ring-strained compounds.
To fully utilize the potential of photoredox catalysis in late-stage functionalization of
intricate molecules, or in valorization of feedstock macromolecules, more affordable,

yet selective photocatalysts need to be developed.

As an earth-abundant transition metal, vanadium has attracted significant attention in
catalysis.’® High oxidation state vanadium catalysts are known to catalyze aerial
oxidations of benzylic, allylic, and propargylic alcohols.'®?! In addition, vanadium-

based catalysts have been used for aerobic oxidative kinetic resolution of a-hydroxy
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acids,?® esters,?> amides,?* and ketones.?® With the ever-growing human population,
increased consumption of the fossil fuels, and the negative environmental effects
associated with their usage, the topic of biomass valorization has become very
prominent among the academic society. The selective bond cleavage of macromolecular
biomass constituents, such as lignin, would generate useful platform chemicals that can
be used as pharmaceutical precursors or in synthetic chemistry.?® To that end, several
research groups have been developing vanadium catalysts for selective bond scission in

lignin models.

While investigating the selective breakdown of lignin model compounds, the group
of Toste has reported vanadium catalysts that effect benzylic alcohol oxidation and a
unique C-O bond cleavage in diol-containing lignin model compounds under thermal
conditions.?”? Their vanadium complexes (VO-(1-7)) depicted in the Figure 2.1
exhibited different reactivity with a representative, dimeric lignin model, (1R,2S)-1-(4-
ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (5), which contains

the 5-0-4 linkage that is also found in native lignin.

Cl

VO-1

1 VO-4
2 VO-5

R =tert-Bu; 1 VO-6
2 VO-7

Figure 2.1. Vanadium oxo complexes for benzylic alcohol oxidation and C-O bond
cleavage in lignin models reported by Toste et al.?’

20



The authors discovered that although all the complexes yielded C-O bond cleavage
products 1-(4-ethoxy-3-methoxyphenyl)prop-2-en-1-one and guaiacol (6 and 7,
respectively) to some extent besides the ketone product 8 (Scheme 2.10), typical
benzylic alcohol oxidation was particularly suppressed when catalysts with a tridentate
Schiff base, large bite angle ligand were used (VO-4 and VO-6).2” In addition, the
catalyst VO-7 bearing tert-butyl (tert-Bu) groups on the ligand was believed to have
increased catalytic rate due to the inability to form insoluble aggregates because of its
steric bulk.?’

O
OH oM e
0 ) 10 mol% EtO ¥ HO\©
\© VO catalysts, air OMe
H 6 7

(o}
EtO o CD3CN, 80 °C

OMe
O OMe
EtO OH
OMe

8

Scheme 2.10. Thermal reactivity of vanadium complexes reported by Toste et al.
with 5.2 The C-O bond depicted in red is cleaved.

Furthermore, this overall redox-neutral process does not require O to proceed, but
its presence accelerated it.2” The authors proposed that the reaction proceeds with the
generation of the ketyl radical (TS-2) formed by hydrogen atom abstraction from the
benzylic position, followed by the elimination of the aryloxy radical and the formation
of the enolate (Int-4).?? The enolate finally converts to the enone product 6, while
generating a V'V species (Int-5).2"? The catalyst is finally re-oxidized by the previously
formed aryloxy radical.?”?® This proposed mechanism is depicted in Scheme 2.11 below.
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and co-workers.?” Symbol L represents the ligand of the vanadium catalyst.

The studies conducted by Toste and co-workers demonstrate that careful tuning of
the ligand bound to the vanadium metal center can lead to drastically different
reactivities. Although it was C-O, and not C-C bond cleavage that the authors observed,

their work provides valuable insight into various catalytic applications of vanadium

complexes.

On the other hand, in their work with lignin models, Hanson and Silks have revealed
vanadium(V) oxo complexes with dipicolinate (VO-8), and 8-quinolinate (VO-9)
ligands (Figure 2.2) that are capable of inducing C-C bond cleavage in several lignin

model compounds.?®-*2 Similarly to the work of Toste et al., the reactions proceed under

thermal conditions.
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Figure 2.2. Vanadium(V) catalysts with dipicolinate (VO-8) and 8-quinolinate (VO-
9) ligands for selective C-C bond cleavage in lignin models reported by Hanson et al.®!

When reacted with a simple lignin model benzoin methyl ether (9) (Scheme 2.12.1),
and a phenolic -O-4 lignin model (11) (Scheme 2.12.2), vanadium catalysts VO-8 and
VO-9, respectively, exhibited unprecedented C-C bond cleavage.?®3 Although it was
shown that 9 would undergo a C-C bond activation without the vanadium catalyst, the
presence of VO-8 enhanced the reaction’s rate as well as the yields of 4 and methyl
benzoate (10).2° In the presence of VO-9, substrate 11 underwent a remarkable C(alkyl)-
C(phenyl) bond cleavage uncommon for vanadium catalysts, vyielding 2,6-
dimethoxybenzoquinone (12), acrolein derivative 13 and a ketone 14. To probe the
influence of phenolic groups on this unprecedented reactivity, a non-phenolic analogue
of 11 (15) was tested. Surprisingly, no C-C bond cleavage was observed with substrate
15 (Scheme 2.12.3).%° This interesting find indicated that the phenoxy radical
intermediate could be formed during the reaction and the formation of superoxo
vanadium species by means of H-atom abstraction from the lignin model was proposed
(Scheme 2.12.4).%° However, the more conclusive mechanistic details remain unknown.
The work of Hanson and co-workers thus highlights that not only the design of ligands,

but also the choice of substrates will have a great effect on the catalyst’s selectivity.
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Scheme 2.12. Vanadium-catalyzed C-C bond cleavage in 1) 9 with VO-8 and, 2) 11
with VO-9 reported by Hanson and co-workers. 3) No C-C bond cleavage was observed
with 15. 4) General reaction pathway for C-C bond cleavage in phenolic lignin models.
The C-C bonds colored in red undergo scission. Symbol L denotes the ligand of the
vanadium catalyst.?%%

Encouraged by the work of Toste and Hanson on lignin model disassembly by
molecular vanadium complexes, Fu and co-workers have undertaken a thorough

experimental and DFT computational study to further elucidate the working
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mechanisms behind these remarkable transformations and bring unidentified elements
to light.3® The authors provided comparative mechanisms for C-O and C-C bond
cleavage in 11 with Toste’s Schiff base catalysts (VO-1-VO-7) and Hanson’s
quinolinate catalyst VO-9 (Scheme 2.13).3

(0]
OMe
ﬁ KN - Vo9 vo7 HO
3 +
1 ] C(ary))-C(sp°) I ]
cleavage cleavage
OMe

12 18 7

Scheme 2.13. Comparison of different reactivities of VO-7 and VO-9 with substrate
3b.

In the case of C(sp®)-O bond cleavage catalyzed by Toste’s complexes, the authors
proposed a VV-VIV-V!ILvIVoyY cycle (Scheme 2.14).3 The cycle initiates with the
ligand exchange of the alkoxy ligand of VVV catalyst for the benzyl alcohol of 11 (RC-
2). Subsequently, a hydrogen transfer occurs generating V'V (Int-6), which quickly
isomerized into V""" species (Int-7) via spin crossover.3® Afterwards, the C(sp*)-O bond
cleaves and forms V'V intermediate (Int-8), from which the re-oxidation of the
vanadium catalyst occurs through another spin crossover to regenerate the V'V state (Int-
9).3 Lastly, the active VV catalyst is reformed by the release of 18 and hydroxyl group

elimination from Int-9, followed by the ligand exchange from Int-10.%3

OH
R1 |\\ OAr,
HO & " OH 9 OH
(e} ROH L/VXO \|/|v
VY & J intramolecular -0
(Ey OAr H-t f H
OR ligand exchange Ar 1 oransiel A OAr,
VO-1-7 r
OH
H,0 RC-2 int-6 O
ligand
exchange ;
g O spin
ROH crossover
Ar)ﬁ oH
18 ﬁ OH \'/ ll\
v e
I Vo /v\ cepd0 L o
YN < oxidation cleavage OAr
L Sy hydroxyl ArT XY Ar )W\OAH Ar !
elimination
OH OH
Int-10 Int-9 Int-8 Int-7

Scheme 2.14. Reaction mechanism for C-O bond cleavage in 11 with Schiff base
vanadium catalysts proposed by Fu et al.>®* Symbol L denotes the ligand of the vanadium
catalyst.
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On the other hand, for the C(aryl)-C(sp®) bond cleavage in 11 with quinolinate VO-
9, Fu and co-workers proposed a VV-V!V-V/V catalytic cycle (Scheme 2.15).23 The cycle
begins with the spin crossover-related intermolecular H-atom transfer from the benzylic
alcohol of 11 to the oxo ligand of VO-9.3 Consequently, V' intermediate (Int-11) and
a phenoxyl radical (Int-12) are generated.®® The V'V intermediate undergoes a proton
transfer via proton shuttle mechanism to form an alcohol-ligated V'V species (Int-13),
which then reacts with oxygen and the phenoxyl radical to form a superoxo vanadium
intermediate (Int-14) with the concomitant release of alcohol.® Subsequently, Int-14
undergoes a stepwise O-O cleavage to yield Int-15 and Int-16, and a C(aryl)-C(sp®)
cleavage, followed by a radical coupling that yields a gem-diolate vanadium
intermediate (Int-17) with concomitant release of 12.3® In the final step, the active VV
catalyst and the S-hydroxyaldehyde (19) are formed by intramolecular H-atom transfer
and ligand exchange from Int-18.3 Dehydration of 19 by Int-18 aided by a base results

in the formation of product 13.
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Scheme 2.15. Reaction mechanism for C(aryl)-C(sp®) bond cleavage in 11 with VO-
9 proposed by Fu et al.>® Symbol L denotes the ligand of the vanadium catalyst.

Even though the work of Toste and Hanson on selective lignin model disassembly
showcases remarkable reactivities induced by vanadium complexes, they still rely on
thermal conditions, while the photoredox processes remain unknown. Inspired by these
studies, our group has recently reported the first vanadium(V) oxo photocatalyst for
oxidative C-C bond cleavage in aliphatic alcohols under ambient conditions.®® The
catalyst VO-10 reported by Soo and co-workers is supported by the redox noninnocent

hydrazone-amide ligand L-1.2* Their structures are shown in the Figure 2.3 below.
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Figure 2.3. Structures of the hydrazone-amide ligand L-1 (left), and the vanadium
complex VO-10 supported by the hydrazone-imidate tautomer of L-1 (right).>*

The complex VO-10 exhibited an octahedral geometry with the equatorial methoxy
ligand, and a weakly coordinated methanol in the axial position.®* Interestingly, VO-10
is a brownish solid that was found to absorb visible light up to about 500 nm, with the
UV-vis absorption maximum (Amax) in the near-UV region centered around 396 nm.3*
The computational density functional theory studies (DFT) conducted by Soo and co-
workers suggested that VO-10’s visible light absorbing properties could stem from a
ligand-to-metal charge transfer (LMCT) transition occurring in this d® vanadium(V)
species.® The catalyst showed remarkably unique reactivity with representative lignin
models as substrates. These aliphatic alcohols would undergo a highly selective C-C
bond cleavage under visible light irradiation of a 300 W solar simulator, with catalytic
amounts of VO-10, and under air.3* As reported by the authors, compound 5 had
undergone full conversion in 24 h in presence of VO-10 to give rise to 4-ethoxy-3-
methoxybenzaldehyde (20) and 2-methoxyphenyl formate (21) as the major cleavage
products (Scheme 2.16).3* In addition, formic acid (22) and 7 were generated from in
situ hydrolysis of 21, while the oxidation of a small amount of aldehyde 20 to the
corresponding acid (23) was also observed.>* Furthermore, a trace amount of
formaldehyde (24) that was expected to form after the initial C-C bond cleavage was
observed in the *H NMR spectrum of the reaction mixture. Gratifyingly, the benzyl
alcohol oxidation was not observed at temperatures below 80 °C, contrasting the

previous reports on lignin model degradation under thermal conditions.3
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Scheme 2.16. The photocatalytic C-C bond cleavage in lignin model 5 in presence of
VO-10 as reported by Soo et al. The C-C bond depicted in red undergoes cleavage.®*

To provide a possible mechanism for this unprecedented reactivity, the authors
conducted isotope labeling and DFT studies.® The product analyses of the
photocatalytic experiments with isotopically labeled lignin models 5-C1 (**C labeled),
5-D1 and 5-D2 (°H labeled) revealed no proton scrambling and indicated a pathway for
a direct C-C bond activation following the initial photoexcitation (Scheme 2.17).34
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Scheme 2.17. Distribution of products after the photocatalytic C-C bond cleavage in
1) 13C-labeled lignin model 5-C1, 2) 2H-labeled 5-D1 at the benzylic carbon, and 3) 2H-
labeled 5-D2 at the alkyl carbon of the -O-4 linkage.®

The experimental observations were further supported by the DFT calculations and
the simplified proposed mechanism is depicted in Scheme 2.18 below. After the initial
ligand exchange of the methoxy group of VO-10 with the alkoxy of the substrate, the
reactant complex (RC-3) undergoes a photoexcitation via LMCT.3* The LMCT triggers
a cleavage of the C-C bond proximal to the alcohol group of the substrate in the
transition state (TS-3), leading to the formation of 20 that is bound to the catalyst, and
a transient alkyl radical intermediate (Int-19).3* The radical is expected to react with

aerial oxygen to form a peroxo radical (Int-20), which will re-oxidize the initially
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formed V'V back to VY with concomitant release of 20.3* The vanadium peroxo species
(Int-21) can then undergo a concerted heterolytic cleavages of O-O and C-C bonds from
TS-4 from the So state with an energy barrier of about 20 kcalmol™ to furnish the
remaining reaction products 21 and 24.3% Alternatively, Int-21 can undergo another
photoexcitation and complete the reaction in an almost barrier-free approach via two
subsequent homolytic cleavages of the O-O and then C-C bond (TS-5) in the T state to
yield the same reaction products.®* The proposed mechanism also indicates that although
VV is temporarily reduced to V'V, at the end of the cycle, the catalyst is regenerated, and
02 plays a crucial role in this process (Int-20, Scheme 2.18).%* This was verified by the
fact that the reaction proceeded in the absence of O, only with the consumption of
catalyst VO-10 since the alkyl radical would then react with oxygen of the V=0 bond
leading to catalyst depletion.* Furthermore, the necessity of light was confirmed with
the control reaction in the dark that yielded no cleavage products.®* Finally, the
intermediacy of organic radical species was verified by employing the stable radical
(2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO) as a trap for the transient alkyl radical
generated by C-C bond cleavage.3

1
Ar R A
000 hv 020~ 02,0~
Y/ — V. \ Y V/
\ LMCT \ o
OAr (\OAr (\OAr
OH

OH OH
RC-3 TS-3 Int-19
(e} Ar OH
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21 ' O\u,oxo 0,
+ OH N
oro ) s ———— ‘)\OAr .
24
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TS-4
0
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Scheme 2.18. Simplified reaction mechanism for photocatalytic C-C bond cleavage
in 5 proposed by Soo and co-workers.**
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The DFT calculations also provided insights into the incompatibility of VO-10 with
phenols, which was experimentally observed by Soo and co-workers.®* The higher
acidity of the phenolic group compared to aliphatic alcohols, allows it to bind strongly
to the vanadium center.3* Unfortunately, for such substrates, DFT calculations did not
indicate a possible C-C bond cleavage pathway neither through S; or T excited states.®*
These findings reaffirm the requirement to passivate phenolic groups of native lignin if

such a photocatalytic system is to be used for biomass valorization.
2.3 Aims of Thesis

Photoredox carbon-carbon bond activation under mild conditions and with
inexpensive catalysts has been a long-standing problem in the field of synthetic
chemistry. Furthermore, the selective C-C bond cleavage could be potentially used to
valorize neglected feedstocks such as biomass and recycled plastics to obtain valuable
platform chemicals. The recent work of our group’s member has demonstrated the first
example of a vanadium-catalyzed C-C bond cleavage in representative lignin model
compounds under mild conditions and by utilizing visible light. Improving on the
original catalyst design, we will show that the meticulous optimization of ligand’s
electronic properties can dramatically enhance the performance of the corresponding
catalyst. A library of vanadium complexes with significant improvement in catalytic
rate has been prepared, and the catalysts have been extensively characterized by various
spectroscopic techniques. The development of faster catalysts has also enabled us to
utilize operationally more convenient light-emitting diodes (LEDs) in our photocatalytic
studies. Furthermore, the knowledge gained from computational DFT studies enabled
us to easily expand the scope of our research to aliphatic alcohol substrates other than
lignin models. We have been able to apply our photocatalytic system to successfully
target C-C bonds in proximity of alcohol groups in over a dozen different substrates.
Finally, we will discuss our findings on the photophysical properties of our new
vanadium photocatalysts and introduce our work on translating this unique reactivity to

a heterogeneous system.
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Chapter 3: Improving the original catalyst's performance
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CHAPTER 3

KINETICS AND DFT STUDIES OF PHOTOREDOX CARBON-
CARBON BOND CLEAVAGE REACTIONS
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PREFACE

The content of this chapter has been reproduced from the article “Kinetics and DFT
Studies of Photoredox Carbon—Carbon Bond Cleavage Reactions by Molecular
Vanadium Catalysts under Ambient Conditions”, Gazi, S.; Poki¢, M.; Moeljadi, A. M.,
P.; Ganguly, R.; Hirao, H.; Soo, H. S. ACS Catal. 2017, 7, 4682—4691, with permission
of the American Chemical Society. H. S. S. and S. G. conceived the research. S. G.
wrote the manuscript and conducted experiments along with M. b. S. G. and M. b.
analyzed and interpreted the data. M. A. M. P. and H. H. performed computational
studies and assisted in interpreting the results. R. G. performed the X-Ray

crystallographic measurements.
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3.1 Introduction

Photoredox catalysis has emerged as a versatile and selective method to utilize light
energy to enable carbon-carbon bond formation reactions, despite the intermediacy of a
highly reactive radical species.’° In a number of seminal studies, transition metal and
organic photosensitizers have been used to activate common substrates and generate
transient radical species, which are occasionally coupled with another catalyst (often
nickel-based) to create C-C or C-X (X =0, N, and S) bonds.**'* On the contrary, studies
pertaining to selective photoredox aliphatic C-C bond scission reaction are scarce and
have received limited attention. Most current protocols in photoredox bond cleavage
chemistry include activation of the pre-functionalized alkyl or aryl halides, or the loss
of stable and volatile CO, from carboxylates and their derivatives.’>® As a result, there
have been few reports of C-C bond activation of aliphatic sp® carbons, especially by
visible light at ambient temperatures and pressures despite its potential in enabling novel
synthetic approaches for late-stage organic transformations or valorizing neglected

resources such as biomass lignin or recycled plastics.t®2

As outlined in the previous chapters, our group has dedicated significant effort in
creating constituents of artificial photosynthetic systems that would simultaneously
generate solar fuels and solar chemicals.???* The oxidative carbon-carbon bond
cleavage reaction mediated by visible light-absorbing vanadium catalysts is a suitable
oxidative half-reaction for the AP system, since it generates synthetically useful
carbonyl compounds as products and can potentially provide electrons for the reductive
half-reaction. This remarkably selective and unique reactivity was previously studied on
several structurally distinct lignin model compounds using the original vanadium
complex VO-10 designed by Soo and co-workers.?* It was shown through DFT studies
that the vanadium complex can absorb visible light through a ligand-to-metal charge
transfer and subsequently activate sp® C-C bond of aliphatic alcohols proximal to the
hydroxy group under ambient conditions.?* The calculations also showed that phenols
inhibit the catalysis since the aliphatic C-C bond activation barrier in phenolic substrates
is exceeding 30 kcal mol™2.?* Although the photocatalytic reactions with most of the
lignin models proceeded with high substrate conversions and moderate to high product
yields, a 300 W solar simulator was used in the experiments as the light source.?*
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To make this technology more affordable and operationally convenient, we have
replaced the high-power solar simulator with a commercially available 48 W white
LED. Unfortunately, the preliminary studies using the original vanadium photocatalyst
and a white LED with a representative lignin model substrate revealed low substrate
conversion and insignificant amounts of products. These results indicated a necessity
for developing a faster catalyst that can perform a C-C bond cleavage with a satisfactory

rate even under irradiation of a lower power LED.

In this chapter, we will showcase how drawing upon our prior DFT and experimental
results led to a library of new and systematically designed vanadium(V) complexes that
incorporate electron withdrawing groups (EWGS) on the specific sites of the ligand so
as to increase the oxidative strength of the corresponding complexes. In addition, a new
substrate that is structurally analogous to our previously used lignin model was
synthesized as well. However, this substrate would not hydrolyze in situ to form
phenolic by-products and is thus more suitable for comparing the catalytic properties of
new catalysts. The photocatalytic experiments revealed that the aliphatic C-C bond
cleaves 2.5-17 times faster in the new substrate compared to the lignin model used in
earlier studies. Finally, by performing detailed kinetics studies, photochemical quantum
yield measurements, and DFT calculations, we have identified the fastest catalyst in the
library that is up to 7 times faster than our original photocatalyst and up to 15 times
faster than the slowest catalyst in the series. This study has also provided us with

valuable insights on the possible substrate scope expansion in our future research.
3.2 Design and Synthesis of New Photocatalysts

The DFT calculations previously conducted on our original vanadium photocatalyst
VO-10 supported by a redox non-innocent hydrazone-imidate ligand tautomer indicated
that the highest occupied molecular orbital (HOMO) is mainly localized on its ligand L-
1.2 More specifically, the greater orbital amplitude was observed on carbon atoms
labeled 2, 3, 5, and 7 of the fluorine-bearing aryl ring, and the carbons 8, 9, 11, and 12
of the salicylaldimine aryl ring (Figure 3.1b). In our group’s prior work with
photocatalyst VO-10, it was shown that after the homolytic C-C bond cleavage in
aliphatic alcohols, one of the resulting unpaired electrons is transferred to the HOMO
on the ligand that has been oxidized due to LMCT.?* With this proposed mechanism in
mind, we hypothesized that the C-C bond cleavage should proceed faster if the HOMO
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is more stabilized (ie, lower in energy) provided that the electron transfer is the
reaction’s rate limiting step. To examine this hypothesis, we have prepared a series of
vanadium complexes containing EWGs, mainly fluoro- and nitro-, at the ligand sites
with highest orbital density of the HOMO to most effectively lower the HOMO energy

level.

Figure 3.1. (a) Structure of our group's previously published catalyst VO-10, and (b)
spatial distribution of the HOMO of VO-10.

Details regarding the synthesis and characterization of ligands and vanadium
complexes are summarized in the experimental section. Briefly, ligands L-1-6 were
prepared by condensation reactions of corresponding hydrazides and substituted 2-
hydroxybenzaldehydes by adopting our previously reported procedure and were isolated
in high yields.?*? Subsequent treatment of the ligands with stoichiometric amounts of
the vanadium precursor, vanadium(V) oxytriisopropoxide, resulted in the formation of
vanadium complexes VO-10-15, also obtained in high yields and purity (Scheme 3.1).
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R, NHNH, 7 Ry VO(O/Pr)a R N’N\?/O
abs. EtOH Ry MeOH W
R R, reflux, 3-12h reflux, ca. 90 min. O | "OMe
3 5 O
H Me
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R4

L-1-6 VO-10-15

L-1: Ry,Ry,R4,R5,Rs,R7=H; Ry=F;

L-2: Ry-Ry=H

L-3: Ry,R,,Ry4,R5,R7=H; Ry=F; Rg=tert-Bu
L-4: R;-R5=F; Rg,R;=H

L-5: Ry-Rg=F; Rg=H; R;=NO,

L-6: Ry-Rs=F; Rg,R;=NO,

VO-10: R;,Ry,R4,Rs5,Re,R7=H; Ry=F;
VO-11: Ry-R;=H

VO-12: Ry,Rp,R4,Rs,Ry=H; Ry=F; Re=tert-Bu
VO-13: Ry-Rs=F; Rg,R;=H

VO-14: Ry-Rs=F; Rg=H; R;=NO,

VO-15: R;-Rs=F; Rg,R;=NO,

Scheme 3.1. Preparation of hydrazone-amide ligands (L-1-6) and the corresponding
vanadium complexes (VO-10-15) investigated in this study.
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Apart from complex VO-10, which is used as a benchmark in this study, all the
remaining vanadium complexes are new compounds and have been extensively
characterized by the means of NMR spectroscopy, mass spectrometry, and elemental
analyses. Furthermore, single crystals of VO-11 and VO-13-15 suitable for X-ray
diffraction analysis have been obtained by slow evaporation from methanol and the
resulting X-ray crystallographic structures are depicted in Figure 3.2. Unfortunately,
our numerous attempts to obtain single crystals of VO-12 were unsuccessful, although
significant structural differences between VO-12 and the remaining complexes are not

expected.

Figure 3.2. Oak Ridge thermal ellipsoid plots (ORTEPs) from X-ray diffraction
experiments on (a) VO-11, (b) VO-13, (c) VO-14, and (d) VO-15. The thermal
ellipsoids are at 50% probability. The vanadium, nitrogen, oxygen, and fluorine atoms
are shown in pink, blue, red, and green, respectively. Hydrogen atoms (all except the
one from methanol ligand) are omitted for clarity.

The X-ray diffraction analysis revealed that the complexes exhibit an octahedral

geometry in the solid state with the equatorial methoxide and a weakly bound axial
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methanol ligand, similarly to the structure of VO-10 previously reported. The V-O bond
distance of vanadium-methanol is longer than that of vanadium-methoxide, and the
characteristic vanadium oxo V=0 bond lengths for VO-11, VO-13, VO-14, and VO-15
are found to be 1.5903(19), 1.5888(10), 1.581(2), and 1.5845(16) A, which coincides
with the values reported for V=0 bonds of similar V¥ oxo complexes.?®-? Surprisingly,
there does not seem to be a significant relation between the electron withdrawing
properties of the ligands and the bond lengths. In addition, the fluorine-bearing aryl ring
of the ligand is distorted from the equatorial plane to different extents in these vanadium
complexes. The values for torsion angles (%) of 02-C1-C2-C3 moiety in VO-11, VO-
13, VO-14, and VO-15, are 1.2(3)°, 36.0(2)°, 34.6(5)°, and 53.9(3)° respectively. The
distortion from planarity is likely caused to be by the steric influence of the ortho
fluorine groups. Additional structural parameters of the vanadium complexes are

summarized in the experimental procedures.
3.3 Substrates for Photocatalytic Carbon-Carbon Bond Cleavage

Following the preparation and characterization of our new vanadium complexes, we
proceeded to examine their reactivity in photocatalytic C-C bond cleavage reactions.
With the aim of comparing the relative reactivities of novel complexes, compounds 5
and 25 were chosen as suitable substrates. Compound 5 had been used as a substrate in
our group’s earlier work with catalyst VO-10, and it was later found to generate a
phenolic secondary reaction product (7).2* The photocatalytic C-C bond activation in 5
using VO-10 proceeds with the initial formation of 20 and 21 as the main products,
which were identified by *H NMR spectroscopy from the reaction mixture. However,
subsequent in situ hydrolysis of 21 led to the formation of 22 and 7, the latter being a
phenolic compound that may irreversibly bind to VO-10 and thus, inactivate it (Scheme
3.2, Int-22). The lower pKa of phenol compared to aliphatic alcohol in 5 along with the
higher aliphatic C-C bond activation barrier in phenolic substrates indicates that

guaiacol would slowly poison the catalyst.
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Scheme 3.2. Proposed catalyst deactivation pathway in reaction with 5 caused by the
in situ hydrolysis of 21.

Hoping to avoid this catalyst deactivation side-reaction and to facilitate our kinetics
studies, we designed and synthesized substrate 25 as an alternative. We expected 25 to
undergo a similar selective photocatalytic C-C bond activation reaction with new
catalysts under identical reaction conditions, but it would generate a benzyl formate (26)
instead of 21 (Scheme 3.3). Subsequent hydrolysis of 26 would then yield benzyl
alcohol (27) in place of 7, which should not competitively inhibit the catalysts.
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Scheme 3.3. Product distribution after selective C-C bond cleavage of 5 and 25 under
visible light irradiation and ambient conditions.

Additionally, we anticipated that 25 might react faster than 5 since the transient
radical species would be more effectively stabilized through hyperconjugation with a
benzyloxy instead of phenoxy moiety, which was also supported by our new DFT
calculations. Hence, 25 would be a more suitable substrate to provide insights into the
intrinsic catalytic properties of our new complexes in shorter time and with fewer side-
reactions than 5 under the photoredox catalytic conditions. Details regarding the
synthesis and characterization of 25 are summarized in the experimental procedures.
Briefly, 25 was prepared in a two-step synthesis starting with 20 and methyl 2-
(benzyloxy)acetate (28). The first step consists of C-C bond formation via a nucleophilic
attack of a carbanion generated from 28 on the aldehyde of 20 to yield 29. The following

reduction of methyl ester in 29 by NaBHjs resulted in formation of primary alcohol 25.

With the library of new complexes and two substrates in hands, we proceeded to
optimize the photocatalytic reaction conditions with the previously reported VO-10, and
identify the photolysis products of new substrate 25. Instead of using a 300 W solar
simulator that was employed in our group’s previous work,?* each photocatalytic
degradation experiment was performed with an operationally more convenient and
affordable 48 W LED as the white light source. The reactions were conducted in a sealed
NMR tube with 30 pmol of substrate, 3 umol of VO-10 (10 mol %), and 30 pumol of
1,1,2,2-tetrachloroethylene as an inert internal standard in 0.6 mL of deuterated
acetonitrile (CD3CN) as the solvent. Continuous ambient conditions water circulation
around the reaction vessel ensured that the temperature of the reaction mixture was

below 30 °C. Furthermore, the reaction vessel was supplied with an oxygen balloon that
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maintained 1 atm aerobic environment and minimized solvent evaporation over the
course of photolysis. After 24 hours of visible light irradiation in the described setup,
substrate conversion and product yields were determined by *H NMR spectroscopy
(Figure 3.3). The product identities were verified by additional spectroscopic techniques
(*3C NMR spectroscopy and HRMS) after silica gel chromatographic purification.
Utilizing VO-10 resulted in only about 32% of 5 being consumed (% relative to 1,1,2,2-
tetrachloroethylene), while forming 27% of 20 and 19% of 21 via selective C-C bond
cleavage (Table 3.1).

Table 3.1. Photocatalytic reaction of 5 with catalysts VO-10-15, distribution of
products, and the product yields.

Catalyst Consumption Distribution of the products and yields (%)
of substrate
(%)

5 20 21 7 22
VO-10 32 27 19 10 11
VO-11 31 26 17 8 10
VO-12 22 15 10 4 5
VO-13 61 52 31 10 14
VO-14 76 68 51 14 16
VO-15 55 46 29 10 12

Remarkably, a significantly faster consumption of 25 under the same photocatalytic
conditions was observed in only 12 hours of irradiation. Around 87% of 25 was
converted to yield 20 (72%) and 26 (35%) as the major reaction products via an
analogous C-C bond cleavage (Table 3.2). This result shows that 25 reacts faster than 5

with VO-10 under the same photocatalytic conditions supporting our prior hypothesis.
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Figure 3.3. *H NMR spectra of a reaction mixture containing 5 (30.0 umol), VO-10
(3.0 umol, 10 mol %), and an internal standard 1,1,2,2-tetrachloroethylene (30.0 pmol)
in CD3CN (a) before and (b) after 24 h of irradiation with a 48 W white LED. The ‘H
NMR spectra of a reaction mixture containing 25 (30.0 umol), VO-10 (3.0 umol, 10
mol %), and an internal standard 1,1,2,2-tetrachloroethylene (30.0 umol) in CD3CN (c)
before and (d) after 12 h of irradiation with a 48 W white LED. Continuous room
temperature water circulation through a transparent glass vessel around the NMR tube
was used to maintain the temperatures below 30 °C during illumination. The peak at
6.30 ppm corresponds to the internal standard.
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Table 3.2. Photocatalytic reaction of 25 with catalysts VO-10-15, distribution of
products, and the product yields.

Catalyst Consumption Distribution of the products and yields (%)
of substrate

(%)

25 20 26 27 2 22
VO-10 87 72 35 18 14 36
VO-11 85 71 36 18 6 28
VO-12 84 70 33 19 8 32
VO-13 89 82 40 15 11 38
VO-14 93 88 54 21 12 33
VO-15 88 81 39 20 10 34

The control experiments with 25 were carried out in absence of vanadium catalysts
under light irradiation, but also in the presence of selected catalysts (VO-10, VO-12,
and VO-14) with heating at 80 °C in the dark. The *H NMR spectroscopy was utilized
to monitor the reaction progress in the presence of 1,1,2,2-tetrachloroethylene as the
internal standard under otherwise similar reaction conditions to the ones previously
described. Only 7% of 25 reacted, and a trace amount (5%) of 20 was formed after 24
hours of visible light irradiation. On the other hand, thermal conditions gave rise to a
ketone 32 (30%) derived from oxidation of benzylic alcohol of 25 only in the presence
of 10 mol % of VO-14 and after 24 hours, while 25 did not react in the presence of VO-
10 and VO-11 at 80 °C. After establishing the conditions for selective photocatalytic C-
C bond cleavage in 5 and 25, we sought to identify the most reactive catalyst in the

library by carefully monitoring the trends in activity with the substrates.

3.4 Kinetics Studies on the Photocatalytic C-C Bond Cleavage by Vanadium

Complexes
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In our kinetics studies, we performed a series of photocatalytic C-C bond cleavage
reactions with 5 and 25 in presence of catalysts VO-10-15. Each experiment was
conducted under the same conditions as described in the previous section and the
measurements with each complex were repeated at least twice. The substrate conversion
was monitored by *H NMR spectroscopy in 2 and 4 hours intervals and was determined
with respect to the 1,1,2,2-tetrachloroethylene internal standard. The results show that
among VO-10-15, their photocatalytic rates differ several-fold. Figure 3.4 depicts that
25 underwent C-C bond cleavage 3 to 17 times faster than 5 while displaying a
prominent trend in catalytic rate between VO-10-15. More specifically, after 24 hours
of visible light irradiation, only 22% of 5 was converted in presence of catalytic amount
of VO-12, while the conversion reached 76% with the same amount of VO-14. On the
other hand, conversion of 25 had reached maximum values, surpassing 80% with all the
catalysts in only 12 hours, with most of them reaching steady substrate concentrations
in only 8 hours of light irradiation. The observed nonlinear decrease in substrate
concentration, C/Co (C: is the substrate concentration at a given time t, and Co is the
initial substrate concentration), indicated a first or higher order dependence of the rate
law on the substrate. Consequently, in the plots of In/(Co/Ct) against time for both
substrates, linear fits to the date provided reasonable agreement, indicating that the rate
law has a first-order dependence on the substrate concentration since the oxidant O3 is

present in excessive amounts.
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Figure 3.4. Kinetics plots for the decay of (a) 5 and (b) 25 during irradiation with
photocatalysts VO-10-15, where C; represents the substrate concentration at time t and
Co is the initial concentration. The colored lines connecting the data points for each
catalyst are meant as guides. Plots of In(Co/C:) versus time (c) for 5 and (d) for 25 in the
presence of different photocatalysts VO-10-15, where the slope of the best linear fit
provides the pseudo-first-order rate constant k. In the figures, the data for each catalyst
are represented as follows: 2a (black squares), 2b (red circles), 2c (blue triangles), 2d
(green inverted triangles), 2e (pink diamonds), and 2f (olive tilted triangles).

Furthermore, we proceeded to examine the rate dependence on the catalyst by
performing the kinetics experiments while varying the amount of the photocatalyst. In
these experiments, the fastest catalyst VO-14 was selected and its amount was varied
from 2.5 to 15 mol% relative to the substrates, while the initial concentration of the
substrates was fixed at 30.0 pumol. The obtained kinetics results are depicted in Figure
3.5 indicating that the concentration decay of 5 or 25 is enhanced with the increasing
amount of VO-14. To calculate the initial rates at low substrate conversions (1.5 h for 5
and 1 h for 25) for different concentrations of VO-14, reasonable linear fits to the plots
of In(Co/Cy) against time could be made. The slight deviation from linearity in case of
low concentrations of VO-14 with substrate 5 could be the result of the overwhelming
effect of hydrolysis byproduct, 7, irreversibly coordinating to the catalyst, and thus

inactivating it. The pseudo-first-order rate constants were then obtained for the
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photoreactions of 5 or 25 with different concentrations of VO-14 from the slope of the

linear fits.
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Figure 3.5. Kinetics plots for the decay of (a) 5 and (b) 25 during irradiation with
different amounts of photocatalyst VO-14, where C; represents substrate concentration
at time t and Co is the initial concentration. The colored lines connecting the data points
for different catalyst concentrations are meant as guides. Plots of In(Co/Ct) versus time
for (c) 5 and (d) 25 in the presence of different amounts of VO-14, where the slope of
the best linear fit provides the pseudo-first-order rate constant k. In the figures, the data
for different catalyst concentrations are as follows: 2.50 mol% of VO-14 (black
squares), 5.0 mol% of VO-14 (red circles), 10.0 mol% of VO-14 (blue triangles), and
15.0 mol% of VO-14 (pink inverted triangles).

The linear increase of pseudo-first-order rate constants with increasing amount of
VO-14 (Figure 3.6) concurs with the first order rate dependence on the catalyst
concentration, with deviation from linearity appears to be slightly larger for 25 than for
5, as indicated by the R? values (0.982 and 0.989, respectively) of the linear fits shown
in Figure 3.6. Based on these plots, we have derived the second-order initial rate
constants, koxy ( 2x = catalyst from VO-10-15, y = substrate 5 or 25) from the slopes of
the linear fits. From the above shown results, the rate equation for this photocatalytic C-

C bond cleavage reaction can be expressed as the following:
Rate = k' [y] = kaxy [2X] [y] 1)
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pseudo-first-order rate constant, k' = koxy [2X] (2)

The attained kinetics parameters for reactions of 5 and 25 in the presence of each catalyst
are tabulated in Table 3.3.
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Figure 3.6. Almost linear increase in pseudo-first-order rate constant for the reactions
of 5 and 25 with increasing concentrations of VO-14.

The kinetics studies revealed that the fastest catalyst for photodegradation of 5 is VO-
14, which reacts with an initial second-order rate constant about 15 times higher than
that of the slowest catalyst VO-12. Among all the catalysts used in the Kinetics studies,
the trend in decreasing order of reactivity with 5 is VO-14 > VO-13 ~ VO-15 > VO-10
>VO0O-11 > VO-12. In the case of C-C bond cleavage in substrate 25, VO-14 is still the
fastest catalyst with the initial second-order rate constant about 2.7-fold higher than that
of the slowest catalyst, which is VO-11 in place of VO-12. Due to its higher reactivity,
25 gave poorer differentiation in activity of VO-10-15, though a similar trend in initial
second-order rate constants was observed as VO-14 > VVO-13 > VO-15 > VO-10 ~ VO-
10 > VO-11. In addition to being the fastest catalyst, VO-14 is also more robust and it
exhibited slightly higher turnover numbers (TON), since up to about 93% of 25 reacted
in its presence, while the reaction reached maximum at around 80% conversion of 25 in

the presence of VO-11 and VO-12, even after prolonging the reaction time.
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Table 3.3. Kinetics parameters of VO-10-15 for photocatalytic C-C bond cleavage in
5and 25.

Complex  Pseudo-first-order rate constant Second-order rate
of consumption of substrates (k) constant of reaction
(kaxy)

k’for5 (mint) k& for25 (min-  kox for5 kox for 25

D) (MImint)y  (Mmin?)
VO-10 4,51 x 10* 3.76 x 1073 0.090 0.752
VO-11 3.35x 10* 2.77 x 103 0.067 0.554
VO-12 1.97 x 10 3.26 x 10 0.039 0.652
VO-13 7.59 x 10 5.70 x 1073 0.152 1.140
VO-14 2.16 x 1073 7.07 x 103 0.601 1.477
VO-15 7.34 x 10* 416 x 10 0.147 0.832

Based on the findings of our kinetics studies, it appears that catalysts VO-13-15,
which contain the pentafluoro moiety on the imidate part of the ligand, perform better
in reactions with 5 and 25 than VO-10-12, which contain only one or no fluorine
substituents at all. Yet, the effect of the nitro substituents on the aryl hydrazone part of
the ligand is subtler. The kinetics studies revealed VO-14 as the fastest catalyst, which
contains only one electron-withdrawing nitro group on the ligand in the para position
relative to the phenoxide. However, the incorporation of an additional nitro group ortho
to the phenoxide in VO-15 had a detrimental effect on the photocatalytic rate, since the
activity became similar to (in case of 5) or even slower (for 25) than that of VO-13,
which has no substituents on the aryl hydrazone motif. In addition, complexes VO-10-
12 with only one or no EWG substituents on the imidate part of the ligand reacted much
slower with both substrates. Complex VO-12 which contains an electron-donating and
a sterically bulky tert-Bu group on the aryl hydrazone portion of the ligand displayed
particularly slow reaction rates further supporting our initial hypothesis that introduction
of EWGs at specific sites of the ligand is crucial for higher catalyst activity. Specifically,
substitution at locations with greater orbital density in HOMO can be beneficial,
otherwise steric or redox effects could slow down the catalytic activity, as in case of

VO-12 and VO-15, which have ortho substituents of opposite donor properties. Even

53



though we expected VO-15 to be the fastest catalyst since it contains the greatest number
of electron-withdrawing substituents and consequently, highest oxidizing strength, we

suspect that the turnover could be limited by the regeneration of the catalyst.

The detailed kinetics studies performed here are in good agreement with the DFT
studies of our group’s earlier work, where the rate-determining step was suggested to be
the photoinduced C-C bond cleavage reaction.?* Consequently, there is a first-order
dependence of the reaction rate separately on the catalyst and the substrate
concentration, as well as a zero-order dependence on the O2 concentration since the re-
oxidation of the catalyst proceeds after the rate-determining step involving C-C bond
cleavage. The kinetics studies helped us identify VO-14 as the fastest catalyst that reacts
up to 7 times faster than the original complex VO-10 and up to 15 times faster than the

slowest catalyst VO-12 in our library of new vanadium complexes.
3.5 Electrochemical and DFT Studies

Our kinetics studies have helped us identify the fastest catalyst in the series and the
results are in good agreement with our initial hypothesis that introduction of EWGs at
specific sites of the ligand can stabilize the HOMO resulting in faster C-C bond
activation. However, an unexpected find was that although VO-15 possesses a greater
number of EWGs, it is not the most reactive catalyst. Instead, complex VO-14 with one
nitro group less performs better than VO-15. As previously proposed by Soo and co-
workers,? the catalyst undergoes a one electron reduction to vanadium(lV) during the
photocatalysis and it must be reoxidized by aliphatic peroxides in the process to
complete the catalytic cycle. Summarized in Table 3.4 are the calculated lowest
unoccupied molecular orbital (LUMO) energies for complexes VO-10-15, and the
LUMO of VO-15 is the lowest in energy. The values indicate that the V'V state is easily
accessed in the case of VO-15. Therefore, the regeneration of VVV by one-electron
reoxidation of the metal center is expected to be thermodynamically least favorable.
This proposition is additionally supported by our observation that after light irradiation,
reaction mixture changed color from dark red to green. In our group’s previous work,
the formation of intractable, green vanadium(IV) species was also observed.?* Yet, the
same phenomenon was not detected in case of VO-10-14 suggesting that aerial

regeneration of VVV for VO-15 could be slower or hindered.
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Table 3.4. Calculated HOMO and LUMO energies (in eV) of VO-10-15.

Complex HOMO LUMO
VO-10 -5.964 -3.300
VO-11 -5.916 -3.291
VO-12 -5.954 -3.269
VO-13 -5.970 -3.387
VO-14 -6.000 -3.577
VO-15 -6.098 -3.723

In addition to DFT calculations, cyclic voltammetry measurements (CV) were also
employed to investigate whether the trends in catalytic rates of VO-10-15 were to some
extent due to higher redox potentials and thus increased oxidation strengths of the
vanadium complexes. All the complexes displayed one reversible VV/V'V redox wave
in the examined electrochemical window. The obtained voltammograms showing the
first oxidative wave of VO-10-15 are depicted in Figure 3.7 below with the resulting
half-wave potentials (E1) being summarized in Table 3.6 As expected, the CV results
showed that complex VO-15 with the largest number of EWGs possessed the highest
redox potential (olive line, Figure 3.7.). On the other hand, catalyst VO-12 with the
electron-rich tert-Bu group exhibited the lowest redox potential (blue line, Figure 3.7).
The trend in redox potentials coincided with the reduction in number of EWGs on the
ligand and was found to be VO-15 > VO-14 > VO-13 > VO-10 ~ VO-11 > VO-12. The
para-fluorine substituent in VO-10 may be too far away and not as electron-
withdrawing as the mesomeric nitro groups to cause a substantial increase in redox
potentials compared to VO-11. The trend in redox potentials determined by the CV
measurements was in good agreement with the trend in reactivity and with the electronic
energies of the LUMO in VO-10-15 (Table 3.4) obtained by DFT calculations. The DFT
calculations using Gaussian 09%%3%-3 indicate that VO-15 has the lowest, while VO-12
has the highest HOMO and LUMO energies in the series of complexes. The increase of
both HOMO and LUMO energies in VO-10-15 matches well with the trend from CV
measurements: VO-15 > VO-14 > VO-13 > VO-10 ~ VO-11 > VO-12.
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Figure 3.7. Cyclic voltammograms (CVs) of 1.0 mM of VO-10 (red), VO-11 (black),
VO-12 (blue), VO-13 (green), VO-14 (magenta), and VO-15 (olive) in acetonitrile with
0.10 M n-BusNPFs as electrolyte. The potentials are reported relative to the Fc*/Fc redox
couple. Decamethylferrocene (dmFc) was used as an internal standard to avoid
overlapping redox waves with our complexes.

As suggested by both the electrochemical measurements and the calculated electronic
properties, stronger oxidants VO-13-15 are thermodynamically more favorable for the
C-C bond cleavage with substrates 5 and 25 than VO-10-12, which contain fewer
electron-withdrawing moieties. Furthermore, the DFT calculations revealed that, in the
catalytic reactions with VO-10-13, the LMCT involved electronic transitions from
HOMO-1 to LUMO, followed by a C-C bond cleavage in the T, state. In the cases of
VO-14 and VO-15, the LMCT is associated with the electronic transition from HOMO-
2 to LUMO. Moreover, the DFT calculations suggest that the C-C bond activation in 25
should proceed faster than that in 5. Utilizing prior calculations for VO-10 with 5 as the
benchmark,?* the activation energies for the photocatalytic C-C bond cleavage of 25
with VO-10-15 were lower by 2.9-9.3 kcal mol™ in the S; state and by 4.3-8.9 kcal mol
Lin the Ty state (Table 3.5).
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Table 3.5. Activation energy from the ground state for the C-C bond cleavage
photocatalyzed by VO-10-15 via LMCT.

Complex Substrate AE* (S1) (kcal AE* (T1) (kcal

mol?) mol?)
VO-10 5 25.7 28.2
VO-10 25 20.1 23.1
VO-11 25 20.3 23.2
VO-12 25 22.8 23.9
VO-13 25 20.5 22.7
VO-14 25 16.4 19.6
VO-15 25 17.3 19.3

A probable reason for the lower activation energy for the C-C bond cleavage in 25
could be the greater stability of the radical species formed due to the homolytic bond
cleavage. The C-C bond proximal to the benzyl alcohol in 25 may be weaker than the
analogous bond in 5, since the resultant radical for the former (Int-23 in Scheme 3.4)

should be stabilized by hyperconjugation more effectively.
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Scheme 3.4. C-C bond cleavage of 25 under visible light irradiation with white LED.
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The two sp® hybridized pairs of the benzyloxy group in Int-23 are likely more effective
in distributing the spin density of the radical than a phenoxy group, which has one of its
lone pairs taken up by the mesomeric interactions with the aryl ring. The formed radicals
are then expected to react with molecular Oz, which possibly leads to the formation of
24 initially but eventually converts to the corresponding formate and other oxidized
products. The *H NMR spectrum of the reaction mixture showed a characteristic peak
at 9.60 ppm, which may be attributed to 24, although it would probably be further
oxidized or polymerized under the reaction conditions. Subsequent hydrolysis or
oxidation of the formates may occur to give rise to 7 (in case of 5) or 27 (for 25) as
secondary reaction products. Likewise, our calculations concur with the observed

product distribution by *H NMR spectroscopy.
3.6 Photophysical and Quantum Yield Measurements

To better comprehend and explain the unique photocatalytic reactivity of Vo-10-15,
we have also examined their photophysical properties. The UV-vis absorption spectra
of VO-15 depicted in Figure 3.8a all exhibit absorption bands in the visible region
trailing up to about 500 nm and arising from LMCT transitions. Complexes VO-10 and
VO-11 have almost identical LMCT absorption bands with the maxima located at about
396 nm, while VO-12 and VO-13 exhibit less light absorption above 396 nm.
Remarkably, complexes VO-14 and VO-15 have the most blue-shifted LMCT bands
with maxima around 355 nm (Figure 3.8a, inset). In addition, all the vanadium
complexes VO-10-15 exhibit emission when photoexcited at 370 nm in acetonitrile
(Figure 3.8Db).
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Figure 3.8. (a) UV-vis absorption spectra of 0.10 mM solutions 2a (black), 2b (red),
2¢ (blue), 2d (green), 2e (magenta), and 2f (olive) in MeCN. The inset shows the LMCT
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band of the complexes. (b) Photoemission spectra of 0.50 mM solutions of VO-15 with
excitation at 370 nm in MeCN. The spectra have the same color scheme as part (a).

Since all the photocatalysts displayed similarities in their visible light absorption and
emission profiles, quantum yield measurements were performed to determine if the
fraction of light absorbed by VO-10-15 had impact on the reaction rates. We employed
the standard ferrioxalate as the chemical actinometer to determine the fraction of light
absorbed by VO-10-15 at 436 nm, and hence the quantum yield (&) of photocatalytic
degradation of 5 and 25. Details regarding the quantum yield measurements are
described in the experimental section.®®3° We chose 436 nm because the quantum yield
of ferrioxalate for this wavelength is reported to be 1.11%, and the results of our

measurements are summarized in Table 3.6.

Table 3.6. Redox potentials and quantum yields of VO-10-15.

Complex Redox potentials (Ex2) inV  Quantum yield of consumption of
vs Fc*/Fc substrates (@)
& for 5 (%) @ for 25 (%)
VO-10 0.008 0.42 2.13
VO-11 -0.007 0.28 1.76
VO-12 -0.110 0.18 2.17
VO-13 0.120 0.64 3.25
VO-14 0.320 1.60 3.79
VO-15 0.420 0.65 2.83

From the quantum yield measurements on photochemical conversion of 5, catalyst
VO-14 showed the highest quantum efficiency (1.60%), while VO-12 had the lowest
quantum efficiency (0.18%). Complexes VO-13 and VO-15 showed comparable results
(0.64% and 0.65% respectively). Likewise, in the case of 25, complex VO-14
demonstrated the highest quantum efficiency (3.79%), while VO-11 had the poorest
guantum efficiency (1.76%) although all the complexes displayed higher efficiencies
for the C-C bond cleavage in 25. Hence, the trend in photochemical quantum
efficiencies for VO-10-15 correlates well with their redox potentials and reaction rates

in photocatalytic degradation of 5 and 25 under ambient aerobic conditions.

3.7 Conclusion
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In summary, we have successfully prepared a library of new vanadium(V) oxo
complexes (VO-10-15) as visible light active photocatalysts supported by redox
noninnocent hydrazone-amide ligands (L-1-6). A catalytic amount of the complexes can
induce a highly selective C-C bond cleavage in representative alcohol substrates 5 and
25 to yield valuable fine chemicals such as aryl aldehydes, aryl formates, and benzyl
formates. These products are important building blocks in organic synthesis as they

contain reactive formyl groups that can be further functionalized.

Our experimental studies identified VO-14, which contains more EWGs, as the most
robust as well as the fastest catalyst for selective C-C bond cleavage reaction, up to 15
times faster than the slowest catalyst VO-12, which possesses electron-donating tert-
butyl substituent on the ligand. In addition, both the kinetics and the DFT studies
indicated that substrate 25 is 2.5-17 times more reactive than 5 toward C-C bond
cleavage under our photocatalytic degradation conditions. Although VO-15 exhibited
the highest calculated and the electrochemically determined redox potential, it was
found to be less reactive than VO-14. We propose that the regeneration of the VV active
catalyst from the V'V resting state for VO-15 is slower than that for VO-14, which
reduces the overall reaction rate for VO-15. In our experimental and DFT investigations,
the introduction of EWGs at specific locations on the ligand has been crucial in
increasing the reaction yield and catalytic rate. The obtained results have provided us
with significant insights for further substrate scope expansion since the higher stability
of the intermediate radical species favors faster reactivity.

3.8 Experimental Procedures
3.8.1 General Information

The vanadium complexes and ligands were prepared under a N2 atmosphere using
standard Schlenk techniques. Other synthetic procedures were conducted under aerobic
conditions unless stated otherwise. The chemicals used in the experiments were
purchased from Sigma-Aldrich and were used as received. Deuterated solvents were
purchased from Cambridge Isotope Laboratories and were used as received. The H,
13¢C, F, and %'V NMR spectroscopic data were obtained using Bruker AVANCE
spectrometers operating at 300, 400, and 500 MHz. The resulting *H and *C NMR
chemical shifts (o reported in ppm) were referenced according to the residual solvent
signal(s) (CDCls = 7.26 ppm for *H and 77.2 ppm for 3C; CDsCN = 1.94 ppm for *H
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and 118.3 ppm for $3C; MeOD-ds = 3.31 ppm for *H and 49.2 ppm for 3C; DMSO-dg =
2.50 ppm for *H and 39.52 ppm for 3C). The >V NMR chemical shift was referenced
relative to VV(O)(CI); external standard (5 = 0.0 ppm). Crystallographic data were
collected on a Bruker X8 CCD diffractometer. The structures were solved and refined
using the Bruker SHELXTL software package. High-resolution electrospray ionization
mass spectra (HR-ESIMS) were obtained using a Waters Q-TOF Premier mass
spectrometer. Elemental analyses were performed with the Elementar vario MICRO
cube analyzer. FT-IR spectroscopy measurements were carried out with a Shimadzu
IRPrestige-21 FT-IR spectrometer. In a typical experiment, about 1.5 mg of the sample
were mixed with about 30.0 mg of potassium bromide (KBr) to make a pellet. The
pellets were made with a Specac Atlas manual hydraulic press 15T at 10 ton pressure.
The FT-IR experiments were conducted in transmission mode with data collected from
400 to 4000 cm!

3.8.2 Synthetic Procedures and Spectroscopic Data
General procedure for the synthesis of ligands

In each reaction, to a stirring, heated solution of aryl hydrazide in absolute ethanol
(EtOH) under N2 was added a solution of the corresponding aryl aldehyde in EtOH
dropwise. The reaction mixture was then stirred at reflux for a specific amount of time
detailed below (between 2 and 15 h). The ligand was subsequently either precipitated
out of the mixture or was obtained by removing the solvent under vacuum. The as-
synthesized ligands were of sufficient purity to be used in the complexation reactions

without any further purification.

4-Fluoro-N’-(2-hydroxybenzylidene)benzohydrazide (L-1)

O
W
HN—N
\

Following the previously reported procedure,? an EtOH solution of salicylaldehyde
(1.22 g, 10 mmol in 5 mL of EtOH) was added to a solution of 4-fluorobenzohydrazide
(1.54 g, 10 mmol in 15 mL of EtOH) and stirred. After ca. 12 h, the corresponding ligand
L-1 was obtained (2.32 g, 90% yield). *H NMR (DMSO-ds, 300 MHz): 6 = 6.89 — 6.95
(m,2H),7.30 (t, J=6.0Hz, 1 H), 7.38 (t, J = 9.0 Hz, 2 H), 7.55 (d, J = 6 Hz, 1 H), 8.00
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— 8.05 (m, 2 H), 8.64 (s, 1 H), 11.26 (s, 1 H), 12.12 (s, 1 H) ppm. BC{*H} NMR
(DMSO-ds, 100 MHz): ¢ = 115.6, 116.4, 118.7, 119.4, 129.3, 129.5, 130.4, 131.4,
148.3, 157.5, 161.8, 164.3 ppm. **F{*H} NMR (DMSO-ds, 282.40 MHz): § = —108.01
ppm. HRMS (ESI+, m/z) calculated for C14H12FN202 [M+H]" m/z = 259.0883, found
259.0885. Elemental analysis for Ci4sH11FN202 calculated: C, 65.11; H, 4.29; N,
10.85%; found: C, 64.78; H, 4.20; N, 11.11%. IR (cm'®): 3207 (vo-n), 3026 (vn-+), 1643
(ve=n). The obtained values coincide with the reported data.?

N'-(2-hydroxybenzylidene)benzohydrazide (L-2)

0]
< >—< HO
HN—N

\

An EtOH solution of salicylaldehyde (0.122 g, 1.0 mmol, in 2 mL EtOH) was added
to a solution of benzohydrazide (0.136 g, 1.0 mmol in 5 mL of EtOH) and stirred. After
3 h, the corresponding ligand L-2 was obtained (0.236 g, 98% yield). *H NMR (DMSO-
de, 400 MHz): 6 =6.91-6.96 (m, 2 H), 7.30 (t, J =8.3 Hz, 1 H), 7.52-7.63 (m, 4 H), 7.95
(d, J=7.2 Hz, 2 H), 8.66 (s, 1 H), 11.33 (s, 1 H), 12.13 (s, 1 H) ppm. *C{*H} NMR
(DMSO-de, 100 MHz): 6=116.4,118.7,119.4,127.7,128.6, 129.6, 131.4, 132.0, 132.8,
148.4, 157.5, 162.9 ppm. HRMS (ESI+, m/z) calculated for C14H13N202 [M+H]* m/z =
241.0977, found 241.0986. Elemental analysis for C14H12N20- calculated: C, 69.99; H,
5.03; N, 11.66%; found: C, 69.81; H, 5.13; N, 11.48%. IR (cm™): 3269 (vo-1), 3057 (vn-
H), 1672 (ve=n).

N'-(3-(tert-butyl)-2-hydroxybenzylidene)-4-fluorobenzohydrazide (L-3)

0
F@—/{ HO
HN-N

N

An EtOH solution of 3-(tert-butyl)-2-hydroxybenzaldehyde (0.178 g, 1.0 mmol in 2
mL EtOH) was added to a solution of 4-fluorobenzohydrazide (0.154 g, 1.0 mmol in 5
mL of EtOH) and stirred. After 12 h, the corresponding ligand L-3 was obtained (0.305
g, 97% vyield). *H NMR (DMSO-ds, 400 MHz): 6 = 1.41 (s, 9 H), 6.89 (t, 1 H, J = 7.7
Hz), 7.30 (dd, 2 H, J=3.6, 7.7 Hz), 7.41 (t, 2 H, J = 8.8 Hz), 8.03 (dd, 2 H, J = 5.5, 8.8
Hz), 8.57 (s, 1 H), 12.25 (s, 1 H), 12.44 (s, 1 H) ppm. *C{*H} NMR (DMSO-ds, 100
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MHz): 6 =29.2, 34.5, 115.6 (d, J =21.8 Hz), 117.6, 118.7, 128.5, 129.0 (d, J = 2.8 Hz),
129.5, 130.4 (d, J = 9.1 Hz), 136.4, 150.9, 157.0, 161.7, 164.4 (d, J = 248.5 Hz) ppm.
PE{'H} NMR (DMSO-ds, 376.50 Hz): § = -107.8 ppm. HRMS (ESI+, m/z) calculated
for C1gH2oN202F [M+H]* m/z = 315.1509, found 315.1515. Elemental analysis for
C18H1aN20O2F calculated: C, 68.77; H, 6.09; N, 8.91%; found: C, 68.48; H, 6.30; N,
9.22%. IR (cm™): 3188 (vo-H), 3026 (VN-H), 1656 (vc=n).

2,3,4,5,6-Pentafluoro-N'-(2-hydroxybenzylidene)benzohydrazide (L-4)

R F
O
F HO
HN-N
F F \

An EtOH solution of 2-hydroxybenzaldehyde (0.122 g, 1.0 mmol, in 2 mL EtOH)
was added to a solution of 2,3,4,5,6-pentafluorobenzohydrazide (0.226 g, 1.0 mmol in
5 mL of EtOH) and stirred. After 4 h, the corresponding ligand L-4 was obtained (0.325
g, 98% yield). *H NMR (CD3sCN, 300 MHz): 6 = 6.96-7.00 (m, 2 H), 7.36-7.41 (m, 2
H), 8.34 (s, 1 H), 10.48 (s, 1 H), 11.07 (s, 1 H) ppm. *C{*H} NMR ((CD3).CO, 100
MHz): 6 = 117.7, 118.4, 120.3, 132.3, 133.1, 137.4 (m), 139.8 (m), 142.8 (m), 144.0
(m), 145.2 (m), 146.5 (m), 152.9, 158.3, 159.6 ppm. *F{*H} NMR (CDsCN, 282.40
Hz): 6 =-162.4 (m, 2 F), -152.5 (it, 1 F, J = 3.2, 20.0 Hz), -142.1 (m, 2 F) ppm. HRMS
(ESI+, m/z) calculated for C14HgN202Fs [M+H]" m/z = 331.0506, found 331.0504.
Elemental analysis for C1aH7N202Fs calculated: C, 50.92; H, 2.14; N, 8.48%; found: C,
50.81; H, 2.20; N, 8.67%. IR (cm™): 3205 (vo-n), 3047 (vn-1), 1678 (ve=n).

2,3,4,5,6-Pentafluoro-N'-(2-hydroxy-5-nitrobenzylidene)benzohydrazide (L-5)

O
F HO
HN—N

F F \
NO,

An EtOH solution of 2-hydroxy-5-nitrobenzaldehyde (0.167 g, 1.0 mmol, in 2 mL
EtOH) was added to a solution of 2,3,4,5,6-pentafluorobenzohydrazide (0.226 g, 1.0
mmol in 5 mL of EtOH) and stirred. After 4 h, the corresponding ligand L-5 was
obtained (0.360 g, 96% yield). *H NMR (CDsCN, 300 MHz): 6 =7.12 (d, 1 H, J=9.2
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Hz), 8.22 (dd, 1 H, J =2.8,9.2 Hz), 8.40 (d, 1 H, J = 2.8 Hz), 8.45 (s, 1 H), 10.77 (s, 1
H), 12.13 (s, 1 H) ppm. BC{*H} NMR ((CD3).CO, 100 MHz): 5 = 118.1, 118.7, 127.9,
128.0, 137.4 (m), 139.9 (m), 141.5, 142.3 (m), 144.0 (m), 144.9 (m), 146.5 (m), 150.7,
163.0, 164.5 ppm. *F{*H} NMR (CD3CN, 282.40 Hz): § = -162.3 (m, 2 F), -152.1 (tt,
1F, J=34, 20.0 Hz), -141.9 (m, 2 F) ppm. HRMS (ESI+, m/z) calculated for
C14H7N304Fs [M+H]* m/z = 376.0357, found 376.0357. Elemental analysis for
C1aHsN3O4Fs calculated: C, 44.82; H, 1.61; N, 11.20%; found: C, 44.74; H, 1.94; N,
11.05%. IR (cm™): 3257 (vo-1), 3107 (vn-H), 1672 (vc=n), 1328 (vno2).

2,3,4,5,6-Pentafluoro-N'-(2-hydroxy-3,5-dinitrobenzylidene)-benzohydrazide
(L-6)

R F
o)
F HO  NO,
HN-N
FF \

NO,

An EtOH solution of 2-hydroxy-3,5-dinitrobenzaldehyde (0.212 g, 1.0 mmol, in 2
mL EtOH) was added to a solution of 2,3,4,5,6-pentafluorobenzohydrazide (0.226 g, 1.0
mmol in 5 mL of EtOH) and stirred. After 4 h, the corresponding ligand L-6 was
obtained (0.410 g, 98% yield). *H NMR (CD3sCN, 300 MHz): 6 = 8.59 (s, 1 H), 8.73 (d,
1H,J=28Hz),8.84(d, 1H,J=28Hz) ppm. BC{*H} NMR ((CD3).CO), 100 MHz):
§=123.1,123.5,128.3, 130.5, 137.5 (m), 140.0 (m), 141.1, 142.6 (m), 144.2 (m), 145.1
(m), 146.7 (m), 148.7, 157.3, 158.0 ppm. *F{'"H} NMR (CD3sCN, 282.40 Hz): 6 = -
161.4 (m, 2 F), 150.9 (tt, 1 F, J=2.6, 20.0 Hz), -140.9 (m, 2 F) ppm. HRMS (ESI+, m/z)
calculated for C14HsNsOsFs [M+H]" m/z = 421.0208, found 421.0216. Elemental
analysis for C14HsN4OgFs calculated: C, 40.02; H, 1.20; N, 13.33%; found: C, 39.93; H,
1.49; N, 13.17%. IR (cm™): 3190 (vo-+), 3088 (vn-+), 1691 (vc=n), 1332 (vno2).

General procedure for the synthesis of vanadium oxo complexes

In each reaction, to a heated, stirring solution of the ligand in methanol (MeOH) was
added the vanadium(V) precursor, VO(OIPr)z, under N2, which led to an immediate
change of the reaction color from brown to dark red. The reaction mixture was stirred

under reflux for ca. 90 min. Subsequently, the solvent was removed under vacuum and
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the remaining dark solid product was obtained. The solid was then re-dissolved in

methanol and filtered before finally obtaining the complex by solvent evaporation.

Vanadium oxo complex VO-10

According to the previously reported procedure,?* to a stirring solution of L-1 (0.258
g, 1.0 mmol in 20 mL of MeOH) was added VO(OIiPr)3 (227 uL, 1.0 mmol). After ca.
90 min. the corresponding vanadium complex VO-10 was obtained (0.248 g, 70%
yield). *H NMR (MeOD, 300 MHz): § = 6.94 — 7.04 (m, 2 H), 7.20 (t, J = 9.0 Hz, 2 H),
750 (t, J=7.2 Hz, 1 H), 7.61 (d, J = 7.8 Hz, 1 H), 8.12 — 8.17 (m, 2 H), 8.75 (5, 1 H)
ppm. BC{*H} NMR (MeOD-ds, 100 MHz): ¢ = 116.4, 116.6, 117.9, 121.6, 121.9,
132.1,132.2,133.8, 135.5, 154.1, 165.2, 167.7 ppm. °F{*H} NMR (MeOD-d4, 282.40
MHz): 6 = -110.6 ppm. >V NMR (MeOD-d4, 105.15 MHz): § = -548.7 ppm. HRMS
(ESI+, m/z) calculated for CisH12FN204V [M]" m/z = 354.0221, found 354.0205.
Elemental analyses for C1sH12FN2O4V calculated: C, 50.86; H, 3.41; N, 7.91%; found:
C, 50.54; H, 3.09; N, 8.34%. IR (cm™): 3196 (vo-n), 1610 (vc=n), 999 (w=0). The

obtained values coincide with the reported data.?*

Vanadium oxo complex VO-11

To a MeOH solution of L-2 (0.120 g, 0.50 mmol in 5 mL of MeOH) was added
VO(QOIiPr)sz (118 uL, 0.50 mmol). After 90 min., the corresponding vanadium complex
VO-11 was obtained (0.160 g, 95% yield). *H NMR (MeOD-ds, 400 MHz): 6 = 6.96 (d,
J=8.2Hz 1H),7.02(t J=79Hz 1H),7.45-7.55 (m, 4 H), 7.62 (dd, J = 7.8, 1.6 Hz,
1 H), 8.10-8.12 (m, 2 H), 8.77 (s, 1 H) ppm. *C{*H} NMR (MeOD-d4, 100 MHz): 6 =
117.7,121.4, 121.8, 129.5, 129.6, 132.6, 133.7, 134.4, 135.4, 153.9, 160.8, 166.0 ppm.
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SV NMR (MeOD-ds, 105.25 MHz): 6 = -547.9 ppm. HRMS (ESI+, m/z) calculated for
C1sHuuN204V [M+H]" m/z = 337.0393, found 337.0398. Elemental analysis for
C1sH13N204V calculated: C, 53.59; H, 3.90; N, 8.33%; found: C, 53.89; H, 3.92; N,
8.14%. IR (cm™): 3352 (vo-+), 1598 (ve=n), 999 (vv=0).

Vanadium oxo complex VO-12

To a stirring solution of L-3 (0.157 g, 0.50 mmol in 5 mL of MeOH) was added
VO(OIPr)3 (118 uL, 0.50 mmol). After ca. 90 min. the corresponding vanadium complex
VO-12 was obtained (0.155 g, 75.6% yield). *H NMR (MeOD-ds, 400 MHz): 6 = 1.50
(s, 9 H), 6.98 (t, 1 H, J = 7.7 Hz), 7.20 (t, 2 H, J = 8.8 Hz), 7.49 (d, 1 H, J = 6.9 Hz),
7.57 (d, 1 H, J=7.0 Hz), 8.16 (dd, 2 H, J = 5.6, 8.7 Hz), 8.75 (s, 1 H) ppm. ¥C{*H}
NMR (MeOD-ds, 100 MHz): 6 = 30.2, 36.1, 116.3 (d, J = 22 Hz), 121.4, 122.2, 128.8,
131.9 (d, J =9.1 Hz), 132.0, 132.6, 133.5, 138.7, 154.4, 164.7, 166.3 (d, J = 248.6 Hz)
ppm. ¥F{*H} NMR (MeOD-d4, 376.50 MHz): 6 = -110.8 ppm. >V NMR (MeOD-ds,
105.25 MHz): 6 = -551.2 ppm. HRMS (ESI+, m/z) calculated for CigH21N204FV
[M+H]* m/z = 411.0925, found 411.0930. Elemental analysis for CigH2oN204FV
calculated: C, 55.62; H, 4.91; N, 6.83%; found: C, 55.45; H, 5.01; N, 7.13%. IR (cm™):
1604 (vc=n), 1004 (vv=0).

Vanadium oxo complex VO-13

F NTe)
F ' O/Y\/
/C')\OMe
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F F
F

To a MeOH solution of L-4 (0.165 g, 0.50 mmol in 5 mL of MeOH) was added
VO(OIiPr)s (118 pL, 0.50 mmol). After 90 min., the corresponding vanadium complex
VO-13 was obtained (0.192 g, 90% yield). *H NMR (MeOD-ds, 300 MHz): 6 = 6.96 (d,
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1H,J=83Hz),7.03(t,1H,J=7.4Hz), 756 (t, 1 H,J=7.6 Hz), 7.64 (d, 1 H,J =75
Hz), 8.77 (s, 1 H) ppm. 3C{*H} NMR (MeOD-d,, 100 MHz): § = 117.8, 121.3, 121.6,
134.2, 136.1, 137.9 (m), 140.4 (m), 142.3 (m), 144.9 (m), 145.4 (m), 147.9 (m), 156.3,
164.5, 165.6 ppm. *F{*H} NMR (MeOD-da, 282.40 MHz): § = -164.3 (m, 2 F), -154.5
(tt, 1 F, J = 2.8, 20.1 Hz), -140.5 (m, 2 F) ppm. >V NMR (MeOD-ds, 105.25 MHz): &
= -553.6 ppm. HRMS (ESI+, m/z) calculated for CisHoN2OsFsV [M+H]" m/z =
426.9922, found 426.9924. Elemental analysis for C1sHsN2O4FsV calculated: C, 42.28;
H, 1.89; N, 6.57%; found: C, 42.33; H, 2.00; N, 6.45%. IR (cm™): 3448 (vo.x), 1606
(ve=n), 991 (vv=0).

Vanadium oxo complex VO-14
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To a MeOH solution of L-5 (0.187 g, 0.50 mmol in 5 mL of MeOH) was added
VO(OIPr)s (118 puL, 0.50 mmol). After 90 min., the corresponding vanadium complex
VO-14 was obtained (0.225 g, 95% yield). *H NMR (MeOD-d., 400 MHz): 6 = 7.08 (d,
1H,J=9.2Hz),8.38(dd, 1 H, J=2.9,9.2Hz), 8.65 (d, 1 H, J = 2.8 Hz), 8.91 (5, 1 H)
ppm. BC{*H} NMR (MeOD-ds, 100 MHz): § = 119.5, 120.9, 130.4, 130.5, 137.9 (m),
140.5 (m), 141.7, 142.5 (m), 145.0 (m), 145.4 (m), 147.9 (m), 155.6, 165.3, 169.3 ppm.
9F{'"H} NMR (MeOD-da, 376.50 Hz): 6 = -164.2 (m, 2 F), -154.1 (tt, 1 F, J = 3.2, 20.1
Hz), -140.3 (m, 2 F) ppm. °VV NMR (MeOD-ds, 105.25 MHz): 6 = -556.4 ppm. HRMS
(ESI+, m/z) calculated for CisHgN3OgsFsV [M+H]" m/z = 471.9773, found 471.9769.
Elemental analysis for C1sH7N3OgFsV calculated: C, 38.24; H, 1.50; N, 8.92%; found:
C,37.90; H, 1.92; N, 8.75%. IR (cm™): 3442 (vo-+), 1608 (vc=n), 1338 (vno2), 995 (W=0).

Vanadium oxo complex VO-15
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To a MeOH solution of L-6 (0.210 g, 0.50 mmol in 5 mL of MeOH) was added
VO(QIPr)s3 (118 pL, 0.50 mmol). After 90 min., the corresponding vanadium complex
VO-15 was obtained (0.232 g, 90% yield). *H NMR (MeOD-ds, 400 MHz): 6 = 8.85 (d,
1H,J=2.8Hz),895(d,1H,J=28Hz),9.01 (s, 1H)ppm. BC{*H} NMR (MeOD-
ds, 100 MHz): 6 = 124.4, 125.8, 133.7, 138.0 (m), 139.5, 140.1, 140.5 (m), 142.7 (m),
145.2 (m), 145.4 (m), 148.0 (m), 155.0, 161.1, 166.0 ppm. *F{*H} NMR (MeOD-da,
282.40 MHz): § = -164.1 (m, 2 F), -153.7 (tt, 1 F, J = 3.4, 20.1 Hz), -140.1 (m, 2 F)
ppm. *'V NMR (MeOD-ds, 105.25 MHz): § = -543.8 ppm. HRMS (ESI+, m/z)
calculated for CisH7N4OgFsV [M+H]"™ m/z = 516.9624, found 516.9622. Elemental
analysis for C1sHeN4OgFsV calculated: C, 34.90; H, 1.17; N, 10.85%; found: C, 34.72;
H, 1.07; N, 10.70%. IR (cm™): 3415 (vo.n), 1608 (vc=n), 1344 (vno2), 993 (Wv-=0).

Synthesis of the lignin model compound 5
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The lignin model compound 5 used in this study was prepared by following the

Scheme 3.5. Synthetic pathway for preparation of 5.

previously reported procedure.?’ In short, a C-C bond formation between 20 and
methyl(methoxyphenoxy)acetate (30) resulted in the formation of methyl ester 31,
which is finally reduced by NaBHjs to provide 5. The product identity was confirmed by
NMR spectroscopy and HR-MS. *H NMR (CDsCN, 300 MHz): 6 = 1.34 (t, J = 6.9 Hz,
3 H),3.06 (t, J=6.9 Hz, 1 H), 3.60 - 3.75 (m, 2 H), 3.77 (s, 3 H), 3.79 (s, 3 H), 4.01 (q,
J=6.9Hz, 2 H), 425 -4.30 (m, 1 H), 4.82 (t, J= 4.8 Hz, 1 H), 6.81 — 7.02 (m, 7 H)
ppm. HRMS (ESI+, m/z) calculated for C19H2506 [M + H]* m/z = 349.1651, found
349.1656. The values match the reported data.?’

Synthesis of the lignin model compound 25
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The lignin model compound 25 was synthesized by modifying the previously

Scheme 3.6. Synthetic pathway for preparation of 25.

reported procedure.?” In the modified procedure, instead of 7, we used 27. The product
was purified by flash column chromatography on silica gel with n-hexane:ethyl acetate
(EtOAC) (5:2). The isolated 25 was a colorless viscous liquid. The product identity was
confirmed by NMR spectroscopy and HRMS. *H NMR (CDsCN, 300 MHz): § = 1.36
(t, 3H,J=7.0 Hz), 3.39-3.58 (M, 2 H), 3.64-3.66 (m, 1 H), 3.75 (s, 3 H), 4.03 (q, 2 H,
J=70Hz),4.35(d, 1 H,J=115Hz),4.51 (t, 1 H, 12.1 Hz), 4.62-4.69 (m, 1 H), 6.30
(s, 2 H), 6.87-6.96 (m, 3 H), 7.17-7.34 (m, 5 H) ppm. *C{*H} NMR (CDsCN, 300
MHz): 0 = 15.3, 56.4, 62.5, 65.2, 73.1, 74.4, 84.5, 111.9, 113.6, 120.3, 128.4, 128.8,
129.2, 136.2, 140.0, 148.8, 150.1 ppm. HRMS (ESI+, m/z) calculated for C19H2505
[M+H]* m/z = 333.1702, found 333.1708.

3.8.3 Kinetics Studies on Photodegradation of Lignin Models with Vanadium
Catalysts

General procedure for the photodegradation of the lignin model compound 5
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Scheme 3.7. Photocatalytic degradation of 5 with VO-10-15.

Photodegradation experiments were carried out in an NMR tube. In a typical
procedure, 5 (0.011 g, 0.030 mmol) and the vanadium catalyst (10 mol%, 1.1-1.5 mg of
VO-10-15) were dissolved in CD3CN (0.50 mL) and 1,1,2,2-tetrachloroethane (3.2 uL,
0.032 mmol) was added as an internal standard to calculate the conversion and yield of
the products. The NMR tube was fitted with a needle and a balloon of pure O that
ensured 1 atm of O, throughout the experiment. The reaction mixture was irradiated up
to 24 h under white LED light (48 W) and ambient temperatures. A continuous water
circulator was used to maintain the reaction temperatures below 30 °C. The light
irradiation was briefly stopped every 2 or 4 h and the NMR tube containing the reaction
mixture was used in the NMR spectroscopic experiments to monitor the reaction
progress and kinetics. Reaction products, other than 21, were identified by *H NMR
spectroscopy by comparing the peaks from the reaction mixture’s *H NMR spectrum to
those of the commercially available samples. Compound 21 was identified in our

group’s previous work by independent synthesis.?*
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Figure 3.9. The 'H NMR spectra of the reaction solution containing 5 (30.0 pmol),
VO-10 (3.0 umol, 10 mol%), and the internal standard 1,1,2,2-tetrachloroethane (30.0
umol) in CD3CN a) before and b) after 24 h of irradiation with a 48 W white LED. The
peak at 6.30 ppm corresponds to the internal standard.

General procedure for the photodegradation of the lignin model compound 25

OH CIJ o
0 VO-10-15 (10 mol%) I
3CN, Oz EtO
EtO OH 12 h 22

OMe OMe
25 20 26
COOH
EtO 24
OMe
23 27

Scheme 3.8. Photocatalytic degradation of 25 with VO-10-15.

Photodegradation experiments were carried out in an NMR tube. In a typical
procedure, 25 (0.010 g, 0.030 mmol) and the vanadium catalyst (10 mol%, 1.1-1.5 mg
of VO-10-15) were dissolved in CD3CN (0.50 mL) and 1,1,2,2-tetrachloroethane (3.2
uL, 0.030 mmol) was added as an internal standard to calculate the conversion and yield
of the products. The NMR tube was fitted with a needle and a balloon of pure O that
ensured 1 atm of O throughout the experiment. The reaction mixture was irradiated up
to 12 h under white LED light (48 W) and ambient temperatures. A continuous water
circulator was used to maintain the reaction temperatures below 30 °C. The light

irradiation was briefly stopped every 1.5 or 2 h and the NMR tube containing the
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reaction mixture was used in the NMR spectroscopic experiments to monitor the
reaction progress and kinetics. The identity of the degradation product 26 was confirmed
by NMR spectroscopy after isolation by preparatory silica gel thin layer
chromatography (TLC) (eluent: EtOAc/n-hexane 2:3) and independent synthesis. 'H
NMR (CDClz, 400 MHz): ¢ = 5.22 (s, 2 H), 7.33-7.40 (m, 5 H), 8.15 (s, 1 H) ppm.
BC{*H} NMR (CDCls, 100 MHz): 6 = 65.6, 128.3, 128.4, 128.6, 135.2, 160.7 ppm. The
identities of other reaction products were verified by comparison of the *H NMR
spectrum of the reaction mixture with those of the commercially available samples.
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- CJ "OH H/lL
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Figure 3.10. The *H NMR spectra of the reaction solution containing 25 (30.0 pmol),
VO-10 (3.0 pmol, 10 mol%), and the internal standard 1,1,2,2-tetrachloroethane (30.0
umol) in CD3CN a) before and b) after 12 h of irradiation with a 48 W white LED. The
peak at 6.30 ppm corresponds to the internal standard.

General procedure for the control reaction of irradiating 25 in the absence of

catalysts
OH Q
o no catalyst |
white LED
EtO OH CDLCN. O, EtO
OMe 12h OMe
25 ca. 7% consumption 20 (5%)

Scheme 3.9. Control reaction of irradiating 25 in the absence of catalyst under
otherwise identical reaction conditions.
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Each of these control experiments was carried out in an NMR tube. In a typical
procedure, 25 (0.010 g, 0.030 mmol) was dissolved in CD3CN (0.50 mL) in the absence
of any vanadium catalyst, and 1,1,2,2-tetrachloroethane (3.2 pL, 0.040 mmol) was
added as an internal standard to calculate the conversions and yields of the products.
The NMR tube was sealed and then fitted with a needle and a balloon of pure O to
ensure that the solution remained under 1 atm of O throughout the experiment. The
reaction mixture was irradiated up to 24 h with a white LED (48 W) at ambient
temperatures. A continuous water circulator was used to maintain the reaction
temperatures below 30 °C. After 24 h, around 7% of 25 was consumed as observed by

1H NMR spectroscopy.

General procedure for the thermal reaction of 25 in the dark in the presence of

selected catalysts

OH
0 VO-10, VO-12(10 mol%)
in the dark - no products
CD3CN, 80 °C
EtO OH o4 h
OMe

(@]
\/@ VO-14 (10 mol%) o\/©
/©/ki in the dark

CD4CN, 80 °C

o4 h EtO OH

OMe
25 32 (30%)

Scheme 3.10. Control reactions by heating 25 at 80 °C in the dark with selected
vanadium catalysts.

Each of these thermal control experiments was carried out in an NMR tube. In a
typical procedure, 25 (0.010 g, 0.030 mmol) was dissolved in CD3CN (0.50 mL) along
with VO-10, VO-12, or VO-14 (10 mol%, 1.1-1.5 mg), and 1,1,2,2-tetrachloroethane
(3.2 uL, 0.040 mmol) was added as an internal standard to calculate the conversions and
yields of the products. The NMR tube was sealed and then fitted with a needle and a
balloon of air to ensure that the solution remained under atmospheric pressure
throughout the experiment. Air was used to ensure a fair comparison with the conversion
of 25 from the previous report.! The reaction mixtures were heated at 80 °C in the dark
up to 24 h with catalysts VO-10, VO-12, and VO-14. After 24 h, only the reaction
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mixture with VO-14 showed the presence of the ketone 32 (30%) due to oxidation of
the benzylic alcohol, based on the *H NMR spectroscopy. The identity of 32 was
confirmed by HR-MS after isolation from the reaction mixture by preparative silica gel
thin-layer chromatography with the eluent system EtOAc:n-hexane in a ratio of 2:3. 'H
NMR (CDsCN, 500 MHz): 6 = 1.40 (t, J = 7.0 Hz, 3 H), 3.78-3.88 (m, 5 H), 4.13 (q, J
=7.0Hz,2H),4.52 (d,J=11.5Hz, 1 H), 4.61 (d, J=11.5Hz, 1 H), 4.87 (dd, J =5.9,
4.2 Hz, 1 H), 6.98 (d, J = 8.5 Hz, 1 H), 7.23-7.34 (m, 5 H), 7.53 (d, J = 2.0 Hz, 1 H),
7.67 (dd, J=8.5, 2.0 Hz, 1 H) ppm. HRMS (ESI+, m/z) calculated for C19H2305 [M+H]"
m/z = 331.1545, found 331.1556.

3.8.4 Electrochemical Studies

The CV experiments were conducted using a Biologic SP-300 potentiostat with 1.0
mM solutions of the sample and 0.10 M n-BusNPFg as the electrolyte in acetonitrile
(MeCN) at a scan rate of 100 mV s*. A standard three-electrode electrochemical cell
was used with a glassy carbon working electrode (3.0 mm in diameter from BAS), a Pt
wire as the counter electrode, and another Pt wire as a pseudoreference electrode. The
potentials were measured in the presence of dmFc as an internal reference (-0.48 V with
respect to Fc*/Fc). Before each experiment, the working electrode (glassy carbon) was
polished using a 0.05 um alumina suspension on a polishing pad, followed by sonication
in deionized water for 10 min and dried in air. In each experiment, the solutions were

prepared by bubbling Ar through the solvents for 10 min.
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Figure 3.11. Cyclic voltammograms of VO-10-15 in the presence of dmFc as the
internal standard. The reversible dmFc wave is set to -0.48 V vs. Fc*/Fc.

3.8.5 Quantum Yield Measurements

Potassium ferrioxalate, Kz[Fe(OX)3]-3H20, is generally used as a standard chemical
actinometer for determining the quantum yield in any photochemical reaction under
visible light.38% Initially, the rate of formation of the Fe?* from Ks[Fe(OX)s]'3H20
complex upon visible light irradiation (with 48 W white LED) was measured. In a
typical experiment, 0.60 mL of an aqueous reaction mixture containing 6.0 mM of
Ks[Fe(OX)3]-3H20 complex and 20 mM of the 1,10-phenanthroline was irradiated in a
dry NMR tube under visible light with 48 W white LED. The UV-vis absorption
spectrum of the reaction mixture was recorded before and after different irradiation
times. The rate of formation of the [Fe(Phen)s]** was calculated. Since the quantum
yield of Kz[Fe(OX)s] in water is reported to be 1.11% at 436 nm, the quantum yields for

our photocatalytic processes were determined at 436 nm.

The quantum yields were calculated using the equation: ¢2 = (f1-¢1-r2) / (f2- r1), where
¢1 = the known quantum yield of any photoreaction 1, r1 = rate of reaction 1, f; = fraction
of light absorbed by the photoactive species used in reaction 1, r» = rate of reaction 2, f-
= fraction of light absorbed by the photoactive species used in reaction 2, and ¢. =
quantum yield of the photoreaction 2 to be determined. The fraction of light absorbed

by the photoactive species, f = (1-10%), where A = absorbance.

Results:

76



Ks[Fe(OX)s]

The rate of change in absorbance at 510 nm (Figure 3.12.b) due to the formation of
[Fe(Phen)s]?* is 0.220 s/ 0.60 mL of solution. Since the molar extinction coefficient
of [Fe(Phen)s]** at 510 nm is 1.12 x 10* M cm™ and the absorption path length 0.20
cm, the rate of the formation of the complex [Fe(Phen)s]?* is calculated as 9.86 x 10°

M s/ 0.60 mL of solution which is equivalent to 5.91 x 10° mmol s

a b
3 2.0 Equation  Abs = k't
—0s Adj.R-Squ 0.99856 L]
—2s 1.64 Value Standard Er
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Figure 3.12. (a) UV-Vis absorption spectra of the complex [Fe(phen)s]?* formed after
different visible light irradiation times (white LED) of a 0.60 mL aqueous solution
containing 6.0 mM of Kas[Fe(OX)3]-3H20 and 20 mM of 1,10-phenanthroline. (b)
Kinetics determined by plotting of absorbance at 510 nm versus irradiation time in
seconds.

For Ks[Fe(OX)s] the rate, r1 = 5.91 x 10> mmol s*. Since the absorbance at 436 nm
is 0.60 for 0.20 cm path length, the 0.40 cm of inner diameter of NMR tube will result
in a 0.40 cm path length, so the absorbance will be 1.2. The fraction of light absorbed,
f1 = (1-10%) = 0.93. The quantum yield of K3[Fe(OX)s] is reported to be ¢1 = 1.11%, at
436 nm.

Lignhin model 5

For all the experiments, a 0.60 mL CD3CN solution containing 5 (0.030 mmol, 50
mM) with the vanadium catalyst (0.0030 mmol, 5.0 mM) was irradiated under white
light LED (48 W) in presence of the internal standard (1,1,2,2-tetrachloroethane) in an
NMR tube. For quantum yield calculations, the initial rate was used. For 5, the initial

rate appeared to remain almost constant up to at least 4 h.
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Figure 3.13. Plot of C¢/Co versus time (h) for the consumption of 5 in the presence of
a catalytic amount (10 mol%) of different complexes under visible light irradiation with
white LED.

Calculations:
For Kz[Fe(OX)s]

Rate, r1 = 5.91 x 10° mmol s%; fraction of light absorbed, f; = (1-10) = 0.93. The
quantum yield of Ks[Fe(OX)s] is reported to be ¢1 = 1.11%, at 436 nm.

The rate, rvo-10= 2.39 x 10" mmol s, the fraction of light absorbed, fvo-10= (1-10"
A) =0.99, since the absorbance at 436 nm of the 5.0 mM of VO-10 with path length

0.40 cm is more than 2.0. The quantum yield, ¢ vo-10 = to be determined

$vo-10= (f1- §1- rvo-10) / (fvo-10- 1) = (0.93 x 1.11 x 2.39 x 10" mmol s1) / (0.99 x
5.91 x 10° mmol st) = 0.42%

Rate, rvo-11 = 1.56 x 107 mmol s?; fraction of light absorbed, fvo-11 = (1-10%) =
0.99, since the absorbance at 436 nm of the 5.0 mM of VO-11 with path length 0.40
cm is more than 2.0. The quantum yield, ¢vo-11, to be determined is defined as the

following:

$vo-11= (f1- §1- rvo-11) / (fvo-11- r1) = (0.93 x 1.11 x 1.56 x 10" mmol s) / (0.99 x
5.91 x 10 mmol s) = 0.28%
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The rate, rvo-12= 1.04 x 10" mmol s, the fraction of light absorbed, fvo-12 = (1-10°
A) = 0.99, since the absorbance at 436 nm of the 5.0 mM of VO-12 with path length
0.40 cm is more than 2.0. The quantum yield, ¢vo-12 = to be determined

$vo-12= (f1- §1- rvo-12) / (fvo-12- r1) = (0.93 x 1.11 x 1.04 x 10" mmol s1) / (0.99 x
5.91 x 10°> mmol s1) = 0.18%

The rate, rvo-13= 3.64 x 10" mmol s, the fraction of light absorbed, fvo-13= (1-10"
A) = 0.99, since the absorbance at 436 nm of the 5.0 mM of VO-13 with path length

0.40 cm is more than 2.0. The quantum yield, ¢vo-13=to be determined

dvo-13= (f1- d1- rvo-13) / (fvo-13- r1) = (0.93 x 1.11 x 3.64 x 107" mmol s2) / (0.99 x
5.91 x 10° mmol s?) = 0.64%

The rate, rvo-14=9.16 x 10" mmol s, the fraction of light absorbed, fvo-14= (1-10°
A) = 0.99, since the absorbance at 436 nm of the 5 mM of VO-14 with path length 0.40
cm is 1.92. The quantum yield, ¢vo-14 = to be determined

$vo-14= (f1- §1- rvo-14) / (fvo-14- r1) = (0.93 x 1.11 x 9.16 x 10" mmol s1) / (0.99 x
5.91 x 10° mmol s!) = 1.60 %

The rate, rvo-15 = 3.54 x 10" mmol s, the fraction of light absorbed, fvo-15 = (1-10°
A) =0.99, since the absorbance at 436 nm of the 5.0 mM of VO-15 with path length
0.40 cm is 1.36. The quantum yield, ¢vo-15 = to be determined

$vo-15= (f1- g1+ rvo-1s) / (fvo-15- r1) = (0.93 x 1.11 x 3.54 x 10" mmol s*) / (0.95 x
5.91 x 10° mmol s!) = 0.65%

Lignin model 25

For all the experiments, a 0.60 mL CD3CN solution containing 25 (0.030 mmol, 50
mM) with the vanadium catalyst (0.0030 mmol, 5.0 mM) was irradiated under white
light LED (48 W) in presence of the internal standard (1,1,2,2-tetrachloroethane) in an
NMR tube. For quantum yield calculations, the initial rate was used. For 25, the initial

rate appeared to remain almost constant up to at least 3 h.
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Figure 3.14. Plot of C/Co versus time (h) for the consumption of 25 in the presence
of a catalytic amount (10 mol%) of different complexes under visible light irradiation
with white LED.

Calculations:
For Ks[Fe(OX)3]

The rate, r1 =5.91 x 10° mmol s, the fraction of light absorbed, f; = (1-10) = 0.93.
The quantum yield of Ks[Fe(OX)3] is reported to be ¢1 = 1.11%, at 436 nm.

The rate, rvo-10 = 1.21 x 10" mmol s, the fraction of light absorbed, fvo-10 = (1-10°
A) =0.99, since the absorbance at 436 nm of the 5.0 mM of VO-10 with path length 0.40

cm is more than 2.0. The quantum yield, ¢vo-10 = to be determined

$vo-10= (f1- 1+ rvo-10) / (fvo-10- r1) = (0.93 x 1.11 x 1.21 x 10 mmol s%) / (0.99 x
5.91 x 10° mmol s1) = 2.13%

The rate, rvo-11 = 1.0 x 10 mmol s, the fraction of light absorbed, fvo-11 = (1-104)
=0.99, since the absorbance at 436 nm of the 5.0 mM of VO-11 with path length 0.40

cm is more than 2.0. The quantum yield, ¢vo-11 = to be determined

$vo-11= (f1- ¢1- rvo-11) / (fvo-11- 11) = (0.93 x 1.11 x 1.0 x 10 mmol s1) / (0.99 x 5.91
x 10° mmol s1) = 1.76%

The rate, rvo-12 = 1.23 x 10° mmol s, the fraction of light absorbed, fvo-12 = (1-10"
A) = 0.99, since the absorbance at 436 nm of the 5.0 mM of VO-12 with path length 0.40

cm is more than 2.0. The quantum yield, ¢vo-12 = to be determined
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dvo-12 = (f1- 1+ rvo-12) / (fvo-12- r1) = (0.93 x 1.11 x 1.23 x 10 mmol s%) / (0.99 x
5.91 x 10° mmol s1) = 2.17%

The rate, rvo-13 = 1.84 x 10 mmol s, the fraction of light absorbed, fvo-13= (1-10°
A) =0.99, since the absorbance at 436 nm of the 5.0 mM of VO-13 with path length 0.40
cm is more than 2.0. The quantum yield, ¢vo-13 = to be determined

$vo-13= (f1. ¢1. rvo13) / (fvo-13. r1) = (0.93 x 1.11 x 1.84 x 10°° mmol s1) / (0.99 x
5.91 x 10° mmol s1) = 3.25%

The rate, rvo-14 = 2.15 x 10 mmol s, the fraction of light absorbed, fvo.14 = (1-10"
A) =0.99, since the absorbance at 436 nm of the 5.0 mM of VO-14 with path length 0.40

cm is more than 2.0. The quantum yield, ¢vo-14 = to be determined.

dvo-14 = (f1- d1- rvo-14) / (fvo-14- 11) = (0.93 x 1.11 x 2.15 x 10°® mmol s%) / (0.99 x
5.91 x 10° mmol st) = 3.79%

The rate, rvo-1s = 1.54 x 10 mmol s, the fraction of light absorbed, fvo-15= (1-10°
A) = 0.90, since the absorbance at 436 nm of the 5.0 mM of VO-15 with path length 0.40

cm is 1.0. The quantum yield, ¢vo-15 = to be determined

$vo-15= (f1- 1+ rvo-1s) / (fvo-1s- r1) = (0.93 x 1.11 x 1.54 x 10 mmol s%) / (0.95 x
5.91 x 10° mmol s1) = 2.83%

3.8.6 UV-vis and Photoluminescence Spectroscopic Studies

The UV-vis spectroscopic studies were performed on the vanadium complexes and
their  corresponding ligands using a Shimadzu UV-3600 UV-vis-NIR
spectrophotometer. For this purpose, 0.10 mM MeCN solutions of the complexes and

ligands were prepared. The resulting spectra are shown below.
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Figure 3.15. The UV-Vis spectra of the 0.10 mM MeCN solutions of L-1-6 with a
0.50 cm path length cuvette.
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Figure 3.16. The UV-Vis spectra of the 0.10 mM MeCN solutions of VO-10-15 with
a 0.50 cm path length cuvette.

The steady-state photoluminescence spectroscopic measurements were performed
with a Varian Cary Eclipse fluorescence spectrophotometer on 0.50 mM solutions of
VO-10-15 in MeCN. The resulting spectra are shown below.
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Figure 3.17. The photoluminescence spectra of 0.50 mM MeCN solutions of VO-10-
15, each collected in a 0.50 cm path length cuvette with an excitation wavelength of 370
nm.

3.8.7 DFT Computational Data

Computational DFT studies were performed using the Gaussian09 software
package.?® The geometry optimization and frequency calculations were initially carried
out at the UB3LYP/6-31G* level in the gas phase.’>*? Subsequently, single-point
energy calculations with the 6-311+G(d,p) basis set in a solvent phase were performed
on the optimized geometry in order to obtain refined energy data. The effect of
acetonitrile as a solvent was included using the IEFPCM-SCRF model.*® Zero-point
vibrational energies (ZPEs) were obtained from frequency calculations and were
included as a correction to the refined energy data. The presence of an imaginary
vibrational frequency was used to identify a stationary geometry as the transition state
(TS) structure. The MOLEKEL software package was used to visualize the spatial
distributions of selected molecular orbitals from single-point energy calculation

results.3*

We considered the photocatalytic C-C bond cleavage step of substrate 25 using
catalysts VO-10-15 according to the proposed mechanism shown in Figure 3.18 below.
To simplify the computational model, the ethoxy substituent in substrate 25 was

replaced with a methoxy group. Both singlet and triplet pathways were considered.
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Figure 3.18. Photocatalytic C-C bond cleavage step of 25.
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Raw energy data:

Table 3.7. Raw energy data of RC-4, TS-6, Int-24 for photocatalytic C-C bond
cleavage in 25 with VO-10-15 via singlet or triplet pathways for optimized geometries

of VO-10-15.
Egas(B1 ZPE Escrr(B2
Catalyst Structure [hgargree)] [hartree] [hartl("ee])
'RC-4 -2992.680934 0.575673 -2993.321518
ITS-6 -2992.629983 0.571024 -2993.284953
VO-10 'Int-24 -2992.630001 0.570797 -2993.285600
SRC-4 -2992.634511 0.572714 -2993.284567
3TS-6 -2992.627707 0.571839 -2993.281115
3Int-24 -2992.629392 0.570412 -2993.285515
'RC-4 -2893.447232 0.583947 -2894.052389
ITS-6 -2893.396032 0.579306 -2894.015564
VO-11 Int-24 -2893.396055 0.579069 -2894.016219
SRC-4 -2893.400625 0.581023 -2894.015507
’TS-6 -2893.393746 0.580115 -2894.011736
3Int-24 -2893.395454 0.578685 -2894.016148
'RC-4 -3149.932202 0.688917 -3150.612809
ITS-6 -3149.880210 0.684148 -3150.573505
VO-12 'Int-24 -3149.880360 0.683620 -3150.574615
*RC-4 -3149.880435 0.683217 -3150.577165
3TS-6 -3149.878397 0.684805 -3150.572354
*Int-24 -3149.889219 0.685956 -3150.580218
'RC-4 -3389.568903 0.542421 -3390.347426
ITS-6 -3389.519284 0.537631 -3390.310811
VO-13 nt-24 -3389.519927 0.537373 -3390.311003
*RC-4 -3389.521121 0.539173 -3390.308161
’TS-6 -3389.517358 0.538409 -3390.308038
3Int-24 -3389.519744 0.537111 -3390.310800
'RC-4 -3594.070028 0.544767 -3594.914284
'TS-6 -3594.025492 0.540371 -3594.883788
VO-14 Int-24 -3594.025560 0.540034 -3594.884551
SRC-4 -3594.023575 0.541586 -3594.880568
3TS-6 -3594.022566 0.540960 -3594.879263
3Int-24 -3594.024153 0.539633 -3594.881441
'RC-4 -3798.557377 0.547036 -3799.465193
ITS-6 -3798.518211 0.542648 -3799.435571
VO-15 'Int-24 -3798.518285 0.542338 -3799.435592
SRC-4 -3798.518119 0.542142 -3799.435239
’TS-6 -3798.516081 0.543518 -3799.433203
3Int-24 -3798.516580 0.543951 -3799.434532
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Table 3.8. Frontier orbital energy levels of VO-10-15.

Catalyst HOMO-3 HOMO-2 HOMO-1 HOMO LUMO

[hartree] [hartree] [hartree] [hartree] [hartree]
VO-10 -0.25432 -0.25268 -0.23563 -0.21917 -0.12127
VO-11 -0.25432 -0.25260 -0.23576 -0.21908 -0.12096
VO-12 -0.25235 -0.24841 -0.23526 -0.21882 -0.12013
VO-13 -0.26001 -0.25304 -0.24360 -0.21939 -0.12447
VO-14 -0.26390 -0.25696 -0.25356 -0.22048 -0.13147
VO-15 -0.26260 -0.25896 -0.25318 -0.22408 -0.13682

3.8.8 X-Ray Crystallographic Analysis

Single crystals of suitable dimensions of complexes VO-11 and VO-13-15 were
obtained by slow evaporation from MeOH. The crystals were then mounted on a quartz
fiber and the X-Ray intensity data were measured on a Bruker X8 APEX system. Data
were processed and corrected for Lorentz and polarization effects with SAINT?® and for
absorption effects with SADABS.%® Structural solution and refinement were carried out
with the SHELXTL suite of programs.®” The structures were solved by direct method
and refined for all data by full-matrix least-squares methods on F2. All non-hydrogen
atoms were subjected to anisotropic refinement. The hydrogen atoms were generated
geometrically and allowed to ride on their respective parent atoms; they were assigned
appropriate isotopic thermal parameters. Additional crystallographic parameters for
each structure are tabulated in the Appendix. Furthermore, the structures can be accessed
from the Cambridge Crystallographic Data Center (CCDC) using the following codes:
VO-11 (CCDC 1531640), VO-13 (CCDC 1531642), VO-14 (CCDC 1531641), and
VO-15 (CCDC 1531643).
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CHAPTER 4

PHOTOREDOX CARBON-CARBON BOND OXYGENATION
OF SMALL MOLECULAR ALCOHOLS
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PREFACE

The content of this chapter is a part of the manuscript that is currently in preparation.
The authors include Gazi, S.; Poki¢, M.; Chin, K. F., Ng, P. R.; Soo, H. S. G. S. and S.
H. S. conceived the project. B. M. performed photocatalytic experiments, and analyzed
the data. C. K. F. conducted synthetic procedures for the preparation of non-
commercially available substrates. N. P. R. assisted with optimizations of reaction

conditions.
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4.1 Introduction

Selective, catalytic C-C single bond cleavage is a continuing pursuit in synthetic
chemistry due to its potential as a powerful tool in the late-stage functionalization or
recycling of intricate small and macromolecules. Some of the challenges include the
poor selectivity of C-C bond activation over reactions with other functional groups, the
lack of thermodynamically compensating bond formation processes, and the Kinetic
inertness of the non-polar C-C bond. Therefore, most of the earlier studies on C-C bond
activation chemistry have relied on TM catalyzed release of ring strain in small cyclic
organic molecules such as cyclopropane, and cyclobutane rings under thermal
conditions,*"*2 with only a few recent instances of C-C bond activations in larger,
unstrained systems.*** Besides the work of MacMillan and co-workers on tandem C-C
bond cleavage and C-C bond formation via decarboxylation,*>*” only a small number
of reports have described the incidental C-C activation in reaction intermediates and
substrates.’®? However, the use of photoredox catalysis in C-C activation of

commercial small molecules or especially macromolecules remains scarce.

We have previously demonstrated that our vanadium catalysts are able to induce a
highly selective C-C bond cleavage in representative $-O-4-containing lignin model
substrates under visible light irradiation and ambient conditions.?!?> Furthermore, the
extensive kinetics and DFT studies helped us reveal the fastest catalyst and have
provided us with insights in substrate scope expansion.??> Here, we draw upon our
previous findings to apply our unique chemistry to a broad range of small molecular,
commercially available alcohols as suitable substrates. Aided by the results of
mechanistic substrate screening, we have been able to expand our research scope to over
20 aliphatic alcohols, some of which containing heteroatoms, fused rings, or distinct
steric hindrance. Surprisingly, in some instances, the initially formed oxygenated
product would undergo a subsequent C-C bond cleavage in situ, indicating possibility
of a cascade-type bond cleavage in certain alcohols.
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Our previous work

OH

. oL VO-14 (10 mol%), CHO )OJ\
7Y Ry white LED, 1t, O, @/OTH o “H
- + or
EtO OH CDSCN EtO o
OMe OMe
R4 = phenyl or benzyl Major C-C bond cleavage products
Current work
NO,
OH VO-14 (5 mol%), o o
. white LED, rt, O,
Rz)/\/ R3 - )J\ + HO R, + )J\
CD3CN Ry H 3 R3 H | o
F N/N\II/O
Ry = H, alkyl, aryl F PN
R3 = H, alkyl, aryl, heteroaryl O/(')\OMe
H™ Me
VO-14 (5 mol%), F F
S~ on white LED,1t, O, OH 0 F
h/\ coen K+ M * MeOH Catalyst VO-14

Cascade C-C bond cleavage

Scheme 4.1. Expanding the substrate scope of photocatalytic C-C bond cleavage
beyond $-O-4 lignin models to commercially available alcohols.

4.2 Reactivity with Small Aliphatic Alcohols

Guided by the results from our prior work on lignin models 5 and 25, we
hypothesized that alcohol substrates which generate more stabilized radicals (ie, benzyl
or tertiary) upon C-C bond cleavage, should react significantly faster than the ones that
generate less stable primary or methyl radicals. Our initial substrate screening started
with 1-phenylpropan-2-ol (33), a commercially available pharmaceutical intermediate
and flavor ingredient. Gratifyingly, the substrate readily underwent C-C bond cleavage
reaching 89% conversion within six hours in the presence of catalytic amounts of
catalyst VO-14. The main products of the reaction should be 27 from oxidation by the
O2 in air and acetaldehyde (34), which were obtained in moderate yields of 32% and
A7%, respectively, as derived from the *H NMR spectrum of the reaction mixture (Table
4.1, Entry 1). However, the subsequent in situ oxidation of benzyl alcohol led to 2 in
substantial amounts as well (34%). In addition, a small amount of 1,2-diphenylethane

(35) arising from the reaction of two benzyl radicals was detected as well.
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VO-14

OH
Gmol%) )OL OH CHO
CDCN, air, 48 W Hot + v Phipy

white LED, 6 h

0.10 mmol 47% 32% 34% 7%
33 conversion 89% 34 27 2 35
primary products secondary product

Scheme 4.2. Reactivity and product distribution of 33 with VO-14.

To prevent the over-oxidation of 27 and preserve the selectivity of the reaction, a
number of hydrogen atom transfer (HAT) agents were examined as possible
antioxidants to inhibit reactive oxygen species (ROS) that arose from the use of air.
These antioxidants include triphenylmethane, 9,10-dihydroantracene (9,10-DHA), and
1,4-cyclohexadiene (1,4-CHD), and their effects on selectivity are summarized in Table
4.1. (Entries 2-5). It was found that both 9,10-DHA and 1,4-CHD provided the best
results in minimizing the over-oxidation of 27, while maintaining quantitative
conversion and respectable primary product yields (Table 4.1, Entries 3 and 5).
However, due to its limited solubility in MeCN, 9,10-DHA was replaced with 1,4-CHD
as our optimal HAT agent. Moreover, reaction time had to be prolonged from 6 to 14
hours to ensure high conversion while still preserving high selectivity. Additional
parameters that we screened include the use of O2 instead of air, the catalyst loading,
and the catalysts in our existing library, which have been summarized in Table 4.1.
(Entries 6-13). As established in our prior studies with lignin models, VO-14 was the
fastest catalyst for photocatalytic C-C bond cleavage of 33 as well (Table 4.1, Entries 5,
11-13). Furthermore, 33 prove to be a more suitable substrate allowing us to reduce the
catalyst loading from 10 to 5 mol% while still achieving high substrate conversion and
product yields under reasonable reaction time (Table 4.1, Entries 5 and 10). In addition,
the use of oxygen-containing balloon or open-air environments did not cause a drastic
change in conversions and product distributions (Table 4.1, Entries 5 and 6) since in
both cases the essential O, is present in excessive amounts. Control experiments
conducted in the absence of catalyst, light, and air also confirm that each of these is
vital. Furthermore, control experiments conducted at 80 °C without catalyst (Table 4.1,
Entry 8), and without light (Table 4.1, Entry 7) both showed no significant C-C bond
cleavage or alcohol oxidation products. These optimization and control experiments are

tabulated in the experimental section.
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Table 4.1. Screening of different HAT additives to maximize the primary C-C
cleavage products in 33. The optimized reaction conditions are emboldened. Product
yields were determined by *H NMR spectroscopy with 1,1,2,2-tetrachloroethane as the
internal standard.

~_OH . CHO
- Entries 1-13 OH o Ph
__Entrles 142__
©/ r 48 W white LED ©/\ U @’ + Pho gy
33

27 34 2 35

Entry HAT agents Catalyst (mol  Environment Reaction Substrate Distribution of products (%)
(eq.) % loading) (air or 0y) time (h) conversion
27 34 2 35
(o)

1 - VO-14 (5.0) air 6 89 32 47 34 7
2 Ph,CH (1.5) VO-14 (5.0) air 14 71 33 38 10 7
3 9,10-DHA(1.5) VO-14(5.0) air 14 =95 58 82 10 6
4 1,4-CHD (1.5) VO-14 (5.0) air 14 =95 56 68 16 6
5 1,4-CHD (4.0) VO-14 (5.0) air 14 =95 60 90 11 6
6 1,4-CHD (4.0) VO-14 (5.0) 0, 10 89 53 69 11 6
7 1,4-CHD (4.0) - air 14
8 1,4-CHD (4.0) VO-14 (5.0) 0, 24
9 1,4-CHD (4.0) VO-14 (2.5) air 14 81 51 64 9 3
10 1,4-CHD (4.0) VO-14 (10) air 14 =95 56 90 10 3
11 1,4-CHD (4.0) VO-11 (5.0) air 14 80 60 62 7 2
12 L4-CHD(40)  VO-12(5.0) air 14 64 44 56 12 2
13 1,4-CHD (4.0) VO-15 (5.0) air 14 =95 55 76 25 3

With the optimized reaction conditions in hand, we proceeded to explore the
functional group tolerance and the effects of various substituents on the reactivity and
product distribution. For this purpose, we employed a mechanism-based substrate
screening method recently reported by Glorius and co-workers.? Instead of synthesizing
all the derivatives of 33 that contain different functional groups, the corresponding
benzene derivative was added to the reaction mixture in stoichiometric amounts. The
photocatalyzed C-C bond cleavage reactions proceeded with essentially quantitative
conversions and moderate to high yields of the aldehyde and alcohol products in
presence of a broad range of substituted benzenes (Figure 4.1.). Electron-donating
groups such as methyl and methoxy, and electron-withdrawing functionalities including
esters, halogens, nitro, and nitrile were all tolerated, although when benzonitrile and
nitrobenzene were introduced (Figure 4.1., Entries 4 and 5), the substrate conversions
reached >90% only after longer reaction times of 24 h. Notably, the feasibility of
halogenated aromatic compounds offers the opportunity of subsequent functionalization
with traditional transition metal-catalyzed coupling chemistry. Even though anilines

were found to inhibit the catalyst, with no improvements to the conversions after

95



prolonged reaction times, the amine could be easily protected by a tert-butyloxycarbonyl

(Boc) group and the reaction proceeded smoothly (Figure 4.1., Entry 8).

VO-14 (5 mol%),
1,4-CHD (4.0 eq.),

OH_addiive (1.0 eq.)_ oH 0 cHo
CD3CN, rt, air, + ) + + ~"ph
34 2 35

33 48 W white LED 27
conversion > 95% major products minor product
additives:
M Me (2) /©/F 3 COOMe (4) CN (9) NO, (6) /©/0Me
©/ Br ©/ ©/ ©/ MeO
27 57% 27 61% 27 59% 27 59% 27 54% 27 58%
34 77% 34 81% 34 80% 34 85% 34 85% 34 81%
2 7% 2 1% 2 14% 2 14% 2 19% 2 8%
35 6% 35 7% 35 6% 35 6% 35 9% 35 7%
14 h 14 h 14 h 24 h 24 h 14 h
(7) OMe 9)

(8) H (10) Et
N. NH N.
2, o' O T
MeO OMe
34

27 50% 27 67% 27 9% 27 trace 27 5%
34 73% 34 83% - 34 12% 34 6%
2 12% 2 13% 2 - 2 6% 2 6%
35 6% 35 5% 35 - 35 - 35 -
14 h 14 h 14 h 14 h 14 h

conversion 21% conversion 12% conversion 9%

Figure 4.1. Mechanistic screening of substrates proposed by Glorius et al.®
Substituted benzenes (Entries 1-11) displayed different effects on the rate and product
distribution of photocatalytic C-C bond cleavage in 33 when added in stoichiometric
amounts. Product yields were determined by H NMR spectroscopy with 1,1,2,2-
tetrachloroethane as the internal standard.

Guided by the insights from the mechanism-based screening, we then examined the
reactivity of structural analogs of 33. We hypothesized that substrates which also
generate stabilized benzyl radicals upon C-C bond cleavage should undergo facile
photocatalytic reactions. To test this assumption, we prepared substrate 36 (Figure 4.2.,
Entry 1) and used its derivatives to rapidly expand the substrate library by introducing
various functionalities on one of its aryl rings. Gratifyingly, 36 was fully converted into
27 and 2 within 14 h, and the over 100% vyield of 2 likely arose from in situ over-
oxidation of 27. In additional, as anticipated from the results of the mechanistic
screening, electron-withdrawing substituents hindered the reactivity and led to longer
reaction times, but quantitative conversion was still achievable (Figure 4.2., substrates
37-39, 43-45). Likewise, substrates with electron-donating methyl and methoxy groups
at the para, meta, and even the sterically demanding ortho positions reacted readily to
provide moderate to high yields of the expected products under the standard conditions
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(Figure 4.2., substrates 40-42). Additionally, all the substrates 36-45 yielded small

amounts (less than 10%) of 35 arising from the reaction of two benzyl radicals.

(1) substrate 36

3
Ar

Substrates 36-45

substrate 37

)

VO-14 (5 mol%),
1,4-CHD (4.0 eq.) _

CD3CN, rt, air,
48 W white LED
conversion > 95%

substrate 38

@)

0]

J+27+2+35
Ar

46-54

reaction products

(4) substrate 39

®)

substrate 40

products: products: products: products: products:
©/CHO /©/CHO /©/CHO : _CHO : _.CHO
F Br FsC
2 104% 46 93% 47 91% 48 97% 49 96%
27 61% 27 65% 27 67% 27 68% 27 60%
35 6% 2 15% 2 19% 2 13% 2 8%
14 h 35 4% 355% 35 5% 35 5%
14 h 14 h 14 h 14 h
(6) substrate 41  (7)  substrate 42 (8) substrate 43 (9) substrate 44 (10) substrate 45
products: products: products: products: products:
F CHO
CHO CHO CHO F CHO /©/
MeO O,N F F o)
OMe F
50 91% 51 80% 52 87% 53 78% 54 98%
27 64% 27 45% 27 60% 27 40% 27 59%
2 8% 2 1% 2 15% 2 40% 2 12%
35 5% 35 6% 35 3% 35 trace 35 5%
14 h 14 h 24 h 68 h 48 h

conversion 90%

Figure 4.2. Effects of different functional groups on the rate and product distribution
of photocatalytic C-C bond cleavage in a modifiable substrate 36 and its structural
analogues. Product yields were determined by *H NMR spectroscopy with 1,1,2,2-
tetrachloroethane as the internal standard.

Furthermore, we chose substrates 55 and 56 (a primary, and a tertiary alcohol,
respectively), which would likewise generate benzyl radicals, and the reactions achieved
high conversions within 14 and 30 h, respectively (Figure 4.3., Entries 1 and 2), despite
the steric hindrance expected from the latter. We then proceeded to investigate
substrates that incorporated more demanding steric functionalities, heterocycles, and
The with 2,4,6-
triisopropylphenyl, and 4-tert-butylphenyl substituents (Figure 4.3., substrates 58-60,

polyaromatics. reaction substrates containing  mesityl,
respectively) reached full conversion and moderate product yields within 14 h indicating
that the steric bulk does not cause significant interference. Primary alcohol substrates
with electron-deficient fluoro and electron-donating methoxy groups were suitable as

well, confirming that branching on the alcohol carbon was not critical in this reaction
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(Fig. 4.3., substrates 57 and 61). Likewise, the presence of sulfur in 2-(thiophen-3-
yl)ethan-1-ol (Figure 4.3., substrate 62) and fused aryl rings in 2-(naphthalen-1-
yl)ethan-1-ol (Figure 4.3., substrate 63) were well tolerated with high conversions and
reasonable yields. In instances of primary alcohol substrates, small amounts of 24 were
detected in the *H NMR spectra of the reaction mixtures (characteristic peak at 9.60 ppm
in CD3CN) and were quantified with respect to the 1,1,2,2-tetrachloroethylene internal
standard. The quantified amounts were significantly lower than expected based on high
substrate conversions, which could have resulted from most of 24 either polymerizing
or precipitating out from the reaction mixtures under our reaction conditions. Given that
the major reaction products are known or commercially available compounds, their
identities were confirmed by HR-MS and *H NMR spectroscopy by comparing the
positions of characteristic peaks (ppm values) with their literature known values.

VO-14 (5 mol%),

R' o
Ar 1,4-CHD (4.0 eq.) - A~ + + CHO
R OH CD3CN, rt, air, Ar OH R)J\R. AI’/
R, R'=H or Me 48 W white LED
Substrates 55-63 conversion > 95% reaction products
(1) substrate 55 (2) substrate 56 (3) substrate 57 substrate 58
products: products: products: products:
©/\OH ©/\ OH /@/\OH /©/CHO
F F
27 66% 27 49% 65 66% 66 17%
24 trace (CH3),CO (64) 83% 24 trace 67 39% 68 trace
2 12% 216% 24 h 34 72%
35 trace 357%
14 h 30h 14 h
(5) substrate 59 (6) substrate 60 substrate 61 (8) substrate 62 (9) substrate 63
products: products: products: products: products:
i OH
iPr
OH >(©/\ /©/\ /;\/
71 48%

iPr iPr 74 65%
69 26% 73 19% 76 65%

iPr Meo/©/ /@/CHO // CHO CHO
S
OMe
CHO
/©i\ 5172% MeO 75 10%
iPr iPr CHO OMe
70 trace 51 7% 24 trace 77 8%
34 90% 24 10% 14h 24 trace
7217% 22 13% )

conversion 90% 24 h
14 h 14 h 46 h

Figure 4.3. Photocatalytic C-C bond cleavage in numerous aliphatic alcohol
substrates. Examples include sterically demanding substrates 58-60, as well as the
presence of a heteroatom in 62 and fused rings in 63.

Lastly, apart from the substrates that generate stabilized benzyl radicals upon C-C

bond cleavage, we were intent on expanding this unique reaction to readily available,
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unactivated, acyclic and aliphatic alcohols that would generate less stable, tertiary,
secondary, or even primary radicals. Gratifyingly, substrates that led to these
progressively less stable radicals proceeded (Figure 4.4., substrates 78-81), although the
reaction times also gradually increased with concomitant reduction in conversion. Note
that some of the products from these shorter-chain alcohols, such as propionaldehyde
(87), acetone (64), and methanol are volatile. Under prolonged irradiation with our
setup, these compounds would evaporate at room temperature, partly accounting for the
diminished yields despite the relatively high conversions. Similarly, as with other
substrates, conversions, product yields and identities were determined by the means of
'H NMR spectroscopy. Remarkably, for 81, we observed that in the absence of the 1,4-
CHD antioxidant, one of the primary products, 1-propanol (88), appeared to have
undergone a subsequent C-C bond cleavage in situ to generate ethanol. This surprising
cascade C-C bond activation was also apparent in 78, even in the presence of the HAT
agent. The initially formed tert-butanol (84) underwent a second cleavage to finally
yield 64 and methanol. To exclude the possibility of the intermediacy of singlet oxygen
(!02) generated by energy transfer from VO-14, we used the allyl alcohols, 82 and 83
as substrates (Figure 4.4., Entries 5 and 6). Allylic alcohols are known to react with 1O
to produce hydroperoxides or epoxides via ene type reactions.?* However, in the
presence of VO-14 at low conversions, we detected mainly C-C bond cleavage products,
and small amounts of carbonyl products, indicating that O, was unlikely to be the

predominant active species.
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R, VO-14 (5 mol%),
1,4-CHD (4.0eq.)_ R4
R;” "OH ~ CD,.ON, m air, . Ry OH * So
48 W white LED

Substrates:
1 2 3 4 5 6
(1) (2) (3) (4) () (6) OH
H/\OH n-Pr” OH N-"oH /v
oH HO
78 79 80 81 82 83
Products: i 1 ! ! PR :
! ! : o | X ! o)
on © | OH | o O o < meo
)k | /K O A 3 87 13% | 34 3% 3
0 o 8 o | o i |90 6%  13%
84 51% 64 17%) 85 61% 86 60%| 64 73% | _~_OH | 25 439 !
! o) ! OH ' 88 18% | S ! o
MeOH | 1 | ! X !
; PN ! A ! HCOOH | o SN
15% ! 64 6% } 85 5% } 275 | 8912% 91 1%
24 h } 40h | 40 h | 48 h 1 24 h | 24 h

conversion 94% conversion 85% | conversion 73% | conversion 31% | conversion 30% conversion 34%

Figure 4.4. Reactivity of simple, commercially available alcohols. Substrates 78 and
81 indicate a possibility for cascade C-C bond cleavage, whereas 82 and 83 suggest the
absence of 'O, related reactions.

4.3 Conclusion

In retrospect, we have been able to extend the scope of our photocatalytic C-C bond
cleavage reaction to over 20 aliphatic alcohol substrates other than lignin models. The
initial substrate 33 enabled us to optimize the reaction conditions towards the more
selective product distribution. We discovered that adding a moderate excess of a HAT
agent 1,4-CHD would prevent in situ oxidation of 27 to 2, and thus improve the
reaction’s selectivity. Subsequently, we utilized the mechanistic screening of substrates,
and concluded that the EWG-containing substrates had a detrimental effect on the
reaction’s rate. Furthermore, free amine groups were found to be incompatible with our

catalytic system, but the reactions with carbamate-protected amines proceeded well.

A structural analogue of 33 was then used to rapidly increase the library of substrates
and examine the effects of various functionalities on product distribution and reaction’s
rate. In accordance with the prior mechanistic screening, the electron-deficient
substrates slowed down the reaction, although all the reactions proceeded with
satisfactory conversions. Finally, we have performed a selective C-C bond cleavage in
simple, commercially available tertiary, secondary, and even primary alcohols. Though
the reactions were significantly sluggish in case of primary alcohols, the observed

second C-C bond cleavage is a remarkable finding that will be explored in future studies
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regarding the possibility of a cascade-type C-C bond activation in more specific

substrates.
4.4 Experimental Procedures
4.4.1 General Information

The vanadium complexes and ligands were prepared under a N2 atmosphere using
standard Schlenk techniques according to the procedures described in the previous
chapter. Other synthetic procedures were conducted under aerobic conditions unless
stated otherwise. The chemicals used in the experiments were purchased from Sigma-
Aldrich and were used as received. Deuterated solvents were purchased from Cambridge
Isotope Laboratories and were used as received. The H, *C, °F, and B NMR
spectroscopic data were obtained using Bruker AVANCE spectrometers operating at
300, 400, and 500 MHz. The resulting *H and *C NMR chemical shifts (6 reported in
ppm) were referenced according to the residual solvent signal(s) (CDClz = 7.26 ppm for
'H and 77.2 ppm for $3C; CDsCN = 1.94 ppm for *H and 118.3 ppm for $3C; MeOD-d,
= 3.31 ppm for H and 49.2 ppm for 3C; DMSO-ds = 2.50 ppm for *H and 39.52 ppm
for °C). The !B NMR chemical shifts were referenced relative to BF; external standard
(0 = 0.0 ppm). High-resolution electrospray ionization mass spectra (HR-ESIMS) were

obtained using a Waters Q-TOF Premier mass spectrometer.
4.4.2 Syntheses and Characterizations of Substrates

Synthesis of tert-Butylphenyl carbamate (92)

N o\{/
SR
Compound tert-butyl phenylcarbamate (N-Boc-aniline) (92) was prepared in
accordance with the reported procedure.? To a stirring solution of aniline (0.24 g, 2.5
mmol) in 2.5 mL of water was added di-tert-butyl dicarbonate (0.60 g, 2.8 mmol). After
stirring for ca. 30 min. at room temperature, white solids started to form. The solids were
collected by decanting off the supernatant water, washed with excess of water, and dried

under reduced pressure to obtain the desired compound. The yield was 0.44 g of a white
solid (95%). 'H NMR (CDsCN, 400 MHz): 6 = 1.49 (s, 9 H), 6.99-7.03 (m, 1 H), 7.25-
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7.30 (m, 2 H), 7.40 (dd, J = 0.9, 8.6 Hz, 2 H), 7.48 (bs, 1 H) ppm. 2¥C{*H} NMR
(CDsCN, 100 MHz): 6 = 28.0, 79.9, 118.9, 123.0, 129.2, 139.7, 153.5 ppm.

General procedure for the synthesis of substrates 36-39, 44, and 45

AgNO3 (0.02 eq.)

o K2HPO4 (172 eq) Bn
)J\ +  BnCl Zn powder (4 eq.) Ar)\OH
Ar” H deionized H,0, 30°C
46-48, 53,54 93 36-39, 44,45

Scheme 4.3. Synthetic pathway for the preparation of substrates 36-39, 44, and 45.

The substrates 36-39, 44, and 45 were synthesized by following the adopted general
procedure.?® To a clear solution of AgNOs (0.020 eq.) and K;HPO. (17.2 eq.) in
deionized water at 30 °C, aryl aldehyde (46-48, 53,54) (1.0 eq.) and benzyl chloride (93)
(1.5 eq.) were added together. Under vigorous stirring, zinc powder (4.0 eq.) was added
portion-wise over 10 minutes. After the reaction was completed (progress was
monitored by TLC), the mixture was acidified with 2.0 M HClq and extracted with
EtOAc thrice. The combined organic layers were washed with brine, dried over
anhydrous Na>SOs, and concentrated under reduced pressure to obtain the crude
product. Subsequent purification was performed by flash column chromatography on
silica gel with n-hexane and EtOAc as eluents. Yields of the pure products obtained
ranged from 45 to 72%.

1,2-Diphenylethan-1-ol (36)

OH

Compound 36 was prepared in accordance with the procedure described above using
2 as precursor. The product was isolated as a white solid (0.287 g, yield 72%). *H NMR
(CDsCN, 300 MHz): 6 =2.97 (d, J = 6.8 Hz, 2 H), 3.24 (d, J = 4.3 Hz, 1 H), 4.82-4.88
(m, 1 H), 7.16-7.35 (m, 10 H) ppm. BC{*H} NMR (CDClI3, 100 MHz): 6 = 46.0, 75.3,
125.9, 126.6, 127.6, 128.4, 128.5, 129.5, 138.0, 143.8 ppm. The NMR spectroscopic
data match the reported values.?’

1-(4-Fluorophenyl)-2-phenylethan-1-ol (37)
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e

Compound 37 was prepared following the described procedure using 4-
fluorobenzaldehyde (46) as precursor. The product was isolated as a pale yellow solid
(0.248 g, yield 57%). *H NMR (CD3CN, 300 MHz): ¢ = 2.94-2.96 (m, 2 H), 3.30 (d, J
=4.1Hz, 1 H), 4.85 (dd, J = 6.7, 10.5 Hz, 1 H), 7.01-7.34 (m, 9 H) ppm. *C{*H} NMR
(CDCls, 100 MHz): 0 = 46.2, 74.8, 115.3 (d, J = 21.2 Hz), 126.8, 127.7 (d, J = 8.0 Hz),
128.6, 129.6, 137.8, 139.6 (d, J = 3.0 Hz), 162.3 (d, J = 244 Hz) ppm. *F{*H} NMR
(CDCl3, 376.5 MHz): 6 = -115.0 ppm. The NMR spectroscopic data match the reported

values.?’

1-(4-Bromophenyl)-2-phenylethan-1-ol (38)

e

Compound 38 was prepared following the procedure described earlier using 4-

Br

bromobenzaldeyhde (47) as precursor. The product was isolated as a pale yellow solid
(0.395 g, yield 71%). *H NMR (CDCls, 300 MHz): § = 2.24 (s, 1 H), 2.92-3.02 (m, 2
H), 4.83 (t, J = 6.4 Hz, 1 H), 7.16-7.21 (m, 4 H), 7.24-7.36 (m, 3 H), 7.46-7.48 (m, 2 H)
ppm. BC{*H} NMR (CDCls, 100 MHz): § = 45.8, 74.5, 121.2, 126.6, 127.6, 128.4,
129.4, 131.3, 137.4, 142.6 ppm. The NMR spectroscopic data match the reported
values.?’

2-Phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-ol (39)

OH ‘
F1sC ‘

Compound 39 was prepared according to the previously described procedure using
4-(trifluoromethyl)benzaldehyde (48) as precursor. The final product was isolated as a
white solid (0.354 g, yield 67%). 'H NMR (CDCls, 400 MHz): § = 2.97 (d, J = 6.7 Hz,
2H),3.45(d,J=4.2Hz,1H),4.95(m, 1 H), 7.16-7.28 (m,5H), 7.49 (d, J =8.4 Hz, 2
H), 7.62 (d, J = 8.2 Hz, 2 H) ppm. C{*H} NMR (CDCls, 100 MHz): J = 46.1, 74.2,
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122.8, 125.3 (g, J = 3.7 Hz), 126.2, 126.9, 128.6, 129.5, 129.9, 137.3, 147.6 ppm.
PE{'H} NMR (CDCls, 376.5 MHz): 6 = -62.4 ppm. The NMR spectroscopic data match
the reported values.?®

2-Phenyl-1-(p-tolyl)ethan-1-ol (40)

0 CuClx2H,0 OH
M
H + BnBr —a Ph
THF, r.t.
49 94 40

Scheme 4.4. Preparation of substrate 40.

Compound 40 was prepared by adopting a reported procedure.?® To a stirring mixture
of 4-methylbenzaldehyde (49), benzyl bromide (94), and CuCl>:2H20O in
tetrahydrofuran (THF) were added Mg turnings. The mixture was stirred at ambient
temperature and reaction’s progress was monitored by TLC. After the reaction was
completed, the reaction mixture was treated successively with 20 mL of H>O and
EtOAC, stirred for 10 minutes more, and then filtered. The filtrate was treated with 50
mL of 2% HCl ) to dissolve a small number of suspended particles. The organic layer
was separated, and the aqueous layer was extracted with EtOAc thrice (20 mL x 3). The
combined organic layers were washed with H20, brine, and then dried over anhydrous
Na>SOs. Removal of the solvent under reduced pressure yielded the crude product.
Subsequent purification was performed by flash column chromatography on silica gel
using n-hexane/EtOAc mixture as eluent. The pure product was isolated as a colorless
oil (0.162 g, yield 38%). *H NMR (CDsCN, 300 MHz): 6 = 2.30 (s, 3 H), 2.94 (d, J =
6.8 Hz, 2 H), 3.17 (d, J = 4.3 Hz, 1 H), 4.80 (m, 1 H), 7.04-7.32 (m, 9 H) ppm. *C{'H}
NMR (CDCls, 100 MHz): 6 =21.2, 46.1, 75.3, 126.0, 126.6, 128.6, 129.2, 129.6, 137.3,
138.3, 141.0 ppm. The NMR spectroscopic data match the reported values.?’

Procedure for the synthesis of substrates 41, 42, and 60

O

Under N, )J\
Mg Ar” TH OH
Iy 1
BnBr BnMgBr 50.5 Ar)\Bn
94,95 dry THF, reflux dry THF, -78°C
3hr 22hr 41, 42, 60

Scheme 4.5. Synthetic route for the preparation of substrates 41, 42, and 60.
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Substrates 41, 42, and 60 were prepared by using the general procedure. Under a N2
atmosphere, to an oven-dried two-neck round bottom flask fitted with a reflux
condenser, Mg (1.2 eqg.) was added, followed by the addition of anhydrous THF and
iodine (1-2 crystals). The mixture was stirred at reflux for five minutes and then 94 or
4-tert-butylbenzyl bromide (95) (1 eq.) was added dropwise. The reaction mixture was
warmed up until it began to reflux, and discoloration was observed. The addition of 94
was maintained at that rate. After the complete addition, the reaction was maintained at
reflux for three hours. The reaction mixture was subsequently cooled down to room
temperature, and then further down to -78 °C using an acetone/dry ice bath. The mixture
was then stirred at -78 °C for 10 minutes. Subsequently, the corresponding aryl aldehyde
(1.0 eq. diluted with anhydrous THF) was added dropwise into the reaction mixture at -
78 °C. After complete addition, the acetone/dry ice bath was removed, and the reaction
mixture gradually warmed up to room temperature. The progress of the reaction was
monitored by TLC. After the reaction was completed, saturated aqueous NH4Cl solution
was added dropwise into the reaction mixture. The aqueous layer was then extracted
with EtOAc thrice. The combined organic layers were washed with brine, dried over
anhydrous Na2SOs, and concentrated under reduced pressure to yield the crude product.
Subsequent purification was performed by flash column chromatography on silica gel

with solutions of n-hexane and EtOAc as eluents.

1-(2,6-Dimethylphenyl)-2-phenylethan-1-ol (41)
OH O

Compound 41 was synthesized by following the procedure described above with 94
and 2,6-dimethylbenzaldehyde (50) as precursors. The pure product was isolated as a
colorless oil (0.455 g, yield 40%). *H NMR (CDsCN, 300 MHz): 5 = 2.38 (s, 6 H), 3.00
(dd, J = 6.1, 13.3 Hz, 1 H), 3.17 (dd, J = 8.7, 12.9 Hz, 2 H), 5.26-5.32 (m, 1 H), 6.95-
7.05 (m, 3 H), 7.18-7.28 (m, 5 H) ppm. ¥C{*H} NMR (CDCls, 100 MHz): ¢ = 20.8,
42.2,72.8, 126.5, 127.1, 128.5, 129.4, 129.5, 136.1, 138.6, 138.7 ppm. HRMS (ESI+,
m/z) calculated for C16H190 [M+H]" m/z = 227.1436, found 227. 1427.

1-(3,4-Dimethoxyphenyl)-2-phenylethan-1-ol (42)
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94
Compound 42 was synthesized by following the procedure described above with 94

and 3,4-dimethoxybenzaldehyde (51) as precursors. The product was isolated as a white

solid (1.55 g, yield 60%). *H NMR (CD3CN, 300 MHz): 6 = 2.96 (d, 2 H, J = 5.4 Hz),

3.23(d, 1 H,J=4.2 Hz), 3.76 (5, 3 H), 3.77 (s, 3 H), 4.76-4.82 (m, 1 H), 6.83 (s, 2 H),

6.90 (s, 1 H), 7.18-7.28 (m, 5 H) ppm. C{1H} NMR (CD3CN, 75.47 MHz): 6 = 46.5,

56.2, 56.3, 75.4, 110.9, 112.2, 119.1, 126.9, 129.0, 130.5, 138.6, 140.1, 149.2, 149.9

ppm. HRMS (ESI+, m/z) calculated for CisH19003 [M+H]" m/z = 259.1334, found

259.1335.

Synthesis of 1-(4-nitrophenyl)-2-phenylethan-1-ol (43)

Under N,
o) (D\I’\I/Bn
s ) T P “
N O ©/\ SN
::: :H NaOH (aq)/ toluene

70°C
96 97

OH

o o}
@NSN . yH LiBr /©)an NaBH, /©/an
Et
O,N 20 O,N EtOH ON
97 52 98

r.t. 2
43

Scheme 4.6. Synthetic steps leading to the formation of substrate 43.

Compound 21 was prepared according to a reported procedure.®-3? Precursor
compound 96 was prepared in accordance with a reported procedure.® Precursor 96 (2.9
mmol, 1.0 eq.) was dissolved in 20 mL toluene and was slowly added to a solution of
benzyltriethylammonium chloride (0.44 mmol, 0.15 eq.) in 8.2 mL of aqueous NaOH
(14% wi/w) under a N, atmosphere. The reaction mixture was heated to 70 °C and
maintained at that temperature with stirring for two hours. A progressive red coloration
of the solution was observed. After cooling the mixture to room temperature, the organic
layer was quickly separated from the aqueous layer, washed twice with 10 mL of water,
and dried over anhydrous Na>SO4. Removal of toluene under reduced pressure yielded

intermediate 97, which was used in the next step without further purification.
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To a stirred mixture of 52 (2.92 mmol, 1.0 eq.) and LiBr (29.2 mmol, 10 eq.) in 20
mL of Et,O cooled in an ice-salt bath (-5 °C) was added a diluted solution of 97 (2.92
mmol, 1.0 eg.) in 20 mL toluene through a dropping funnel (note: the reaction flask was
protected from light with Al-foil). The mixture was slowly warmed up to room
temperature and stirred overnight. Subsequently, deionized water was added, and the
organic layer was separated and dried over anhydrous MgSOa. The solvent was then
removed under reduced pressure, yielding the crude product. Purification of the crude
product was performed by flash column chromatography on silica gel using 6:1 n-
hexane/EtOAc as eluent to afford 98 as colorless oil (0.32 g, 45% yield).

To asolution of 98 (1.3 mmol) in EtOH (6 mL) was slowly added NaBH. (2.6 mmol,
2.0 eq.). The resulting clear solution was stirred at room temperature and monitored by
TLC. After the reaction was completed, saturated aqueous NH4Cl was added dropwise
into the reaction mixture. The aqueous layer was then extracted with EtOAc thrice. The
combined organic layers were washed with brine and concentrated under reduced
pressure to yield the crude product. Purification of the crude material was performed by
flash column chromatography on silica gel using 6:1 n-hexane/EtOAc as eluent to afford
43 as a white solid (0.31 g, 97% yield). *H NMR (CDsCN, 300 MHz): 6 =2.98 (d, J =
6.8 Hz, 2 H), 3.55 (d, J = 4.2 Hz, 1 H), 5.00 (m, 1 H), 7.15-7.28 (m, 5 H), 7.52 (d, J =
8.5 Hz, 2 H), 8.13-8.16 (m, 2 H) ppm. BC{*H} NMR (CDCls, 100 MHz): § = 46.0, 74.3,
123.6, 126.6, 127.0, 128.7, 129.5, 136.7, 147.3, 150.9 ppm. The NMR spectroscopic
data match the reported values.>*

1-(Perfluorophenyl)-2-phenylethan-1-ol (44)

Compound 44 was prepared following the described procedure using 2,3,4,5,6-
pentafluorobenzaldehyde (53) as precursor. The product was isolated as a white solid
(0.342 g, yield 59%)."H NMR (CD3CN, 300 MHz): 6 = 3.08 (dd, J = 7.7, 13.3 Hz, 1 H),
3.28(dd,J=7.4,13.3Hz,1H),3.84(d,J=54Hz,1H),522(dd,J=7.4,12.7Hz, 1
H), 7.15-7.28 (m, 5 H) ppm. C{*H} NMR (CDCls, 100 MHz): ¢ = 43.1, 67.4, 116.2
(t, J=13.2 Hz), 127.2, 128.8, 129.1, 136.3, 138.7 (M), 139.3 (M), 141.7 (m), 143.5 (m),
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146.0 (m) ppm. PF{*H} (CDsCN, 282.4 MHz): 6 = -165.1-(-164.9) (m, 2 F), -158.3 (it,
J=1.0,20.1Hz,1F)-144.7-(-144.6) (m, 2 F) ppm. The NMR spectroscopic data match

the reported values.®®

2-Phenyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethan-1-ol
(45)

Compound 45 was prepared according to the procedure described above by using 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (54) as precursor. The
product was isolated as a white solid (0.147 g, yield 45%).*H NMR (CDsCN, 300 MHz):
5=1.32 (s, 12 H), 2.95 (d, J = 6.7 Hz, 2 H), 3.30 (d, J = 4.3 Hz, 1 H), 4.86 (m, 1 H),
7.15-7.25 (m, 5 H), 7.33 (d, J = 7.8 Hz, 2 H), 7.65 (d, J = 7.8 Hz, 2 H) ppm. ¥*C{'H}
NMR (CDzCN, 100 MHz): 6 = 24.8, 46.0, 75.3, 83.8, 125.2, 126.6, 128.5, 129.5, 134.9,
137.9, 146.9 ppm. B NMR (CDsCN, 128 MHz): 6 = 36.2 ppm. HRMS (ESI+, m/z)
calculated for C2oH26BO3 [M+H]* m/z = 325.1975, found 325. 1973.

Synthesis of substrates 58 and 59

R
Br o Under N, R
+ n-BuL.i
~ -30°C, dry THF
R R OH
R R
99: R = Me 101 58: R=Me
100: R = jPr 59: R=jPr

Scheme 4.7. Procedure for the preparation of substrates 58 and 59.

Compounds 1-mesitylpropan-2-ol (58) and 1-(2,4,6-triisopropylphenyl)propan-2-ol
(59) were prepared by adapting a reported procedure.®® To a stirred solution of 2-bromo-
1,3,5-trimethylbenzene (99) or 2-bromo-1,3,5-triisopropylbenzene (100) (2.0 mmol) in
anhydrous THF (10 mL) at -30 °C was added n-butyllithium (2.2 mmol). The solution
was stirred for 30 min at -30 °C, and then propylene oxide (101) (2.0 mmol) was added.
The solution was then allowed to warm up to room temperature and was stirred for an
additional hour. The reaction was subsequently quenched by the addition of saturated
NH4CI (10 mL), and then diethyl ether (30 mL) was added. The combined organic layers
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were washed with water and dried with anhydrous MgSQa. Finally, the solvent was
removed under reduced pressure to yield crude products, which were purified by flash
column chromatography on silica (eluent: petroleum ether/EtOAc 2:1) to give rise to the
pure 58 or 59 (yields 55 and 75%, respectively).

1-Mesitylpropan-2-ol (58)

Jog

Compound 58 was prepared by following the procedure described above with 99 as
a precursor. After the purification, 58 was isolated as a colorless liquid (0.195 g, yield
55%). 'H NMR (CDCls, 300 MHz): 6 = 1.30 (d, J = 6.3 Hz, 3 H), 1.60 (s, 1 H), 2.27 (s,
3 H), 2.33 (s, 6 H), 2.72-2.88 (m, 2 H), 4.01-4.07 (m, 1 H), 6.87 (s, 2 H) ppm. BC{*H}
NMR (CDCls, 75.47 MHz): 6 = 20.4, 20.7, 23.2, 38.7, 67.8, 129.1, 132.3, 135.6, 137.0
ppm. HRMS (ESI+, m/z) calculated for C12H190 [M+H]* m/z = 179.1436, found 179.
1435.

1-(2,4,6-Triisopropylphenyl)propan-2-ol (59)

iPr

joe
iPr iPr

/

Compound 59 was prepared by following the procedure described above with 100 as
a precursor. After the purification, 59 was isolated as a colorless oil (0.391 g, yield 75%).
'H NMR (CDCls, 500 MHz): = 1.20-1.29 (m, 18 H), 1.33 (d, J = 6.1 Hz, 3 H), 1.59
(s, 1 H), 2.83-2.93 (m, 3 H), 3.27-3.32 (m, 2 H), 3.95-3.99 (m, 1 H), 7.02 (s, 2 H) ppm.
13C{*H} NMR (CDCls, 126 MHz): ¢ = 23.0, 23.9, 24.0, 24.2, 24.4, 29.3, 34.1, 36.6,
69.1, 121.1, 129.1, 146.9, 147.7 ppm. HRMS (ESI+, m/z) calculated for CigH310
[M+H]* m/z = 263.2375, found 263. 2367.

2-(4-(Tert-butyl)phenyl)-1-(3,4-dimethoxyphenyl)ethan-1-ol (60)

OH
o) O
o !

109



Compound 60 was synthesized by following the procedure described above with 95
and 51 as precursors. The product was isolated as a pale yellow solid (1.55 g, yield
55%). 'H NMR (CDsCN, 300 MHz): 6 = 1.29 (s, 9 H), 2.92 (d, J = 6.6 Hz, 2 H), 3.74
(s, 3H),3.77 (s, 3H), 4.77 (t, 1 H, J = 6.6 Hz), 6.86 (5, 3 H), 7.11 (d, J = 8.1 Hz, 2 H,,
7.30 (d, J = 8.1 Hz, 2 H) ppm. *C{1H} NMR (CDsCN, 75.47 MHz): 6 = 31.6, 34.9,
45.9, 56.2, 56.3, 75.4, 110.9, 112.3, 119.0, 125.9, 130.2, 137.1, 138.8 149.2, 149.7,
149.8 ppm. HRMS (ESI+, m/z) calculated for C2oH2703 [M+H]" m/z = 315.1960, found
315.1963.

4.4.3 Optimization of Photoreaction Conditions

Examining the effects of the atmospheric and oxygen environments on the

reaction
VO photocatalysts,

OH ts o CHO
HAT additives - )]\ OH
CD4CN, air or O,, H Y + + Ph\/\Ph
34 27 2 35

48 W white LED

0.10 mmol

33 primary products secondary product

Scheme 4.8. Exemplary substrate used for optimizing various reaction conditions.

The photocatalytic experiments were carried out in NMR tubes. In a typical
procedure, 33 (0.10 mmol, 14 uL), VO-14 (5.0 umol, 2.4 mg), and 1,4-CHD (0.40
mmol, 40 puL) were dissolved in CD3CN (0.50 mL), and 1,1,2,2-tetrachloroethane (0.10
mmol, 10.6 pL) was added as an internal standard to aid calculations of the conversion
and yield of the products. The NMR tube was fitted with a needle to supply air or oxygen
gas from a balloon into the reaction vessel throughout the experiment. The reaction
mixture was irradiated with white LEDs (48 W) at ambient temperatures. A continuous
water circulator was used to maintain the reaction temperatures below 30 °C. The NMR
tube containing the reaction mixture was monitored at specific time intervals by *H
NMR spectroscopy before and after irradiation, to follow the progress of the reaction.
The reaction products were identified by *H NMR spectroscopy by comparing the peaks
from the reaction mixture’s *H NMR spectrum to those of the commercially available

compounds, where available. The results are summarized in the table below.
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Table 4 2. Effects of air and oxygen environments on substrate conversion and
product distribution. The optimal conditions are emboldened.

Entry Reaction Catalyst Environment  Substrate Distribution of products

time (h) (mol%) conversion (%)

(%) 34 27 2 35
1 4 VO-14 (5) air 59 46 33 2 4
2 8 VO-14 (5) air 84 65 50 8 4
3 10 VO-14 (5) air 92 68 54 10 4
4 14 VO-14 (5) air >05 90 60 11 6
5 4 VO-14 (5) 02 63 55 40 4 4
6 8 VO-14 (5) 02 81 64 51 8 5
7 10 VO-14 (5) 02 89 69 53 11 5
82 24 VO-14 (5) 02 10 - - - -

8 Reaction was conducted at 80 °C in the absence of light.
Varying the catalyst loading

Photocatalytic experiments were carried out in NMR tubes. In an exemplary
experiment, 33 (0.10 mmol, 14 uL), VO-14 (0-15.0 umol, 0-7.2 mg), and 1,4-CHD
(0.40 mmol, 40 pL) were dissolved in CD3CN (0.50 mL), and 1,1,2,2-tetrachloroethane
(0.10 mmol, 10.6 pL) was added as an internal standard to calculate the conversion and
yield of the products. The NMR tube was fitted with a needle to supply air into the
reaction vessel throughout the experiment, while minimizing evaporation of the solvent.
The reaction mixture was irradiated with white LEDs (48 W) at ambient temperatures.
A continuous water circulator was used to maintain the reaction temperatures below 30
°C. The NMR tube containing the reaction mixture was used in the NMR spectroscopic
experiments before and after 14 h of irradiation to allow us to monitor the progress of
the reaction. The reaction products were identified by *H NMR spectroscopy by
comparing the peaks from the reaction mixture’s *H NMR spectrum to those of the

commercially available compounds. The results are summarized in the table below.
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Table 4.3. Effects of various catalyst loadings on substrate conversion and product
distribution. The optimal conditions are emboldened.

Entry  Reaction Catalyst Substrate Distribution of products
time (h) (mol%) conversion (%)
(%) 34 27 2 35

1 14 VO-14 (0.0) - - - - -
28 24 VO-14 (0.0) - - - - -
3 14 VO-14 (2.5) 81 64 51 9 3
4 14 VO-14 (5.0) >95 90 60 11 6
5 14 VO-14 (10) >05 90 56 10 3
6 14 VO-14 (15) >05 91 54 14 5

@ Reaction was conducted at 80 °C.
Screening of vanadium catalysts

Photocatalytic experiments were carried out in NMR tubes. In a typical experiment,
33 (0.10 mmol, 14 uL), the vanadium catalyst (VO-10-15, 5.0 umol, 1.7-2.6 mg), and
1,4-CHD (0.40 mmol, 40 uL) were dissolved in CD3CN (0.50 mL), and 1,1,2,2-
tetrachloroethane (0.10 mmol, 10.6 pL) was added as an internal standard to calculate
the conversion and yield of the products. The NMR tube was fitted with a needle to
supply air into the reaction vessel throughout the experiment. The reaction mixture was
irradiated with white LEDs (48 W) at ambient temperatures. A continuous water
circulator was used to maintain the reaction temperatures below 30 °C. The NMR tube
containing the reaction mixture was used in the NMR spectroscopic experiments before
and after 14 h of light irradiation to allow us to monitor the progress of the reaction. The
reaction products were identified by *H NMR spectroscopy by comparing the peaks
from the reaction mixture’s *H NMR spectrum to those of the commercially available

compounds. The results are summarized in the table below.
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Table 4.4. Effects of different catalysts on substrate conversion and product
distribution. The optimal conditions are emboldened.

Entry Reaction Catalyst Substrate  Distribution of products

time (h) (mol%) conversion (%)

(%) 34 27 2 35
1 14 VO-10 (5.0) 85 70 63 8 4
2 14 VO-11 (5.0) 80 62 60 7 2
3 14 VO-12 (5.0) 64 56 44 12 2
4 14 VO-13 (5.0) 93 74 63 10 4
5 14 VO-14 (5.0) >05 90 60 11 6
6 14 VO-15 (5.0) >05 76 55 25 3

4.4.4 1dentification of reaction products

Products of the photocatalytic C-C bond cleavage reactions are known compounds,
and their identities have been confirmed by *H NMR spectroscopy and HR-MS. The
characteristic 'H NMR signals of the products have been compared with those of the
commercially available compounds to confirm their identities. The HR-MS values are

summarized below.
4-Fluorobenzaldehyde (46)
F
p

HRMS (ESI+, m/z) calculated for C;HsFO [M+H]" m/z = 125.0403, found 125.0405.
4-Bromobenzaldehyde (47)

Br

I
O

HRMS (ESI+, m/z) calculated for C7HsBrO [M+H]* m/z = 184.9602, found 184.9598.

4-(Trifluoromethyl)benzaldehyde (48)
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Re
O
ﬂ
w

HRMS (ESI+, m/z) calculated for CsHsF3sO [M+H]* m/z = 175.0371, found 175.0374.

4-Methylbenzaldehyde (49)

ks

HRMS (ESI+, m/z) calculated for CsHgO [M+H]* m/z = 121.0653, found 121.0654.

2,6-Dimethylbenzaldehyde (50)

o

HRMS (ESI+, m/z) calculated for CoH1:0 [M+H]* m/z = 135.0810, found 135.0813.
3,4-Dimethoxybenzaldehyde (51)

OMe
OMe

Res

HMRS (ESI+, m/z) calculated for CoH1103 [M+H]* m/z = 167.0708, found 167.0713.
4-Nitrobenzaldehyde (52)

NO,

Re

HRMS (ESI+, m/z) calculated for CzHsNO3z [M+H]" m/z = 152.0348, found 152.0349.

2,3,4,5,6-Pentafluorobenzaldehyde (53)
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n
T

I
O F
HRMS (ESI+, m/z) calculated for C7H2FsO [M+H]* m/z = 197.0026, found 197.0027.

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (54)

‘PJ%
I
O

HRMS (ESI+, m/z) calculated for C13H1803B [M+H]" m/z = 233.1349, found 233.1358.

Mesitylmethanol (67)

)é@

HMRS (ESI+, m/z) calculated for C1oH15s0 [M+H]" m/z = 151.1123, found 151.1125.

2,4,6-Trimethylbenzaldehyde (68)

o

HRMS (ESI+, m/z) calculated for C10H130 [M+H]" m/z = 149.0966, found 149.0972.

(2,4,6-Triisopropylphenyl)methanol (69)

iPr
/@\AOH
iPr iPr

HMRS (ESI+, m/z) calculated for C16H270 [M+H]" m/z = 235.2062, found 235.2057.

2,4,6-Triisopropylbenzaldehyde (70)
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iPr
J@fo
iPr iPr

HMRS (ESI+, m/z) calculated for C16H2s0 [M+H]" m/z = 233.1905, found 233.1904.

(4-(Tert-butyl)phenyl)methanol (71)

S

HRMS (ESI+, m/z) calculated for C11H170 [M+H]" m/z = 165.1279, found 165.1274.

4-(Tert-butyl)benzaldehyde (72)

>Hi>/§0
HRMS (ESI+, m/z) calculated for C11H1s0 [M+H]" m/z = 163.1123, found 163.1127.

(3,4-Dimethoxyphenyl)methanol (73)

OH
MeO
OMe

HRMS (ESI+, m/z) calculated for CoH1303 [M+H]* m/z = 169.0865, found 169.0866.

Tiophen-3-ylmethanol (74)

_ OH
O
HRMS (ESI+, m/z) calculated for CsH;OS [M+H]+ m/z = 115.0218, found 115.0224.

Tiophene-3-carbaldehyde (75)

= Y

S/

HRMS (ESI+, m/z) calculated for CsHsOS [M+H]* m/z = 113.0061, found 113.0059.
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Naphtalen-1-ylmethanol (76)

OH

HRMS (ESI+, m/z) calculated for C11H1:0 [M+H]* m/z = 159.0810, found 159.0814.
1-Naphtaldehyde (77)

_0

HRMS (ESI+, m/z) calculated for C11H9O [M+H]" m/z = 157.0653, found 157.0654.
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CHAPTER 5

SYNTHESIS, CHARACTERIZATION, AND PHOTOPHYSICAL
STUDIES OF VANADIUM COMPLEXES
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performed X-Ray crystallographic experiments and provided the data.
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5.1 Introduction

Visible light photoredox catalysis has lately received renewed attention as a useful
approach towards selective bond activations of organic molecules.? Recent reports in
the field mainly focus on catalytic C-C bond formation reactions by utilizing expensive
ruthenium or iridium polypyridyl photosensitizers.t Although well explored in the fields
of water-splitting, DSSCs, OLEDs, as polymerization initiators etc.,'*"?! these
complexes and their analogues were rarely employed in the organic synthesis. Even less
observed was the presence of redox photocatalysts in selective C-C bond cleavage
reactions, despite their potential useful application in valorization of feedstock such as
lignin and recycled plastics. Driven by the recent developments in the field of
photoredox catalysis, we were interested in uncovering practical, earth abundant and
easily prepared molecular photocatalysts that can mediate C-C bond cleavage reactions
with high selectivity.

As discussed in previous chapters, our group has been active in developing
affordable, and easily prepared redox photocatalysts for selective C-C bond activations.
Based on the original catalyst’s design,?? our subsequent studies revealed that modifying
the ligand by introducing EWGs (mainly, nitro and fluoro) stabilizes the HOMO, which
leads to the increase of the rate of the catalytic reaction.?® In addition, the kinetics studies
helped us identify the fastest catalyst in the series,?® which was then successfully

employed for selective photocatalytic C-C bond cleavage in over 20 aliphatic alcohols.

In this chapter, we present ten new vanadium(V) oxo complexes that predominantly
contain nitro, fluoro or bromo substituents at precise ligand positions, as well as several
examples of the electron-rich complexes. Detailed comparative structural and
photophysical studies reveal differences in light-absorbing, and emitting properties of
these molecular vanadium species. The obtained results provided insights into the
possibility of fine-tuning the ligand scaffold to achieve desired properties of the

consequential complexes.
5.2 Synthesis and Characterization of Vanadium Complexes

The new vanadium-oxo complexes (VO-16-25) were prepared from their
corresponding ligands (L-7-16) as shown in Scheme 5.1 The detailed syntheses of L-7-

16 and VO-16-25 can be found in the experimental section. Generally, the ligands were
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prepared by the condensation of a suitably derivatized salicylaldehyde with the

22,23 and

corresponding benzohydrazone according to our previously reported procedure,
were obtained in high yields (50-98%). Subsequently, the as-synthesized ligands were
mixed with VO(OIPr)3, which resulted in the formation of the vanadium oxo complexes,
also collected in high yields (66-97%). The compounds were then characterized
extensively by NMR spectroscopy, high-resolution mass spectrometry (HR-MS), and
elemental analysis. In addition, all vanadium complexes formed single crystals suitable

for X-ray crystallographic analysis.

R6 Rg

R7
Ry O \ﬁ | R,
R 7 VO OiPr)3 6
2 NHNH, RL_—CHO, R, Rg Ry N-NG o
abs. EtOH MeOH R LV,
Rs Rs reflux, 2-15 h reflux, 40-90 min. 2 O/ét()Me
R, H™ " Me
R3 Rs
R4
L-7-16 VO-16-25
L-7: R4-R5,R7=H; Rg,Rg=NO, VO-16: R4-R5,R7=H; Rg,Rg=NO,
L-8: R1,R2,R4,R5,R7=H; R3,R,Rg=NO, VO-17: R4,R2,R4,R5,R7=H; R3,R6,Rg=NO>
L-9: R{,R2,R4-R7=H; R3=F; Rg=NO, VO-18: R{,Rp,R4-R7=H; R3=F; Rg=NO,
L-10: Rq,R2,R4,Rs5,R7=H; R3=F; Rg,Rg=NO, VO-19: R{,R2,R4,R5,R7=H; R3=F; Rg,Rg=NO,
L-11: Ry,R3,R5-R7=H; Ry,R,=F; Rg=NO, VO0-20: Ry,R3,Rs-R7=H; Rp,R4=F; Rg=NO,
L-12: Ry,R3,R5,R7=H; Ry,R4=F; Rg,Rg=NO, VO-21: Ry,R3,R5R7=H; R2,R4=F; Rg,Rg=NO;
L-13: R,R,R4-R7=H; R3=F; Rg=CH,0OCHj3 VO-22: Ry,R;,R4-R7=H; R3=F; Rg=CH,OCH;
L-14: R4-Rg,Rg=H, R;=OCHj VO-23: Ry-Rg,Rg=H, R;=OCH3
L-15: R{,R,,R4-Rg,Rg=H, R3=F, R;=OCH3 VO-24: Ry,R3,R4-Rg,Rg=H, R3=F, R;=OCHj
L-16: R{,R5,R4,R5,R7=H; R3,Rg,Rg=Br VO-25: Ry,R,,R4,R5,R7=H; R3,Rg,Rg=Br

Scheme 5.1. Synthesis of vanadium complexes (VO-16-25) and corresponding
ligands (L-7-16).

The X-ray crystallographic analyses revealed that the solid-state structures of VO-
16-22 and VO-25 each exhibit octahedral geometry with an equatorial methoxide and
an axial methanol bound to the vanadium center as reported for our similar vanadium(V)
oxo complexes.???3 Surprisingly, the structures of VO-23 and VO-24 showed
pentacoordinate, distorted square pyramidal geometries with no axial methanol ligand.
This feature is unique to these two electron-rich complexes and has not been observed
in any other of our vanadium(V) oxo compounds. The solid-state structures of the
complexes are depicted in the Figure 5.1 Moreover, structures of VO-16 and VO-19
show that four and two asymmetric units are present within the crystal’s unit cell,
respectively. This phenomenon was not observed with crystal structures of our
previously reported vanadium complexes. Nonetheless, in all the crystal structures, the
bond length of the oxo V=0 bond is in the typical range of 1.58-1.60 A 2% and does
not seem to be strongly correlated to the electronic properties of the substituents on the

ligand (methoxy, nitro, fluoro, bromo). Among all the complexes, VO-17 is the most
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electron deficient and thus, some of the bonds within the vanadium’s inner coordination
sphere are the most elongated in comparison with the same bonds of other complexes in
the series. For instance, the vanadium-oxo V1-O1 bond is found to be the longest at
1.599(3) A. Similar V1-O1 bond length was found only in VO-23 (1.596(2) A) and
VO18 (1.5952(14) A). In other complexes, the bond averaged at 1.584-1.586 A. The
slight elongation was also observed for the V1-N1 bond, which measured 2.143(3) A,
and for the V1-O5 bond, which was found to be 1.773(2) A. The same V1-O5 bond
length was found with the complex VO-20. Interestingly, the V1-O2 bond in VO-17
was found to be the shortest in our series of complexes and was only 1.917(2) A.
Furthermore, the V1-O3 bond was found to be 1.903(2) A and is similar in length to the
one of di-nitro-bearing complexes VO-19 and VO-21. On the other hand, the V1-O4
bond was 2.280(2) A and is within the range of 2.242-2.380 A in the other complexes.
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Figure 5.1. The crystal structures of complexes VO-16-25. The hydrogen atoms and
uncoordinated solvent molecules (in the cases of VO-16, VO-17, and VO-21) were
omitted for clarity. The thermal ellipsoids are at 50% probability. In the cases of VO-
16 and VO-19, only one of the asymmetric units is shown for each complex. The
vanadium, nitrogen, oxygen, fluorine, bromine, and carbon atoms are shown in pink,
blue, red, green, orange, and gray respectively.

In addition to characteristic bond lengths, the distortion from the equatorial plane of
the aryl ring of the ligand’s imidate arm was examined as well. The torsion angle (%) of
02-C1-C2-C3 moiety varies significantly in the series of complexes VO-16-25. The
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angle’s values fall within a range of 1.0-23.6° with the minimum being present in one
of the asymmetric units of VO-16 (1.0(4))°, and the largest in VO-18 (23.6(2))°.
Complex VO-16, which exhibits four asymmetric units in the crystal unit, shows a
significant variation of the dihedral angle values. The values for the four asymmetric
units are: 1.0(4), 6.4(5), 20.9(4), and 21.3(4)°. The structures of the asymmetric units
are shown in the experimental procedures section in more detail. In the case of our
previously reported complexes that contain the pentafluoroaryl moiety, we found that
the torsion angle values were significantly higher (34.56-53.92°). However, in the
absence of this moiety and its steric factors, the distortion from the equatorial plane was

expected to be much smaller, as it was found in complexes VO-16-25.
5.3 Photophysical Studies

To examine the light-absorbing properties of the vanadium complexes, UV-vis
spectroscopic studies were conducted using 0.10 mM MeOH and MeCN solutions of
VO-16-25. Two different solvents were used to examine the possible solvatochromism
of the new vanadium complexes. As one of the solvents used in the UV-vis studies,
MeOH was chosen due to its ability to dissolve most of the complexes well, while
MeCN was chosen since it is the optimal solvent for our photocatalytic C-C bond
cleavage studies. The obtained spectra are shown in the Figures 5.2 and 5.3 below. In
addition, the UV-vis absorption spectra of ligands L-7-16 are summarized in the

experimental procedures.

Interestingly, change of solvent did cause a difference in the absorption of light of
these vanadium complexes. To provide a clearer comparison of their light-absorbing
properties, the complexes have been grouped into two subsets (VO-16-21 and VO-22-
25) based on the ligand-bearing substituents. Critically, each of the complexes exhibit a
band centered between 380-400 nm that extends to 450-500 nm, which we have
previously attributed to a LMCT by DFT calculations.?>?® On the other hand, the
absorption bands in the UV region resulted from intra-ligand charge transfer processes
commonly observed in Schiff-base ligands.?” From the UV-vis spectra of MeOH
solutions (Figure 5.2) of VO-16-25 it can be observed that the nitro- and fluoro-bearing
complexes (VO-16-21) have significantly higher ¢ values (M*cm™) than the complexes
with the different type of substituents (VO-22-25). Moreover, complexes VO-16, VO-
17, VO-19, and VO-21 have similar absorption profiles and their LMCT bands are
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centered around 380 nm. Within the subset, similar absorption profiles are found
between complexes VO-18 and VO-20. The similarities in light-absorbing patterns are
consistent with the type of substituents present within the complexes. For instance,
complexes VO-16, VO-17, VO-19, and VO-21 all have two nitro-groups and a varying
number of fluoro-groups, while complexes VO-18 and VO-20 have only one nitro-

group along with one or two floro-substituents, respectively.

On the other hand, complexes VO-22-25 clearly show less visible-light absorption
than their nitro- and fluoro-containing counterparts. Within the subset VO-22-25,
complexes VO-23 and VO-24 have the highest ¢ values and their absorption profiles are
almost identical. This similarity is due to the presence of a methoxy-substituent in both
complexes, while one fluoro-group present only in VO-24 is not able to cause any major
impact on the light absorption profile of the complex. The LMCT bands within the
subset are centered roughly around 400 nm, which indicates a slight red-shift in
comparison with the LMCT band positions of the VO-16-21.

5x10¢ —VO-16 5x10* ——V0-22
—— V017 ——vo-23
——Vo-18 ——Vvo-24
4x10* sg';g 4x10* ———V0-25
. vo21| | —
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Figure 5.2. The UV-vis absorption spectra of 0.10 mM MeOH solutions of VO-16
(black), VO-17 (red), VO-18 (blue), VO-19 (green), VO-20 (teal), and VO-21 (orange)
(left), and VO-22 (pink), VO-23 (olive), VO-24 (burgundy), and VO-25 (violet) (right).

In contrast, MeCN solutions of VO-16-25 of the same concentrations are shown in
Figure 5.3. Due to limited solubility, complexes VO-18 and VO-25 were not completely
dissolved, which could have led to light diffraction off the suspended, fine particles and
caused the UV-vis spectra to show abnormal absorption above 500 nm. In addition, the
UV-vis spectra of VO-16-21 and VO-22-25 showed the LMCT bands centered at
around the same wavelengths as in MeOH, but with the unexpected decrease in ¢ values
of about 1000 units or more for each complex in VO-16-21 subset and the increase of ¢

for roughly the same amount for complexes VO-22-25.
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Figure 5.3. The UV-vis absorption spectra of 0.10 mM MeCN solutions of VO-16
(black), VO-17 (red), VO-18 (blue), VO-19 (green), VO-20 (teal), and VO-21 (orange)
(left), and VO-22 (pink), VO-23 (olive), VO-24 (burgundy), and VO-25 (violet) (right).

The UV-vis spectra of both MeOH and MeCN solutions clearly indicate that nitro
substitution on the ligand increases ¢ and hence, the light-absorbing properties of the
corresponding vanadium complex. In fact, VO-16, VO-17, VO-19, and VO-21 showed
the highest ¢ values, suggesting that the presence of multiple nitro groups leads to the
highest amount of visible light absorption. Although & values of the nitro-containing
complexes were higher in MeOH, this solvent could not be used in the photocatalytic
C-C bond cleavage studies as it would competitively prevent the substrate from

effectively coordinating to the vanadium center.

In addition to comparing the light-absorbing properties of vanadium complexes
within our library, comparison with vanadium complexes supported by different types
of ligands could give additional useful information regarding our ligand designs. In a
previous report, Soo and co-workers have examined the light absorbing properties of a
vanadium(V) complex reported by Toste et al. (VO-26) and a commercially available
vanadium(V) oxytripropoxide (VO-27) in MeCN solutions and compared them with the
light-absorption of VO-10.22 In addition, a vanadium(lV) compound, vanadyl

acetylacetonate (VO-28) was examined as well.??
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Figure 5.4. Various oxovanadium complexes examined for different light-absorbing
properties in a report by Soo et al.

As shown in Figure 5.5 below, other vanadium(V) complexes, especially VO-27,
absorb significantly less light in the visible region compared to VO-10.22 Furthermore,
the vanadium(IV) species VO-28 shows much less visible-light absorption than any of

the examined vanadium(V) complexes.??
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Figure 5.5. Comparison of UV-vis spectra of vanadium complexes with different
ligand types. UV-vis spectra of 0.10 mM MeCN solutions of VO-10 and VO-26 (left),
and VO-27 and VO-28 (right). Figure has ben adapted from reference 22.

These results suggest that among the series of vanadium(V) complexes, those that
are supported with highly conjugated ligand systems tend to absorb more visible light
through LMCT. The LMCT bands observed in our vanadium complexes are hence much
more prominent than in other vanadium(V) species. Furthermore, the LMCT seems to
be critical for visible-light absorption, since the vanadium(lV) VO-28 complex

displayed drastically lower visible-light absorption than vanadium(V) compounds.

Aside from their light-absorbing properties, our vanadium complexes display weak
emission when photoexcited at 375 nm. This unusual characteristic among molecular

vanadium(V) oxo compounds was probed by steady-state photoluminescence (PL)
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spectroscopy and the resulting spectra of MeOH (Figure 5.6) and MeCN (Figure 5.7)

solutions are depicted below.
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Figure 5.6. The photoemission spectra of 0.10 mM MeOH solutions of VO-16
(black), VO-17 (red), VO-18 (blue), VO-19 (green), VO-20 (teal), and VO-21 (orange)
(left), and VO-22 (pink), VO-23 (olive), VO-24 (burgundy), and VO-25 (violet) (right)
with excitation at 375 nm.
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Figure 5.7.The photoemission spectra of 0.10 mM MeCN solutions of VO-16
(black), VO-17 (red), VO-18 (blue), VO-19 (green), VO-20 (teal), and VO-21 (orange)
(left), and VO-22 (pink), VO-23 (olive), VO-24 (burgundy), and VO-25 (violet) (right)
with excitation at 375 nm.

Both MeOH and MeCN solutions of VO-16-25 displayed PL signal starting from
410 nm and well into the visible region. The PL signal at around 420 nm is present in
all the complexes and is believed to originate from the phenyl groups of the ligand, as
reported in the literature.?® Furthermore, VO-16-25 exhibited broad emissions ranging
from ca. 450-600 nm. Similar emission profiles were observed with our previously
reported vanadium(V) oxo complexes VO-10-15 bearing pentafluoro, nitro, and tert-Bu
substituents on their ligand.? In case of MeOH solutions, VO-16-21 with electron-

deficient ligands exhibited almost identical emission profiles, coinciding with the type
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of substituents present in these complexes (Figure 5.6, left). Likewise, VO-22-25
displayed very similar emission profiles within the subset, although the broad emission

band centered at ca. 480 nm became more apparent (Figure 5.6, right).

In the case of MeCN solutions of VO-16-21 (Figure 5.7, left), similar emission
profiles were retained within the group, though VO-17, VO-19, and VO-21 exhibited
significantly broadened emission from 450-650 nm, which was slightly red-shifted in
the case of VO-17. On the other hand, VO-22-25 subset (Figure, 5.7. right) showed
increased emission around 420 nm, while the broad band typically ranging from 450-
600 nm became less prominent. The results thus indicate that the choice of solvent
affected the emission, especially in the case of electron-rich complexes VO-22-24 and
bromo-substituted VO-25.

5.4 Photocatalytic Reactivity Towards C-C Bond Cleavage

After having synthesized and thoroughly characterized ten new vanadium
complexes, we moved on to investigate their photocatalytic properties for C-C bond
activation in hope of uncovering an even faster catalyst than our previously reported
complex VO-14. In order to facilitate the screening of reactivities of new catalysts, we
have employed 33 as the ideal substrate along with the formerly optimized reaction
conditions that would minimize any side-reactions. The results of photocatalytic

reactions with VO-16-25 are summarized in Table 5.1 below.
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Table 5.1. Comparing the reactivities of catalysts VO-16-25 with 33 under our
optimal reaction conditions with our fastest catalyst VO-14.

OH _ Entries 1-11 OH o) cHo
VO-16-25, * ) + MR =

48 W white LED,

33 1,4-CHD (4.0 eq.), 27 34 2 35
air, CD3CN
Entry Catalyst Reaction Substrate Distribution of products (%)
(mol%) time (h) conversion

%) 27 34 2 35
1 VO-14 (5.0) 14 >95 60 90 11 6
2 VO0-16 (5.0) 18 =95 54 69 14 3
3 VO-17 (5.0) 18 90 50 66 14 2
4 VO-18 (5.0) 32 70 48 56 5 5
5 VO-19 (5.0) 32 90 52 62 10 3
6 VO-20 (5.0) 16 95 55 70 9 4
7 VO-21 (5.0) 16 90 43 58 14 trace
8 VO-22 (5.0) 24 95 73 74 17 3
9 V0-23 (5.0) 44 88 57 54 22 trace
10 VO0-24 (5.0) 44 90 52 53 24 trace
11 VO0-25(5.0) 24 78 47 50 14 trace

Judging from the reaction times needed to reach full substrate conversions,
unfortunately, no catalyst in the series of ten structurally modified complexes
outperformed VO-14 (Table 5.1, Entry 1). Catalysts VO-16 and VO-17, both bearing
only strong electron-withdrawing NO> groups at specific ligand positions achieved >95
and 90% conversions, respectively, in 18 h (Table 5.1, Entries 2 and 3), compared to 14
h required for VO-14 to achieve full substrate conversion. Furthermore, when a
combination of difluoro- and mono- or dinitro substituents was used in catalysts VO-20
and VO-21, substrate conversions of 95 and 90%, respectively, were achieved in 16 h
(Table 5.1, Entries 6 and 7). On the other hand, ligand substitutions with only one fluoro-
but one or two nitro groups in VO-18 and VO-19 (Table 5.1, Entries 4 and 5) resulted
in significantly longer reaction times required to achieve higher conversions. This result
could also stem from the fact that these complexes displayed poor solubility in MeCN

throughout the photoreaction.
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In contrast to complexes containing strong EWGs, catalyst VO-25 with moderately
electron-withdrawing bromo-substituents exhibited 78% conversion in 24 h (Table 5.1,
Entry 11), but also displayed poor solubility in the reaction medium. Additionally,
catalyst VO-22 with no prominent electron-withdrawing or donating substituents
showed 95% substrate conversion in 24 h (Table 5.1, Entry 8). Finally, catalysts VO-23
and VO-24 with similar substitutions on the ligand including strong electron-donating
methoxy group exhibited almost identical reactivities that were significantly hindered
compared to all the other complexes in the series (Table 5.1, Entries 9 and 10). In
addition, VO-23 and VO-24 generated the most of 2 from over-oxidation of 27, most

likely due to slow reactivities and prolonged reaction times.

Overall, different reactivities of oxovanadium photocatalysts VO-16-25 are well
correlated with our prior hypothesis that HOMO stabilization by strong EWGs at
specific positions on the ligand can enhance the reactivity. However, although some
ligand designs might offer better HOMO stabilization due to the presence of numerous
NO- groups on the ligand, it should be noted that insolubility of such systems can also

become a significant problem and hinder their otherwise expected high reactivity.
5.5 Conclusion

In conclusion, ten new vanadium(V) oxo complexes with different ligand
substitutions, both electron-donating and withdrawing, were synthesized and thoroughly
characterized. Crystallographic analysis revealed some remarkable structural properties,
previously not observed with this type of vanadium complexes. Some of these include
pentacoordinate complexes with electron-rich ligands, or appearance of asymmetric

units in the crystal’s unit for electron-deficient complexes.

Furthermore, the UV-vis absorption spectroscopy revealed that similar ligand
substitution patterns led to almost identical light-absorption profiles of the resultant
complexes, while the electronic properties of the substituents affected the molar
absorptivity values. Specifically, complexes with electron-deficient ligands generally
exhibited higher ¢ values compared to their electron-rich counterparts. Though the
trends among complexes remained similar, different solvents affected the ¢ values,

indicating a certain level of solvatochromism.

132



Additionally, all the examined complexes showed photoluminescence when
photoexcited at 375 nm. Though limited in intensity, this fascinating characteristic has
not been observed in other molecular vanadium complexes. Similarly, emission profiles

closely follow the trends in ligand substitution as well.

Finally, the newly prepared complexes were screened for photocatalytic reactivity
towards C-C bond cleavage with our model substrate and under optimized reaction
conditions. Although all the complexes exhibited photocatalytic properties, we were not
able to identify an improved catalyst that would outperform VVO-14 as the fastest catalyst
in our library. This finding, however, could stem from the fact that a number of catalysts
among VO-16-25 displayed limited solubility in the reaction medium, thus indicating
the importance of appropriately modifying the ligand backbone towards HOMO
stabilization as well as achieving good solubility.

5.6 Experimental Procedures
5.6.1 General Information

The vanadium complexes and ligands were prepared under a N2 atmosphere using
standard Schlenk techniques. Other synthetic procedures were conducted under aerobic
conditions unless stated otherwise. The chemicals used in the experiments were
purchased from Sigma-Aldrich and were used as received. Deuterated solvents were
purchased from Cambridge Isotope Laboratories and were used as received. The H,
3¢, F, and %'V NMR spectroscopic data were obtained using Bruker AVANCE
spectrometers operating at 300, 400, and 500 MHz. The resulting 'H and *C NMR
chemical shifts (6 reported in ppm) were referenced according to the residual solvent
signal(s) (CDCls = 7.26 ppm for *H and 77.2 ppm for $3C; CDsCN = 1.94 ppm for *H
and 118.3 ppm for *C; MeOD-d, = 3.31 ppm for *H and 49.2 ppm for 3C; DMSO-ds =
2.50 ppm for H and 39.52 ppm for 3C). The >V NMR chemical shift was referenced
relative to V¥ (O)(Cl)s external standard (0 = 0.0 ppm). Crystallographic data were
collected on a Bruker X8 CCD diffractometer. The structures were solved and refined
using the Bruker SHELXTL software package. High-resolution electrospray ionization
mass spectra (HR-ESIMS) were obtained using a Waters Q-TOF Premier mass
spectrometer. Elemental analyses were performed with the Elementar vario MICRO
cube analyzer. The steady-state photoluminescence spectroscopic measurements were
performed with a Varian Cary Eclipse fluorescence spectrophotometer. FT-IR
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spectroscopy measurements were carried out with a Shimadzu IRPrestige-21 FT-IR
spectrometer. In a typical experiment, about 1.5 mg of the sample were mixed with
about 30.0 mg of potassium bromide (KBr) to make a pellet. The pellets were made with
a Specac Atlas manual hydraulic press 15T at 10 ton pressure. The FT-IR experiments

were conducted in transmission mode with data collected from 400 to 4000 cm™*
5.6.2 Synthetic Procedures and Spectroscopic Data
General procedure for the synthesis of ligands

In each reaction, to a stirring, heated solution of aryl hydrazide in absolute EtOH
under N2 was added a solution of the corresponding aryl aldehyde in EtOH dropwise.
The reaction mixture was then stirred at reflux for a specific amount of time detailed
below (between 2 and 15 h). The ligand was subsequently either precipitated out of the
mixture or was obtained by removing the solvent under vacuum. The as-synthesized
ligands were of sufficient purity to be used in the complexation reactions without any

further purification.

N'-(2-hydroxy-3,5-dinitrobenzylidene)benzohydrazide (L-7)

o
@—{ HO  NO,
HN-N

\
NO,

An EtOH solution of 3,5-dinitrosalicylaldehyde (0.212 g, 1.0 mmol in 2 mL EtOH)
was added to a solution of benzohydrazide (0.136 g, 1.0 mmol in 5 mL of EtOH) and
stirred. After 2 h, the corresponding ligand precipitated and was collected by filtration
(0.257 g, 78% yield). *H NMR (DMSO-ds, 400 MHz): 6 = 7.57 (t, 2 H, J = 6.1 Hz), 7.65
(t, 1H,J=59Hz),7.97 (d, 2 H,J=59Hz),8.76 (d, 1 H, J = 2.2 Hz), 8.80 (s, 1 H),
8.83 (d, 1 H, J = 2.2 Hz) ppm. C{*H} NMR (CD3CN, 100 MHz): 6 = 122.1, 122.6,
128.2,129.3,129.9, 132.3, 133.2, 137.9, 139.3, 146.3, 157.9, 164.0 ppm. HRMS (ESI+,
m/z) calculated for C14H11N4Os [M+H]* m/z = 331.0679, found 331.0677. IR (cm™):
3344 (vo-n), 3089 (vN-H), 1680 (vc=n), 1340 (vno2).

N'-(2-hydroxy-3,5-dinitrobenzylidene)-4-nitrobenzohydrazide (L-8)
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A solution of 2,4-dinitrosalicylaldehyde (0.106 g, 0.50 mmol in 3 mL of EtOH) was
added dropwise to a solution of 4-nitrobenzohydrazide (0.090 g, 0.50 mmol in 2 mL of
EtOH). After stirring for about 3 h, the product was obtained by filtration (0.175 g, 94%
yield). *tH NMR (DMSO-ds, 500 MHz): 6 =8.20 (d, 2 H, J = 8.8 Hz), 8.40 (d, 2 H, J =
8.8 Hz),8.75(d, 1 H,J=2.9 Hz), 8.81 (d, 1 H, J = 2.9 Hz), 8.83 (s, 1 H) ppm. *C{'H}
NMR (DMSO-ds, 100 MHz): 0 =122.5, 123.1, 123.7,128.2, 129.4, 137.2, 137.3, 137.7,
146.1, 149.6, 157.8, 161.6 ppm. HRMS (ESI+, m/z) calculated for C14H10NsOg [M+H]*
m/z = 376.0529, found 376.0536. IR (cm™): 3331 (vo-n), 3091 (vN-H), 1695 (vc=n), 1342

(vno2).

4-Fluoro-N'-(2-hydroxy-5-nitrobenzylidene)benzohydrazide (L-9)

o)
F@—H(N_N\ HO
NO,

An EtOH solution of 2-hydroxy-5-nitrobenzaldehyde (0.069 g, 0.41 mmol in 1 mL
of EtOH) was added dropwise to a solution of 4-fluorobenzohydrazide! (0.063 g, 0.41
mmol in 3 mL of EtOH) and stirred. After about 15 h, the resulting ligand precipitated
out and was collected by filtration (0.11 g, 92% yield). *H NMR (DMSO-ds, 400 MHz):
6=711(d, 1 H,J=9.1Hz),7.39 (t, 2 H, J = 8.7 Hz), 8.03 (dd, 2 H, J = 5.8, 8.0 Hz),
8.17 (dd, 1 H, J = 2.6, 9.0 Hz), 8.59 (d, 1 H, J = 2.3 Hz), 8.73 (s, 1 H) ppm. B¥C{*H}
NMR (DMSO-ds, 100 MHz): 6 = 115.6 (d, J = 21.9 Hz), 117.1, 120.0, 123.7, 126.6,
129.2 (d, J = 2.5 Hz), 130.5 (d, J = 9.1 Hz), 139.9, 144.4, 162.0, 162.6, 164.4 (d, J =
248.4 Hz) ppm. *F{*H} NMR (DMS0-ds,376.50 MHz): § = -107.8 ppm. HRMS (ESI+,
m/z) calculated for C14H11N3O04F [M + H]* m/z = 304.0734, found 304.0724. IR (cm™):
3305 (vo-H), 3082 (vn-H), 1635 (vc=n), 1328 (vno2).

4-Fluoro-N'-(2-hydroxy-3,5-dinitrobenzylidene)benzohydrazide (L-10)
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An EtOH solution of 2-hydroxy-3,5-dinitrobenzaldehyde (0.21 g, 1.0 mmol in 3 ml
of EtOH) was added dropwise to a solution of 4-fluorobenzohydrazide (0.15 g, 1.0 mmol
in 5 mL of EtOH). After about 15 h, the yellow precipitated ligand was collected by
filtration (0.24 g, 71% yield). *H NMR (DMSO-ds, 500 MHz): 6 =7.41 (t, 2H,J=8.7
Hz), 8.05 (dd, 2 H, J = 5.6, 8.5 Hz),8.75 (d, 1 H, J = 2.8 Hz), 8.79 (s, 1 H), 8.81 (d, 1
H, J = 2.7 Hz) ppm. B¥C{*H} NMR (DMSO-ds, 100 MHz): 6 = 115.7 (d, J = 21.7 Hz),
122.4,123.1, 128.1 (d, J = 2.1 Hz), 128.6, 130.7 (d, J = 9.1 Hz), 136.8, 137.3, 145.4,
158.2, 162.1, 164.5 (d, J = 249.3 Hz). *F{*H} NMR (DMSO-ds, 376.50 MHz): 6 = -
107.3 ppm. HRMS (ESI+, m/z) calculated for C14H10N4OsF [M + H]™ m/z = 349.0584,
found 349.0580. IR (cm™): 3307 (vo-n), 3107 (vn-n), 1678 (ve=n), 1332 (vno2).

3,5-Difluoro-N'-(2-hydroxy-5-nitrobenzylidene)benzohydrazide (L-11)

F \

o)
HO
HN-N >:<
NO,

To a solution of 2,4-difluorobenzohydrazide (0.175 g, 1.0 mmol in 5 mL of EtOH)
was added dropwise a solution of 2-hydroxy-5-nitrobenzaldehyde (0.165 g, 1.0 mmol
in 2 mL of EtOH). After stirring for 3 h, the pale-yellow ligand was collected by
filtration and dried under vacuum (0.282 g, 87.8% vyield). *H NMR (DMSO-ds, 400
MHz): 6 =7.12 (d, 1 H, J = 9.1 Hz), 7.56 (tt, 1 H, J = 2.3, 9.1 Hz), 7.67 (dd, 2 H, J =
2.0, 8.1 Hz), 8.19 (dd, 1 H, J = 2.9, 9.1 Hz), 8.61 (d, 1 H, J = 2.9 Hz), 8.75 (5, 1 H),
12.28 (s, 2 H) ppm. BC{*H} NMR (DMSO-ds, 100 MHz): 6 = 107.5 (t, J = 25.7 Hz),
111.2 (m), 117.1, 120.0, 123.4, 126.8, 136.2 (t, J = 8.6 Hz), 140.0, 144.8, 160.6 (t, J =
2.8 Hz), 162.1 (dd, J = 12.7, 246.0 Hz), 162.6 ppm. **F{*H} NMR (DMSO-ds, 376.50
MHz): § = -108.5 ppm. HRMS (ESI+, m/z) calculated for C1aH10N3O4F2 [M + H]™ m/z
= 322.0639, found 322.0641. IR (cm™): 3311 (vo-u), 3084 (vn-H), 1668 (vc=n), 1330

(vNOD2).

3,5-Difluoro-N'-(2-hydroxy-3,5-dinitrobenzylidene)benzohydrazide (L-12)
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To a stirring solution of 2,4-difluorobenzohydrazide (0.172 g, 1.0 mmol in 5 mL
EtOH) was added dropwise, a suspension of 2-hydroxy-3,5-dinitrobenzaldehyde (0.212
g, 1.0 mmol in 2 mL of EtOH). After stirring for 3 h, the dark yellow product was
collected by filtration and dried in vacuum (0.294 g, 80% yield). *H NMR (DMSO-ds,
400 MHz): 6 =7.57 (tt, 1 H, J=2.3,9.2 Hz), 7.67 (dd, 2 H, J = 2.0, 8.0 Hz), 8.74 (d, 1
H,J=29Hz),8.79 (s, 1 H), 8.81 (d, 1 H, J = 2.9 Hz) ppm. BC{*H} NMR (DMSO—ds,
100 MHz): 6 =107.8 (t, J = 25.8 Hz), 111.3 (m), 122.6, 123.3, 128.0, 135.5 (t, J = 8.7
Hz), 137.0, 137.3, 145.8, 158.0, 160.7 (t, J = 2.6 Hz), 162.4 (dd, J = 12.7, 246.1 Hz).
PE{IH} NMR (CDsCN, 282.40 MHz): 6 = -109.0 ppm. HRMS (ESI+, m/z) calculated
for C14H9N4OgF2 [M + H]" m/z = 367.0490, found 367.0487. IR (cm™): 3207 (vo-),
3091 (vn-H), 1672 (ve=n), 1330 (vno2).

4-Fluoro-N'-(2-hydroxy-5-(methoxymethyl)benzylidene)benzohydrazide (L-13)

0]
HN—N

\
i-—OMe

A solution of 2-hydroxy-5-(methoxymethyl)benzaldehyde (0.830 g, 5.0 mmol in 5
mL of EtOH) was added to a solution of 4-fluorobenzohydrazide (0.770 g, 5.0 mmol in
10 mL of EtOH). After stirring for about 15 h, the solvent was removed in vacuum
yielding the final product (0.750 g, 50% yield). *H NMR (DMSO-ds, 500 MHz): § =
3.27 (5,3 H), 4.34 (s, 2 H),6.91 (d, 1 H, J= 8.3 Hz), 7.25 (d, 1 H, J = 6.6 Hz), 7.38 (t,
2H,J=8.8Hz), 7.54 (s, 1 H), 8.01 (dd, 2 H, J =5.6, 8.5 Hz), 8.64 (s, 1L H), 11.14 (s, 1
H), 12.10 (s, 1 H) ppm. B¥C{*H} NMR (DMSO-ds, 100 MHz): 6 = 57.2, 73.1, 115.5 (d,
J=21.8 Hz), 116.3, 118.5, 128.5, 129.2, 129.4 (d, J = 2.7 Hz), 130.4 (d, J = 9.1 Hz),
131.2, 147.7, 156.8, 161.8, 164.3 (d, J = 248.1 Hz) ppm. ®*F{'*H} NMR (DMSO-ds,
376.50 MHz): 6 = -108.4 ppm. HRMS (ESI+, m/z) calculated for C16H16N2O3sF [M+H]*
m/z = 303.1145, found 303.1143. IR (cm™): 3199 (vo-r), 3037 (vN-H), 1674 (ve=n).

N'-(2-hydroxy-4-methoxybenzylidene)benzohydrazide (L-14)
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To a solution of benzohydrazide (0.136 g, 1.0 mmol in 5 mL EtOH) was added
dropwise, a solution of 2-hydroxy-4-methoxybenzaldehyde (0.152 g, 1.0 mmol in 2 mL
EtOH). After 2.5 h, the ligand was obtained by removing the solvent under vacuum and
was further dried (0.244 g, 90.4% vyield). *H NMR (DMSO-ds, 400 MHz): 6 = 3.76 (s,
3 H), 6.49-6.54 (m, 2 H), 7.41 (d, 1 H, J = 8.6 Hz), 7.51-7.61 (m, 3 H), 7.90 (m, 2 H),
8.54 (s, 1 H), 11.63 (s, 1 H), 12.02 (s, 1 H) ppm. BC{*H} NMR (DMSO-ds, 100 MHz):
0 =55.5,101.4, 106.7, 112.0, 127.8, 128.8, 131.4, 132.2, 133.0, 149.2, 159.6, 162.3,
163.0 ppm. HRMS (ESI+, m/z) calculated for C15HisN2Os [M+H]" m/z = 271.1083,
found 271.1087. IR (cm™): 3226 (vo-+), 3030 (vn-H), 1633 (ve=n).

4-Fluoro-N'-(2-hydroxy-4-methoxybenzylidene)benzohydrazide (L-15)
o]
F—< >—/< HO
HN-N

A solution of 2-hydroxy-4-methoxybenzaldehyde (0.031 g, 0.20 mmol in 1 mL
EtOH) was added dropwise to a solution of 4-fluorobenzohydrazide (0.031 g, 0.20 mmol
in ImL EtOH). After about 3 h, the ligand was obtained by removing the solvent under
reduced pressure (0.057 g, 98% yield). *H NMR (DMSO-ds, 400 MHz): 6 = 3.78 (s, 3
H), 6.50-6.54 (m, 2 H), 7.36-7.45 (m, 3 H), 8.00 (dd, 2 H, J=5.5, 8.7 Hz), 8.54 (s, 1 H),
11.59 (s, 1 H), 12.01 (s, 1 H) ppm. BC{*H} NMR (DMSO-ds, 100 MHz): § = 55.3,
101.2, 106.5, 111.7, 115.5(d, J = 21.7 Hz), 129.4 (d, J = 2.8 Hz), 130.3 (d, J = 9.0 Hz),
131.1, 148.8, 159.4, 161.5, 162.1, 164.2 (d, J = 247.8 Hz) ppm. *F{*H} NMR (DMSO-
de, 376.50): 6 = -107.5 ppm. HRMS (ESI+, m/z) calculated for Ci1sH14N2OsF [M+H]*
m/z = 289.0988, found 289.0993. IR (cm™): 3232 (vo-+), 3080 (vN-H), 1643 (ve=n).

4-Bromo-N’-(3,5-dibromo-2-hydroxybenzylidene)benzohydrazide (L-16)

o
Br@—/{ HO  Br
HN-N

\
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A solution of 3,5-dibromo-2-hydroxybenzaldehyde (0.280 g, 1.0 mmol in 2 mL of
EtOH) was added dropwise to a stirring solution of 4-bromobenzohydrazide (0.215 g,
1.0 mmol in 5 mL of EtOH). The reaction mixture was then stirred at reflux for 6 h, and
subsequently, the ligand was obtained by removing the solvent under reduced pressure
(0.460 g, 96% yield). *H NMR (DMSO-dg, 300 MHz): § = 7.71-7.83 (m, 4 H), 7.90 (d,
2 H,J=28.4Hz), 853 (s, 1 H), 1259 (s, 1 H), 12.66 (s, 1 H) ppm. BC{*H} NMR
(DMSO-ds, 75.5 MHz): 6 = 110.2, 111.0, 120.7, 126.0, 129.6, 131.0, 131.5, 131.9,
135.4, 147.1, 153.5, 161.9 ppm. HRMS (ESI+, m/z) calculated for C14H10N202"°Br28'Br
[M+H]* m/z = 476.8272, found 476.8290. IR (cm™): 3217 (vo-u), 3051 (vn-H), 1656

(VC:N).
General procedure for the synthesis of vanadium oxo complexes

In each reaction, to a heated, stirring solution of the ligand in MeOH was added the
vanadium(V) precursor, VO(QiPr)3, under N2, which led to an immediate change of the
reaction color from brown to dark red. The reaction mixture was stirred under reflux for
ca. 90 min. Subsequently, the solvent was removed under vacuum and the remaining
dark solid product was obtained. The solid was then re-dissolved in methanol and

filtered before finally obtaining the complex by solvent evaporation.

Vanadium oxo complex VO-16

The reaction of L-7 (0.165 g, 0.50 mmol in 5 mL of MeOH) and VO(QIiPr)3 (118 puL,
0.50 mmol) gave the corresponding vanadium complex after about 90 min (0.207 g,
97% yield). *H NMR (MeOD-ds, 400 MHz): 6 = 7.53 (dt, 3 H, J = 7.3, 30.8 Hz), 8.13
(m, 2 H),8.85(d, 1 H,J=2.8Hz),8.91(d, 1 H, J=2.8 Hz), 8.97 (s, 1 H) ppm. *C{ H}
NMR (DMSO-ds, 100 MHz): 6 = 123.3,124.1, 128.4, 128.8, 129.9, 132.1, 132.6, 137.3,
138.3, 150.8, 158.9, 171.9 ppm. >V NMR (MeOD-ds, 105.25 MHz): = -546.9 ppm.
HRMS (ESI+, m/z) calculated for CisH12N4OgV [M+H]" m/z = 427.0095, found
427.0103. Elemental analysis calculated for C1sH11N4OgV-CH3OH: C, 41.94; H, 3.30;
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N, 12.23%; found: C, 41.23; H, 2.92; N, 12.30%. IR (cm™): 3400 (vo-n), 1620 (vc-n),
1340 (vno2), 1029 (vv=0).

Vanadium oxo complex VO-17

The reaction of L-8 (0.095 g, 0.25 mmol in 2 mL of MeOH) and VO(OIiPr)s (59 uL,
0.25 mmol) gave the corresponding vanadium complex after about 90 min (0.11 g, 92%
yield).'"H NMR (MeOD-ds, 400 MHz): 5 = 8.36 (s, 4 H), 8.89 (d, 1 H, J = 2.0 Hz), 8.93
(d, 1 H, J = 2.4 Hz), 9.05 (s, 1 H) ppm. 5V NMR (MeOD-ds4, 105.25 MHz): 6 = -548.4
ppm. HRMS (ESI+, m/z) calculated for C15H11NsO10V [M+H]" m/z = 471.9946, found
471.9935. IR (cm™): 3362 (vo-+), 1620 (vc=n), 1350 (vno2), 979 (w-=0).

Vanadium oxo complex VO-18

NO,

The reaction of L-9 (0.067 g, 0.22 mmol in 5 mL of MeOH) and VO(OIiPr)3 (59 uL,
0.025 mmol) resulted in the corresponding complex after about 40 min (0.070 g, 71%
yield). 'H NMR (MeOD-d4, 400 MHz): 6 =7.06 (d, J =9.2 Hz, 1 H), 7.21 (t, J = 8.8
Hz, 2 H), 8.15-8.18 (m, 2 H), 8.35 (dd, J = 2.8, 9.2 Hz, 1 H), 8.62 (d, J = 2.8 Hz, 1 H),
8.87 (s, 1 H) ppm. ®*F{*H} NMR (MeOD-ds, 376.50 MHz): = -110.2 ppm. 5’V NMR
(MeOD-d4, 105.25 MHz): 6 = -550.0 ppm. HRMS (ESI+, m/z) calculated for
CisH12N3O6FV [M + H]* m/z = 400.0150, found 400.0136. IR (cm™): 3444 (vo-n), 1604
(ve=n), 1338 (vno2), 952 (v=0).

Vanadium oxo complex VO-19
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The reaction of L-10 (0.075 g, 0.22 mmol) and VO(QIiPr)3 (55 pL, 0.23 mmol) gave
the corresponding vanadium complex after about 40 min (0.073 g, 66% yield). *H NMR
(MeOD-ds, 400 MHz): 6 =7.23 (t,2H,J=8.7 Hz), 8.18 (dd, 2 H, J = 5.6, 8.7 Hz), 8.85
(d, 1 H, J = 2.8 Hz), 8.91 (d, 1 H, J = 2.8 Hz), 8.96 (s, 1 H) ppm. *C{*H} NMR
((CD3)2CO, 100 MHz): 6 =116.6 (d, J =22.0 Hz), 124.6, 125.1, 127.6, 132.3 (d, J =9.0
Hz), 133.1, 139.2, 139.8, 152.8, 160.4, 166.2 (d, J = 249.4 Hz), 173.1 ppm. *F{*H}
NMR (MeOD-ds, 376.50 MHz): 6 = -109.6 ppm. >V NMR (MeOD-ds, 105.25 MHz):
0 = -547.1 ppm. HRMS (ESI+, m/z) calculated for C15H11N4OsFV [M + H]" m/z =
445.0001, found 445.0013. Elemental analysis calculated for C1sH10N4OgFV: C, 40.56;
H, 2.27; N, 12.61%; found: C, 40.85; H, 2.48; N, 12.71%. IR (cm™): 3354 (vo.n), 1616
(ve=n), 1342 (vno2), 981 (vv=0).

Vanadium oxo complex VO-20

The reaction of L-11 (0.160 g, 0.50 mmol in 5 mL of MeOH) and VO(QiPr)s (118
uL, 0.50 mmol) led to the corresponding complex in about 90 min (0.203 g, 97% yield).
!H NMR (MeOD-ds, 400 MHz): =7.08 (d, 1 H,J=9.2 Hz), 7.16 (tt, 1 H,J=2.4, 8.8
Hz), 7.68 (dd, 2 H,J=2.2,8.2 Hz), 8.37 (dd, 1 H,J =2.8,9.2 Hz),8.64 (d,1 H,J=2.8
Hz), 8.92 (s, 1 H) ppm. *F{*H} NMR (MeOD-ds, 376.50 MHz): 6 = -111.1 ppm. 51V
NMR (MeOD-ds, 105.25 MHz): 6 = -551.3 ppm. HRMS (ESI+, m/z) calculated for
CisH11N3OgF2V [M + H]* m/z = 418.0056, found 418.0069. Elemental analysis
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calculated for C1sH10N3OsF2V: C, 43.18; H, 2.42; N, 10.07%; found: C, 42.84; H, 2.65;
N, 9.69%. IR (cm™): 3421 (vo-+), 1610 (vc=n), 1338 (vno2), 995 (w=0).

Vanadium oxo complex VO-21

The reaction of L-12 (0.183 g, 0.50 mmol in 10 mL of MeOH) and VO(QOiPr)3 (118
uL, 0.50 mmol) resulted in the corresponding complex after about 90 min (0.225 g, 97%
yield). *H NMR (MeOD-ds, 400 MHz):  =7.18 (t, 1 H, J=8.9 Hz), 7.68 (d,2 H, J =
6.0 Hz), 8.85 (s, 1 H), 8.91 (s, 1 H), 8.99 (s, 1 H) ppm. ®*F{*H} NMR (MeOD-d4, 376.50
MHz): 6 = -110.8 ppm. *V NMR (MeOD-ds, 105.25 MHz): ¢ = -548.3 ppm. HRMS
(ESI+, m/z) calculated for C1sH10N4OsF2V [M + H]" m/z = 462.9906, found 462.9906.
Elemental analysis calculated for C1sHgN4OsF2V: C, 38.98; H, 1.96; N, 12.12%; found:
C, 38.83; H, 1.35; N, 12.18%. IR (cm™): 3311 (vo-u), 1616 (vc=n), 1342 (vno2), 989

(vw=0).
Vanadium oxo complex VO-22

MeO

The reaction of L-13 (0.150 g, 0.50 mmol in 5 mL of MeOH) and VO(QiPr)sz (118
uL, 0.50 mmol) resulted in the corresponding complex after about 45 min (0.132 g, 66%
yield). *H NMR (MeOD-ds4, 400 MHz): 6 = 3.40 (s, 3 H), 4.46 (s, 2 H), 6.94 (d, 1 H, J
=8.4Hz),7.20(t,2H,J=8.8Hz),751(dd,1H,J=2.1,85Hz),759(d,1H,J=1.9
Hz), 8.15 (dd, 2 H, J = 5.6, 8.8 Hz), 8.76 (s, 1 H) ppm. ¥C{*H} NMR (MeOD-ds, 100
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MHz): 6 =58.2, 74.8, 116.3 (d, J = 22.0 Hz), 117.8, 121.5, 128.7 (m), 131.5, 132.0 (d,
J = 8.9 Hz), 133.2, 135.4, 153.8, 166.3 (d, J = 248.8 Hz), 172.6 ppm. ®F{*H} NMR
(MeOD-ds, 376.50 MHz): 6 = -110.7 ppm. 5V NMR (MeOD-da, 105.25 MHz): J = -
546.4 ppm. HRMS (ESI+, m/z) calculated for C17H17N20sFV [M+H]" m/z = 399.0561,
found 399.0554. Elemental analysis calculated for C17H16N20sFV: C, 51.27; H, 4.05;
N, 7.03%; found: C, 51.10; H, 4.16; N, 7.18%. IR (cm™): 3394 (vo.n), 1614 (vc=n), 999

(w=0).

Vanadium oxo complex VO-23

The reaction of L-14 (0.135 g, 0.50 mmol in 5 mL MeOH) and VO(OiPr)3 (118 pL,
0.50 mmol) resulted in the corresponding complex after about 2 h (0.177 g, 97% vyield).
'H NMR (MeOD-ds, 400 MHz): 6 =3.88 (s, 3 H), 6.53 (d, 1 H, J = 2.2 Hz), 6.63 (dd, 1
H,J=24,8.7Hz),7.46(t 2H,J=73Hz),751(dd, 2 H, J=4.8, 8.7 Hz), 8.08 (d, 2
H, J = 6.9 Hz), 8.67 (s, 1 H) ppm. *V NMR (MeOD-ds, 105.25 MHz): 6 = -545.3 ppm.
HRMS (ESI+, m/z) calculated for Ci6H1sN20sV [M+H]" m/z = 367.0499, found
367.0491. Elemental analysis calculated for C16H1sN20sV: C, 52.47; H, 4.13; N, 7.65%;
found: C, 52.75; H, 3.82; N, 7.89%. IR (cm™): 3446 (vo-r), 1591 (vc=n), 995 (W-=0).

Vanadium oxo complex VO-24

OMe
|
N

| V.
F

The reaction of L-15 (0.030 g, 0.10 mmol in 1 mL MeOH) and VO(OIiPr)3 (24 uL,
0.10 mmol) resulted in the corresponding complex after about 2 h (0.035 g, 92% yield).
H NMR (MeOD-d4, 400 MHz): § = 3.87 (s, 3 H), 6.53 (d, 1 H, J = Hz), 6.63 (dd, 1 H,
J=Hz),7.19 (t, 2H,J=8.8Hz), 7.51 (d, 1 H, J=8.7 Hz), 8.10-8.14 (m, 2 H), 8.66 (s,
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1 H) ppm.2°F{*H} NMR (MeOD-ds, 376.50 MHz): 6 = -111.1 ppm. 52V NMR (MeOD-
d4, 105.25 MHz): 6 = -545.3 ppm. HRMS (ESI+, m/z) calculated for C1sH1sN20sFV
[M+H]* m/z = 385.0405, found 385.0415. IR (cm™): 3419 (vo.), 1602 (vcen), 956

(w=0).
Vanadium oxo complex VO-25

Br

Br

The reaction of L-16 (0.238 g, 0.50 mmol in 5mL of MeOH) and VO(OiPr)3 (118
uL, 0.50 mmol) resulted in the corresponding complex after ca. 90 min. (0.258 g, 90%
yield). *H NMR (MeOD-ds, 300 MHz): 6 = 7.64 (d, 2 H, J = 8.4 Hz), 7.78 (s, 1 H), 7.89
(d,1H,J=1.7Hz),8.01 (d, 2 H, J = 8.4 Hz), 8.73 (s, 1 H) ppm. >V NMR (MeOD-d4,
105.25 MHz): § = -544.9 ppm. HRMS (ESI+, m/z) calculated for C1sH11N204V"°Br28'Br
[M+H]* m/z = 572.7688, found 572.7687. IR (cm™): 3404 (vo-n), 1601 (vc=n), 1010

(v=0).
5.6.3 UV-vis Spectroscopic Studies

The UV-Vis spectroscopic studies were conducted using a Shimadzu UV 3600 UV-
Vis-NIR spectrophotometer. For this purpose, 0.10 mM MeCN solutions of the ligands

L-7-16 were prepared. The UV-Vis analyses were performed using a 5 X 5 mm cuvette.
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Figure 5.8. The UV-vis absorption spectra of 0.10 mM MeCN solutions of ligands
L-7 (black), L-8 (red), L-9 (blue), L-10 (green), L-11 (teal), and L-12 (orange) (left),
and L-13 (pink), L-14 (olive), L-15 (burgundy), and L-16 (violet) (right).

5.6.4 X-Ray Crystallographic Analysis

Single crystals of suitable dimensions of complexes VO-16-25 were obtained by

slow evaporation from MeOH. The crystals were then mounted on a quartz fiber and the

X-Ray intensity data were measured on a Bruker X8 APEX system. Data were processed

and corrected for Lorentz and polarization effects with SAINT? and for absorption
effects with SADABS.® The structured were solved and refined with the SHELXTL

suite of programs.! The structures were solved by direct method and refined for all data

by full-matrix least-squares methods on F2. All non-hydrogen atoms were subjected to

anisotropic refinement. The hydrogen atoms were generated geometrically and allowed

to ride on their respective parent atoms; they were assigned appropriate isotopic thermal

parameters. Additional crystallographic parameters for each structure are tabulated in

the Appendix.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
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6.1 Thesis Summary

Firstly, we have shown that the systematic modifications of the originally reported
ligand L-1 by the introduction of EWGs at ligand sites with highest HOMO density lead
to the corresponding vanadium complexes with significantly improved catalytic rates
compared to the previously reported VO-10. The detailed kinetics experiments helped
us identify the fastest catalyst in the series, while the computational DFT studies yielded

explanations for the enhanced reactivity of new catalysts.

With the optimal catalyst in our hands, we moved on to expand the scope of our
photocatalytic system beyond lignin model compounds. Based on our prior DFT results,
we started examining the reactivity of alcohols that would generate highly stabilized
benzyl radicals upon C-C bond cleavage. The screening included more than 20
substrates and high tolerance to various functional groups was established.
Subsequently, substrates which generate less stable tertiary, secondary, and even
primary radicals were tested as well. Remarkably, in some cases, a second C-C bond
cleavage of the newly formed alcohol product was observed, indicating a possibility of
utilizing our technology to perform a cascade-type C-C bond activation in

macromolecular alcohols.

Finally, the ease of preparation of hydrazone-amide ligands allowed us to quickly
synthesize ten new vanadium complexes (VO-16-25) with different types of
substitutions on the ligand moiety. Remarkably, complexes with electron-donating
groups on the ligand exhibited unique pentacoordinate geometry in the solid state, which
was verified by X-ray crystallographic analysis. Additional to distinct structural
characteristics, the vanadium complexes display different photophysical characteristics,
as well as different reactivities towards C-C bond activation. These findings suggest that
various, desirable properties of the vanadium complexes can be achieved by carefully

introducing the correct type of substituents at the specific sites on the ligand.

With the aim of investigating potential alternatives to water oxidation half-reaction
that could be incorporated in AP systems for production of solar fuels and chemicals,
we have showcased a noteworthy photocatalytic system comprising oxovanadium
complexes that can induce highly selective C-C single bond scission in a number of
aliphatic alcohols under mild conditions. As opposed to Oz production from solar water

splitting, our photocatalytic system can generate synthetically useful oxygenated
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compounds that include desirable carbonyl and alcohol functionalities. Furthermore, the
oxovanadium catalytic system could potentially serve as a source of electrons for a
reductive half-reaction of an integrated AP unit that would generate solar fuels as well.
In addition, as a part of the AP construct, our vanadium catalyst would also benefit from
recyclability and would not be restricted by the choice of solvent. This possibility of
converting our oxidative photocatalytic system into a complete AP unit is currently
ongoing and the preliminary work regarding the translation of a molecular into a
heterogeneous catalyst will be discussed in the following section.

6.2 Future Work

Although the vanadium complexes shown in preceding chapters have demonstrated
unique reactivity towards C-C bond activation in a broad range of substrates under mild
conditions, as molecular catalysts, they cannot be easily separated from the reaction
products and reused in subsequent reactions. Furthermore, a considerable number of
high-profile substrates are insoluble in acetonitrile, a solvent that readily dissolves most
of our catalysts and was identified as the optimal solvent for our homogeneous
photocatalytic conditions. In attempt to overcome these difficulties and make our
catalytic system even more applicable, we have turned to developing heterogeneous
systems by anchoring the vanadium complexes onto insoluble solid supports. Such
systems should be easily separated from the reaction products by centrifuging and would
potentially allow for a wider choice of solvents since the solubility of the catalyst would

not limit the solvent choice anymore.

The vanadium complexes VO-29 and VO-30 (Figure 6.1) were developed with the
intention of anchoring on various solid supports. Photocatalyst VO-29 possesses an
alcohol group on one of its aryl rings that can form chemical bonds with different surface
groups of the solid support.* For instance, an isocyanate-functionalized polystyrene can
react with the alcohol group of VO-29 to form a carbamate bond and thus, incorporate

the vanadium catalyst.>*
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Figure 6.1. The proposed structures of (a) complex VO-29 containing alcohol
anchoring group, (b) VO-30 with an alkene anchoring group, and (c) single crystal X-
ray diffraction structure of VO-30. The vanadium, nitrogen, oxygen, and fluorine atoms
are shown in pink, blue, red, and green, respectively.

To test this hypothesis, we have performed the reaction between the two materials
and the reaction product was then thoroughly characterized by the means of Fourier
transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and
UV-visible diffuse reflectance spectroscopy (UV-vis DRS). Details regarding the
chemical anchoring experiment are summarized in the experimental section. The initial
FT-IR spectroscopic analyses revealed that the O=C=N- bond stretching frequency band
(at ca. 2200 cmY) present in the sample of isocyanate-functionalized polystyrene (Figure
6.2a) has disappeared after the reaction, and that new bands around 1700 and 3500 cm’
! have appeared (Figure 6.2b). The positions of the new bands are consistent with the
literature values of the C=0 and -N-H stretching frequencies of the carbamate R-NH-
C=0 group.®
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Figure 6.2. FT-IR spectra in transmittance mode of (a) isocyanate-functionlalized
polystyrene, and (b) isocyanate-functionalized polystyrene after the anchoring reaction
with VO-29. The most significant bond stretching frequencies are marked with arrows.
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Additionally, the UV-vis DRS analysis showed a broad band around 480 nm that can
be attributed to the LMCT band of vanadium catalysts,>® while the spectrum of
isocyanate-functionalized polystyrene showed the absence of such a peak at the same
position (Figure 6.3).
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Figure 6.3. The UV-vis DRS spectra of isocyanate-functionalized polystyrene before
(red line), and after anchoring with VO-29 (black line) plotted as absorbance values.
The arrow indicates the position of the LMCT band typical of our vanadium(V)
complexes.

Finally, the XPS measurements verified the presence of vanadium on the surface of
the composite material with the two peaks characteristic of VV 2p core energy levels
(Figure 6.4b).” Furthermore, the measured binding energy values for 2ps;, and 2pa/2 core
levels were 523 and 516 eV, respectively, indicating that \VV oxidation state should be
retained after the anchoring.” All the performed characterization measurements have
provided information which designate that the chemical anchoring between the alcohol
group of VO-29 and isocyanate of the polystyrene has occurred to a certain extent. The
future work will also focus on determining the amount of the vanadium complex present

on the polymer’s surface.
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Figure 6.4. The XPS spectra of (a) vanadium complex VO-29, and (b) product of the
anchoring reaction of VO-29 onto isocyanate-functionalized polystyrene. The binding
energies of vanadium 2p core levels are shown in the figure.

With the prepared composite at our disposal, we attempted to test its reactivity with
our well-established substrate 33. For the purpose of conducting the reaction, 10 mg of
the composite material were suspended in 1 mL of CD3sCN, along with 14 pL of
substrate (0.10 mmol), 40 uL of 1,4-CHD (0.40 mmol), and 10.6 puL (0.10 mmol) of
1,1,2,2-tetrachloroethane as internal standard. The reaction mixture was stirred in a vial
fitted with a needle to supply aerobic atmosphere while being irradiated by white LEDs
for 24 h. After 24 h of irradiation, the composite was removed by centrifuging, and the
supernatant solution was used in *H NMR spectroscopic experiments to determine the
product yields and substrate conversion. The preliminary results showed that after 24 h
of irradiation there was ca. 25% substrate conversion and 13% of 34, 7% of 27, 13% of
2, as well as 2% of 35 formation (Scheme 6.1). The experiments regarding the
optimization of reaction conditions and a possibility of utilizing different solvents are

currently ongoing.
VO composite

OH 0 CHO
1,4-CHD (4.0 eq.) ) . ©/\OH . . Pho_~
CD5CN, 24 h, air Ph

34 27 2 35

0.10 mmol conversion 25%
33 13% 7% 13% 2%

Scheme 6.1. Product distribution of C-C bond cleavage in 33 with a heterogeneous
catalyst.

Another complex that was designed and prepared for anchoring on a solid support is
VO-30 that bears an alkene moiety on its ligand. The alkenes are known to react with
surface -OH groups of metal oxides under thermal conditions resulting in a formation
of the ether bonds.®® Details regarding the synthesis of VO-30 and its ligand are
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described in the experimental section and the anchoring experiments involving VO-30

and various metal oxides are currently being explored by our group.

In addition to developing a heterogeneous system, another aspect of our
photocatalytic system that could be explored in the future is the possible
functionalization of the transient alkyl radical generated upon C-C bond activation. In
our current protocols, the aerobic oxygen binds to the alkyl radical leading to the
formation of the alkyl peroxo radical, which subsequently transforms into an oxygenated
product. However, if the transient radical could be successfully functionalized by other
means, it would allow for a plethora of synthetically, and even medicinally useful
products derived from alcohols by photoredox catalysis under exceptionally mild

conditions and with inexpensive catalysts.
6.3 Experimental Procedures
6.3.1 General Information

The vanadium complexes and ligands were prepared under a N2 atmosphere using
standard Schlenk techniques. Other synthetic procedures were conducted under aerobic
conditions unless stated otherwise. The chemicals used in the experiments were
purchased from Sigma-Aldrich and were used as received. Deuterated solvents were
purchased from Cambridge Isotope Laboratories and were used as received. The H,
13¢C, F, and %'V NMR spectroscopic data were obtained using Bruker AVANCE
spectrometers operating at 300, 400, and 500 MHz. The resulting 'H and *C NMR
chemical shifts (o reported in ppm) were referenced according to the residual solvent
signal(s) (CDCls = 7.26 ppm for *H and 77.2 ppm for *C; CDsCN = 1.94 ppm for ‘H
and 118.3 ppm for *C; MeOD-d, = 3.31 ppm for *H and 49.2 ppm for 3C; DMSO-ds =
2.50 ppm for *H and 39.52 ppm for *3C). The 'V NMR chemical shift was referenced
relative to V¥ (O)(Cl)s external standard (0 = 0.0 ppm). Crystallographic data were
collected on a Bruker X8 CCD diffractometer. The structures were solved and refined
using the Bruker SHELXTL software package. High-resolution electrospray ionization
mass spectra (HR-ESIMS) were obtained using a Waters Q-TOF Premier mass
spectrometer. UV-visible diffuse reflectance spectra were collected with a Shimadzu
UV-3600 UV-VIS-NIR spectrophotometer mounted with an ISR-3100 integrating
sphere attachment. The sample was applied onto the surface of the barium sulfate
powder that was packed on a sample holder of the ISR-3100 integrating sphere

154



attachment. Barium sulfate was used as a background reference. FT-IR spectroscopy
measurements were carried out with Bruker Vertex 80v and Shimadzu IRPrestige-21
FT-IR spectrometers. In a typical experiment, about 1.5 mg of the sample were mixed
with about 30.0 mg of potassium bromide (KBr) to make a pellet. The pellets were made
with a Specac Atlas manual hydraulic press 15T at 10 ton pressure. The FT-IR
experiments were conducted in transmission mode with data collected from 400 to 4000
cmt. XPS data were acquired using a Phoibos 100 spectrometer and a Mg X-ray source
(SPECS, Germany) working at 12.5 kV equipped with dual Al/Mg anodes. The O 1s
signal was also prominent in the XPS spectra due to the use of a carbon tape to attach

samples onto the specimen plates.
6.3.2 Synthetic Procedures and Spectroscopic Data
General procedure for the synthesis of ligands

In each reaction, to a stirring, heated solution of aryl hydrazide in absolute EtOH
under N2 was added a solution of the corresponding aryl aldehyde in EtOH dropwise.
The reaction mixture was then stirred at reflux for a specific amount of time detailed
below (between 3 and 36 h). The ligand was subsequently either precipitated out of the
mixture or was obtained by removing the solvent under vacuum. The as-synthesized
ligands were of sufficient purity to be used in the complexation reactions without any

further purification.

4-Fluoro-N'-(2-hydroxy-5-(hydroxymethyl)benzylidene)benzohydrazide  (L-
17)

O
HN—N
\

OH

To a heated solution of 4-fluorobenzohydrazide (0.46 g, 2.9 mmol) in EtOH (20 mL)
was added dropwise an EtOH solution of 2-hydroxy-5-(hydroxymethyl)benzaldehyde
(0.45 g, 2.9 mmol in 10 mL of EtOH) and the mixture was stirred at reflux for 36 h.
After the reaction was completed, the solvent was removed under reduced pressure and
the crude product was obtained as brown solid. The crude was dissolved in EtOAc and

precipitated with n-hexane to yield the ligand as a pale brown solid (0.60 g, 70% yield).
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'H NMR (DMSO-ds, 500 MHz): § = 4.43 (d, J = 5.4 Hz, 2 H), 5.11 (t, J = 5.6 Hz, 1 H),
6.89 (d,J=8.3Hz, 1 H),7.24(d, J =84 Hz,1H),7.38 (1, J=8.7Hz,2 H), 7.51 (s, 1
H), 8.02 (dd, J = 5.6, 8.4 Hz, 2 H), 8.63 (s, 1 H), 11.06 (s, 1 H), 12.08 (s, 1 H) ppm.
BC{'H} NMR (DMSO-ds, 100 MHz): ¢ = 62.4, 115.6 (d, J = 21.8 Hz), 116.1, 118.3,
127.4,129.4 (d, J = 2.8 Hz), 130.1, 130.4 (d, J = 9.1 Hz), 133.4, 148.1, 156.3, 161.8,
163.7 (d, J = 248.0 Hz) ppm. **F{*H} NMR (DMSO-ds, 376.50 MHz): ¢ = -107.6 ppm.
HRMS (ESI+, m/z) calculated for CisHi4sFN2O3 [M+H]* m/z = 289.0988, found
289.0994. IR (cm™): 3269 (vo-+), 3035 (vn-H), 1639 (vc=n).

N'-(3-allyl-2-hydroxybenzylidene)-2,3,4,5,6-pentafluorobenzohydrazide (L-18)

R F 5 /

F HO

HN-N
F F \

To a heated solution of 2,3,4,5,6-pentafluorobenzohydrazide (0.227 g, 1.0 mmol) in
absolute EtOH (3 mL) was added dropwise an EtOH solution of 3-allyl-2-
hydroxybenzaldehyde (147 pL, 1.0 mmol in 2 mL EtOH). The reaction mixture was
stirred at reflux for 3 h. After the reaction was completed, the solvent was removed
under reduced pressure, and the crude solid product was washed with n-hexane. The
final product was isolated as a white solid (0.289 g, 78% yield). *H NMR (CDsCN, 400
MHz): 6 = 3.45 (d, J = 6.7 Hz, 2 H), 5.07 (m, 2 H), 6.04 (m, 1 H), 6.92 (m, 1 H), 7.26
(d, J=7.6 Hz, 2 H), 8.34 (s, 1 H), 10.55 (bs, 1 H), 11.47 (s, 1 H) ppm. *C{*H} NMR
(CD3CN, 100 MHz): 6 = ppm. F{*H} NMR (CDsCN, 282.40 MHz): 6 = -161.8 (m, 2
F),-151.9 (t, J=19.8 Hz, 1 F), -141.5 (m, 2 F) ppm. HRMS (ESI+, m/z) calculated for
C17H12FsN202 [M+H]" m/z = 371.0819, found 371.0822.

General procedure for the synthesis of vanadium oxo complexes

In each reaction, to a heated, stirring solution of the ligand in MeOH was added the
vanadium(V) precursor, VO(QIPr)s, under N2, which led to an immediate change of the
reaction color from brown to dark red. The reaction mixture was stirred under reflux for
ca. 90 min. Subsequently, the solvent was removed under vacuum and the remaining
dark solid product was obtained. The solid was then re-dissolved in methanol and

filtered before finally obtaining the complex by solvent evaporation.
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Vanadium oxo complex VO-29

OH

The reaction of L-17 (0.15 g, 0.52 mmol) and VO(QiPr)s (114 pL, 0.52 mmol)
resulted in the formation of the corresponding complex (0.38 g, 95% vyield). *H NMR
(MeOD-ds, 400 MHz): 6 =4.61 (s, 2 H), 6.94 (d,J=8.4Hz, 1 H), 7.20 (t, J= 8.8 Hz, 2
H), 7.53 (dd, J = 2.1, 8.5 Hz, 1 H), 7.60 (d, J = 1.9 Hz, 1 H), 8.15 (m, 2 H), 8.76 (s, 1
H) ppm. BC{*H} NMR (MeOD-d4, 100 MHz): § = 64.6, 116.4 (d, J = 29.3 Hz), 117.9,
121.6,128.9,132.1,132.3(d, J =5.5 Hz), 134.8, 135.1, 154.1, 164.8, 168.1, 172.7 ppm.
PELIHY} NMR (MeOD-ds, 376.50 MHz): § = -110.7 ppm. °V NMR (MeOD-ds, 105.25
MHz): 6 = -545.8 ppm. HRMS (ESI+, m/z) calculated for C16H15FN2OsV [M+H]" m/z
= 385.0405, found 385.0399. IR (cm™): 3415 (vo-r), 1612 (ve=n), 975 (vw=0).

Vanadium oxo complex VO-30

F Npe)
F L W
O & OMe
H™ ™ "Me
F F
F

The reaction of L-18 (0.185 g, 0.50 mmol in 5 mL of MeOH) and VO(QiPr)sz (118
pL, 0.50 mmol) resulted in the formation of the corresponding complex (0.206 g, 88%
yield). *H NMR (MeOD-ds, 300 MHz): 6 = 3.51 (m, 2 H), 5.10 (m, 2 H), 6.06 (m, 1 H),
6.99 (t, J = 7.6 Hz, 1 H), 7.50 (m, 2 H), 8.76 (s, 1 H) ppm. ¥C{*H} NMR (MeOD-d4,
100 MHz): 6 = ppm. *F{*H} NMR (MeOD-ds, 282.40 MHz): § = -164.5 (m, 2 F), -
154.8 (tt, J = 3.0, 20.1 Hz, 1 F), -140.5 (m, 2 F) ppm. *V NMR (MeOD-d4, 105.25
MHz): 6 = -545.3 ppm. HRMS (ESI+, m/z) calculated for C1sH13F5N204V [M+H]* m/z
= 467.0235, found 467.0224. IR (cm™): 3404 (vo-r), 1606 (vc=n), 991 (vv=0).
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Procedure for the anchoring reaction of VO-29 on isocyanate-functionalized

polystyrene

To a heated solution of VO-29 (0.030 g, 0.080 mmol) in 5 mL of anhydrous THF
was added 0.025 g (0.038-0.063 mmol) of isocyanate-functionalized polystyrene and
the reaction mixture was stirred at reflux for 6 h. After the reaction, the suspension was
filtered, solids were collected, and washed repeatedly with MeOH (3 x 5 mL), THF (3
x 5 mL), and then with MeCN (3 x 5 mL). The solid product was subsequently dried

under reduced pressure yielding the desired product as a brownish solid (0.040 g).
6.3.3 X-Ray Crystallographic Analysis

Single crystals of suitable dimensions of complex VO-30 were obtained by slow
evaporation from MeOH. The crystals were mounted on a quartz fiber and the X-Ray
intensity data were measured on a Bruker X8 APEX system. Data were processed and
corrected for Lorentz and polarization effects with SAINT® and for absorption effects
with SADABS.!! The structure was solved and refined with the SHELXTL suite of
programs.*? The structure was solved by direct method and refined for all data by full-
matrix least-squares methods on F2. All non-hydrogen atoms were subjected to
anisotropic refinement. The hydrogen atoms were generated geometrically and allowed
to ride on their respective parent atoms; they were assigned appropriate isotopic thermal
parameters. Additional crystallographic parameters of VO-30 are tabulated in the

Appendix.
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APPENDIX

NMR Spectra of Compounds
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Figure A.1. The *H NMR spectrum of L-2 (DMSO-dg, 400 MHz).
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Figure A.2. The *C{*H} NMR spectrum of L-2 (DMSO-ds, 100 MHz).
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Figure A.3. The *H NMR spectrum of L-3 (DMSO-ds, 400 MHz).
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Figure A.4. The 3C{*H} NMR spectrum of L-3 (DMSO-ds, 100 MHz).
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Figure A.5. The ®F{*H} NMR spectrum of L-3 (DMSO-ds, 376.50 MHz).
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Figure A.6. The *H NMR spectrum of L-4 (CD3sCN, 300 MHz). Peaks marked with

asterisks correspond to the hydrazone-imidate form. The inset shows an expanded
view of the aromatic region.
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Figure A.7. The *C{*H} NMR spectrum of L-4 ((CD3).CO, 100 MHz). Peaks
marked with asterisks correspond to the hydrazone-imidate form. The inset shows the
multiplets arising from the pentafluoro carbons coupling with *°F nuclei more clearly.
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Figure A.8. The *F{*H} NMR spectrum of L-4 (CD3CN, 282.40 MHz). Peaks
marked with asterisks correspond to the hydrazone-imidate form.
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Figure A.9. The *H NMR spectrum of L-5 (CD3sCN, 300 MHz). Peaks marked with

asterisks correspond to the hydrazone-imidate form. The inset shows an expanded
view of the aromatic region.
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Figure A.10. The 3C{*H} NMR spectrum of L-5 ((CD3).CO, 100 MHz). Peaks
marked with asterisks correspond to the hydrazone-imidate form. The inset shows the
multiplets arising from the pentafluoro carbons coupling with *°F nuclei more clearly.
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Figure A.11. The **F{*H} NMR spectrum of L-5 (CD3CN, 282.40 MHz). Peaks
marked with asterisks correspond to the hydrazone-imidate form.
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Figure A.12. The 'H NMR spectrum of L-6 (CDsCN, 300 MHz). Peaks marked
with asterisks correspond to the hydrazone-imidate form.
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Figure A.13. The *C{*H} NMR spectrum of L-6 ((CD3).CO, 100 MHz). Peaks
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multiplets arising from coupling with *°F nuclei for the pentafluoro carbons.
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Figure A.14. The “*F{*H} NMR spectrum of L-6 (CD3CN, 282.40 MHz). Peaks

marked with asterisks correspond to the hydrazone-imidate form.
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Figure A.15. The 'H NMR spectrum of VO-11 (MeOD-ds, 400 MHz).
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Figure A.16. The *C{*H} NMR spectrum of VO-11 (MeOD-ds, 100 MHz). The
inset shows the sp? hybridized carbon peaks more clearly.
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Figure A.17. The >V NMR spectrum of VO-11 (MeOD-d4, 105.25 MHz).
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Figure A.18. The *H NMR spectrum of VO-12 (MeOD-d4, 400 MHz).
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Figure A.19. The *C{*H} NMR spectrum of VO-12 (MeOD-ds, 100 MHz). The
inset shows the sp? hybridized carbon peaks more clearly.
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Figure A.20. The *F{*H} NMR spectrum of VO-12 (MeOD-ds, 376.50 MHz).
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Figure A.21. The >V NMR spectrum of VO-12 (MeOD-ds, 105.25 MHz).
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Figure A.22. The 'H NMR spectrum of VO-13 (MeOD-ds, 300 MHz).
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Figure A.23. The ®C{*H} NMR spectrum of VO-13 (MeOD-ds, 100 MHz). The
inset shows the multiplets arising from the pentafluoro carbons coupling with *°F
nuclei, along with other peaks more clearly.
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Figure A.24. The ’F{*H} NMR spectrum of VO-13 (MeOD-ds, 282.40 MHz).
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Figure A.25. The >V NMR spectrum of VO-13 (MeOD-d4, 105.25 MHz).
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Figure A.26. The 'H NMR spectrum of VO-14 (MeOD-ds, 400 MHz).
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Figure A.28. The *F{*H} NMR spectrum of VO-14 (MeOD-ds, 376.50 Hz).
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Figure A.30. The H NMR spectrum of VO-15 (MeOD-d4, 400 MHz).
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Figure A.31. The B C{*H} NMR spectrum of VO-15 (MeOD-ds, 400 MHz). The
inset shows the multiplets arising from the pentafluoro carbons coupling with *°F
nuclei, along with other peaks more clearly.
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Figure A.32. The *F{*H} NMR spectrum of VO-15 (MeOD-ds, 282.40 MHz).
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Figure A.33. The >V NMR spectrum of VO-15 (MeOD-ds, 105.25 MHz).
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Figure A.34. The *H NMR spectrum of 25 (CDsCN, 300 MHz).
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Figure A.35. The *C{*H} NMR spectrum of 25 (CD3CN, 75 MHz).
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Figure A.37. The *)C{*H} NMR spectrum of 26 (CDCls, 100 MHz).
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Figure A.38. The H NMR spectrum of 32 (CDsCN, 500 MHz) after isolation by
preparatory thin-layer chromatography. The inset shows product peaks more clearly.
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Figure A.39. The *H NMR spectrum of 92 (CD3CN, 400 MHz)
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Figure A.40. The C{*H} NMR spectrum of 92 (CDsCN, 100 MHz).
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Figure A.41. The *H NMR spectrum of 36 (CDsCN, 300 MHz).
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Figure A.43. The *H NMR spectrum of 37 (CDsCN, 300 MHz).
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Figure A.44. The C{*H} NMR spectrum of 37 (CDCls, 100 MHz).
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Figure A.45. The *F{*H} NMR spectrum of 37 (CDCls, 376.5 MHz).
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Figure A.46. The *H NMR spectrum of 38 (CDCls, 300 MHz).
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Figure A.47. The BC{*H} NMR spectrum of 38 (CDCls, 100 MHz).
OH O
FsC
Bo ¥ ANNIANNARRY gaan b4 &3 z 88338y
NI RVE ey A92 v W VB
H0 CD,CN
_JU A K L l
T T T T T
?:5 ‘ 5:0 ‘ 75 ' 3}0 235
ppm

Figure A.48. The *H NMR spectrum of 39 (CDsCN, 400 MHz).
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Figure A.49. The *C{*H} NMR spectrum of 39 (CDCls, 100 MHz).
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Figure A.50. The **F{*H} NMR spectrum of 39 (CDCls, 376.5 MHz).
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Figure A.51. The *H NMR spectrum of 40 (CDsCN, 300 MHz).
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Figure A.52. The ®C{*H} NMR spectrum of 40 (CDCls, 100 MHz).
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Figure A.53. The *H NMR spectrum of 41 (CD3sCN, 300 MHz).
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Figure A.55. The 'H NMR spectrum of 42 (CDsCN, 300 MHz).
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Figure A.56. The 3C{*H} NMR spectrum of 42 (CDsCN, 75.47 MHz).
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Figure A.57. The *H NMR spectrum of 43 (CDsCN, 300 MHz).

rOor—

62 FL—

89'9/—
00°¢s \
zeis

95°ETT—
+9°9Z1

pozeI—=
TL82T—
A asd

69°9ET—

LTI —

Z6'0ST—

CDCly

T
90

T
95

T
100

T
105

T
110

T
115

T
120

T
125

T
130

T
135

T
140

T
145

T
150

ppm

Figure A.58. The *)C{*H} NMR spectrum of 43 (CDCls, 100 MHz).
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Figure A.59. The 'H NMR spectrum of 44 (CDsCN, 300 MHz).
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Figure A.60. The *C{*H} NMR spectrum of 44 (CDCls, 100 MHz).
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Figure A.62. The *H NMR spectrum of 45 (CD3sCN, 300 MHz).
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Figure A.63. The *C{*H} NMR spectrum of 45 (CDCls, 100 MHz).
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Figure A.64. The !B NMR spectrum of 45 (CD3CN, 128 MHz).
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Figure A.65. The *H NMR spectrum of 58 (CDCls, 300 MHz).
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Figure A.68. The *C{*H} NMR spectrum of 59 (CDCls, 126 MHz).

193



OH

~o

6Z°T

w1
£€6°T
6T
S6°T
96T
86T

162~
€67

PLESL
7454

mm.v
LL¥ W
08+

98'9—
oTL

Nﬁ.hv
6L
s

——}12'6

CDsCN

=00

10e

[4dira
10¢

T

4.0

T

4.5

1.0

1.5

2.0

2.5

3.0

3.5

5.0

5.5

6.0

6.5

7.0

7.5

ppm

Figure A.69. The *H NMR spectrum of 60 (CDsCN, 300 MHz).
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Figure A.71. The *H NMR spectrum of L-7 (DMSO-dg, 400 MHz).
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Figure A.72. The BC{*H} NMR spectrum of L-7 (CD3sCN, 100 MHz). The inset
shows the ligand’s carbon peaks more clearly.
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Figure A.73. The *H NMR spectrum of L-8 (DMSO-dg, 500 MHz).
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Figure A.74. The ¥C{*H} NMR spectrum of L-8 (DMSO-ds, 100 MHz). The inset

shows all signals more clearly.
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Figure A.75. The *H NMR spectrum of L-9 (DMSO-ds, 400 MHz).
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Figure A.76. The *)C{*H} NMR spectrum of L-9 (DMSO-dgs, 100 MHz). The inset

shows all signals more clearly.
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Figure A.77. The **F{*H} NMR spectrum L-9 (DMSO-ds, 376.50 MHz).
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Figure A.78. The *H NMR spectrum of L-10 (DMSO-ds, 500 MHz).
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Figure A.79. The *C{*H} NMR spectrum of L-10 (DMSO-dg, 100 MHz). The

inset shows all the peaks more clearly.
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Figure A.80. The “*F{*H} NMR spectrum of L-10 (DMSO-ds, 376.50 MHz).
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Figure A.82. The *C{*H} NMR spectrum of L-11 (DMSO-ds, 100 MHz).
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Figure A.83. The “*F{*H} NMR spectrum of L-11 (DMSO-ds, 376.50 MHz).
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Figure A.84. The *H NMR spectrum of L-12 (DMSO-ds, 400 MHz).
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Figure A.86. The “>F{*H} NMR spectrum of L-12 (CDsCN, 282.40 MHz).
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Figure A.88. The *C{*H} NMR spectrum of L-13 (DMSO-ds, 100 MHz).
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Figure A.89. The “*F{*H} NMR spectrum of L-13 (DMSO-ds, 376.50 MHz).
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Figure A.90. The 'H NMR spectrum of L-14 (DMSO-dg, 400 MHz). The inset
shows all signals more clearly.
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Figure A.91. The ®*C{*H} NMR spectrum of L-14 (DMSO-dgs, 100 MHz).
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Figure A.92. The 'H NMR spectrum of L-15 (DMSO-dg, 400 MHz).
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Figure A.94. The “*F{*H} NMR spectrum of L-15 (DMSO-ds, 376.50 MHz).
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Figure A.95. The *H NMR spectrum of L-16 (DMSO-ds, 300 MHz).
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Figure A.96. The ¥C{*H} NMR spectrum of L-16 (DMSO-ds, 75.5 MHz).
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Figure A.97. The *H NMR spectrum of VO-16 (MeOD-ds4, 400 MHz). The inset
provides better clarity of the aromatic region.
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Figure A.98. The *C{*H} NMR spectrum of VO-16 (DMSO-dgs, 100 MHz). The
inset shows carbon peaks of the complex more clearly.
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Figure A.99. The >V NMR spectrum of VO-16 (MeOD-ds, 105.25 MHz).
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Figure A.100. The *H NMR spectrum of VO-17 (MeOD-d4, 400 MHz). The inset
provides better clarity of the aromatic region.
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Figure A.101. The **V NMR spectrum of VO-17 (MeOD-ds, 105.25 MHz).
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Figure A.102. The 'H NMR spectrum of VO-18 (MeOD-ds, 400 MHz). The inset
shows the aromatic region more clearly.
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Figure A.103. The *F{*H} NMR spectrum of VO-18 (MeOD-da, 376.50).
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Figure A.104. The >V NMR spectrum of VO-18 (MeOD-d4, 105.25 MHz).
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Figure A.105. The 'H NMR spectrum of VO-19 (MeOD-da4, 400 MHz). The inset
provides better clarity of the aromatic region.
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Figure A.106. The BC{*H} NMR spectrum of VO-19 ((CD3).CO, 100 MHz). The
inset provides better clarity of the carbons corresponding to the complex.
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Figure A.107. The *F{*H} NMR spectrum of VO-19 (MeOD-d, 376.50 MHz).

-547.06

T : T T T T T ' T T T T T T T
-480 -500 -520 -540 -560 -580 -600 -620
Ppm

Figure A.108. The >V NMR spectrum of VO-19 (MeOD-d4, 105.25 MHz).
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Figure A.109. The *H NMR spectrum of VO-20 (MeOD-d4, 400 MHz). The inset
shows all the peaks more clearly.
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Figure A.110. The **F{*H} NMR spectrum of VO-20 (MeOD-ds, 376.50 MHz).
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Figure A.111. The 'V NMR spectrum of VO-20 (MeOD-ds, 105.25 MHz).

NO,
I NO,
NP
F AN
O . OMe
BION
H Me
F
gag 23 335 g ke ke
177 v NZ v
-OMe
H,0
MeOD-d,

" i

—0,91{2
l%#

0.93

g

T T T T T T T T T T T T e T L B S T T
92 90 88 86 84 82 80 78 7.6 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28
ppm

Figure A.112. The 'H NMR spectrum of VO-21 (MeOD-ds, 400 MHz).
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Figure A.113. The *F{*H} NMR spectrum of VO-21 (MeOD-d, 376.50 MHz).
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Figure A.114. The >V NMR spectrum of VO-21 (MeOD-ds, 105.25 MHz).
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Figure A.115. The 'H NMR spectrum of VO-22 (MeOD-ds, 400 MHz). The inset
shows the aromatic region more clearly. The peak at 3.35 ppm originates from the —
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8 483 3 8 3% R 5 29F s ® pzsens
o ] o n o= B o NOYWY - e o ALy Hr )
IR 9 gi8a 8 8 2ad s g §9ge%e
\ [ I INE I\ | =l

& a8 2 g 8ex F3 B

& g3 a v ]

o8 @ g Nes g 2

§ bi& 3 & S g 2

(I I [ 1 |

MeOD-dy

T T T T T T T T T T T
170 160 150 140 130 120 110 100 %0 80 70 60
ppm

T T T T T T T T T T T T T T T T T T T T T T T T T T !
175 170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45
ppm

Figure A.116. The *C{*H} NMR spectrum of VO-22 (MeOD-ds, 100 MHz). The
inset shows the carbon peaks of the complex more clearly.
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Figure A.117. The **F{*H} NMR spectrum of VO-22 (MeOD-ds, 376.50 MHz).
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Figure A.118. The >V NMR spectrum of VO-22 (MeOD-ds, 105.25 MHz).
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Figure A.119. The *H NMR spectrum of VO-23 (MeOD-d4, 400 MHz). The inset
provides better clarity of the aromatic region.
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Figure A.120. The >V NMR spectrum of VO-23 (MeOD-ds4, 105.25 MHz).
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Figure A.121. The *H NMR spectrum of VO-24 (MeOD-d4, 400 MHz).

-111.08

T 1
2 10

-100 -105

[ T I T I
-110 -115 -120
ppm

Figure A.122. The *F{*H} NMR spectrum of VO-24 (376.50 MHz).
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Figure A.123. The 'V NMR spectrum of VO-24 (MeOD-ds, 105.25 MHz).
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Figure A.124. The *H NMR spectrum of VO-25 (MeOD-d4, 300 MHz). The inset
provides better clarity of the aromatic region.
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Figure A.125. The >V NMR spectrum of VO-25 (MeOD-d4, 105.25 MHz).
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Figure A.126. The *H NMR spectrum of L-17 (DMSO-ds, 500 MHz).
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Figure A.127. The BC{*H} NMR spectrum of L-17 (DMSO-ds, 100 MHz).
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Figure A.128. The *F{*H} NMR spectrum of L-17 (DMSO-ds, 376.50 MHz).
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Figure A.130. The **F{*H} NMR spectrum of L-18 (CDsCN, 282.40 MHz). The
peaks marked with asterisks correspond to the hydrazone-imidate form of the ligand.

224



OH

8.76
8.17
8.16
8.15
8.14
60
60
54
54
52
52
23
20
18
5
93
4.61

&
P L L L ]

H20!

mmmmm
ARARR
mmmmm

MeOD-dy

T T T T T T T T T T T T
5.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35

ppm

Figure A.131. The *H NMR spectrum of VO-29 (MeOD-d4, 400 MHz).
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Figure A.132. The BC{*H} NMR spectrum of VO-29 (MeOD-ds, 100 MHz). The

inset shows all peaks more clearly.
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Figure A.133. The *F{*H} NMR spectrum of VO-29 (MeOD-ds, 376.50 MHz).
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Figure A.134. The *'V NMR spectrum of VO-29 (MeOD-ds, 105.25 MHz).
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Figure A.135. The *H NMR spectrum of VO-30 (MeOD-d4, 400 MHz).
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Figure A.136. The *F{*H} NMR spectrum of VO-30 (MeOD-d, 376.50 MHz).
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Figure A.137. The *'V NMR spectrum of VO-30 (MeOD-ds, 105.25 MHz)
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NMR Spectra of Reaction Products
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Figure A.138. The 'H NMR spectra of the photoreaction with 36 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.139. The 'H NMR spectra of the photoreaction with 37 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.140. The 'H NMR spectra of the photoreaction with 38 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.141. The 'H NMR spectra of the photoreaction with 39 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.142. The 'H NMR spectra of the photoreaction with 40 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.144. The 'H NMR spectra of the photoreaction with 42 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.145. The 'H NMR spectra of the photoreaction with 43 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.146. The 'H NMR spectra of the photoreaction with 44 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to product 35.
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Figure A.147. The 'H NMR spectra of the photoreaction with 45 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to 35.
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Figure A.148. The 'H NMR spectra of the photoreaction with 55 before (top) and

after (bottom) light irradiation.
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Figure A.149. The 'H NMR spectra of the photoreaction with 56 before (top) and
after (bottom) light irradiation. The peak at 2.91 ppm corresponds to 35.
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Figure A.152. The 'H NMR spectra of the photoreaction with 59 before (top) and
after (bottom) light irradiation.
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Figure A.153. The 'H NMR spectra of the photoreaction with 60 before (top) and

after (bottom) light irradiation.
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Figure A.154. The 'H NMR spectra of the photoreaction with 61 before (top) and
after (bottom) light irradiation. This reaction was performed on a 0.020 mmol scale
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Figure A.155. The 'H NMR spectra of the photoreaction with 62 before (top) and

after (bottom) light irradiation.

SRHNGAEIRIIER E g 838 X8R
oh ) g f N SN
OH 1,4-CHD
o
. o
c ¢
o [e]
o oo 0o J CD,CN
MDY A b :
T ) 1" M
s 88 =8 i B 8
10.5 10.0 9.5 9.0 85 8.0 75 70 6.5 6.0 55 S0 45 4.0 35 30 25 2.0
Ppm
g 2 8§ 283 ZRURERER 2 g 88583 1 z
8 s o= epeie e G . X anZis , N
| % RSN SN | I |
1,4-CHD 1,4-CHD
24h EOH CHO
* -
Cl Cl
Cl Cl
9 *
. ; JJ\H . . x X CD;CN
) T q ZLT I T T N
g s 2 28 238 =8 = g%
105 10.0 a5 3.0 85 8.0 7.5 7.0 6.5 6.0 5.5 50 4.5 4.0 35 3.0 25 20
pam

Figure A.156. The 'H NMR spectra of the photoreaction with 63 before (top) and

after (bottom) light irradiation.
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Figure A.157. The 'H NMR spectra of the photoreaction with 78 before (top) and
after (bottom) light irradiation. The inset shows the peaks corresponding to formic acid
and formaldehyde more clearly.
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Figure A.158. The 'H NMR spectra of the photoreaction with 79 before (top) and
after (bottom) light irradiation.
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Figure A.159. The 'H NMR spectra of the photoreaction with 80 before (top) and
after (bottom) light irradiation.
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Figure A.160. The 'H NMR spectra of the photoreaction with 81 before (top) and
after (bottom) light irradiation. The inset shows the peaks corresponding to formic acid
and propionaldehyde more clearly.
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Figure A.161. The 'H NMR spectra of the photoreaction with 82 before (top) and
after (bottom) light irradiation. The inset shows the peaks corresponding to the

aldehyde products more clearly.
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Figure A.162. The 'H NMR spectra of the photoreaction with 83 before (top) and
after (bottom) light irradiation. The inset shows the peaks corresponding to the
aldehyde products more clearly.
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X-Ray Crystallographic Data
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Table A.1. Crystal and structure refinement data for complex VO-11.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

shs205s

C16H17N20sV

368.26 g/mol

133(2) K

1.54178 A

0.010 x 0.020 x 0.040 mm
red block
monoclinic

P 2i/c
a=8.0417(2) A
b =16.8891(5) A
c=12.0553(3) A
1592.44(7) A3

4

1.536 g/cm?®
5.480 mm™*

760

4.59 to 66.68°
-8<=h<=9, -19<=k<=19, -14<=I<=14
9292

2791 [R(int) = 0.0537]

@ =90°
B =103.4452)°
vy =90°

98.8%

Multi-Scan

0.9470 and 0.8110

direct methods

XT, VERSION 2013/1

Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
= w(Fo” - Fe?)?

2791/01/222

1.103

2278 data;
[>20(I) R1=0.0395, wR2 =0.0988

alldata R1=0.0518, wR2 = 0.1038
w=1/[6%(Fo?)+(0.0508P)?]

where P=(Fo?+2F¢)/3

0.444 and -0.354 eA

0.066 eA
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Table A.2. Crystal and structure refinement data for complex VO-13.

Identification code shs190

Chemical formula Ci6H12FsN20s5V

Formula weight 458.22 g/mol

Temperature 103(2) K

Wavelength 0.71073 A

Crystal size 0.120 x 0.200 x 0.420 mm
Crystal habit red block

Crystal system triclinic

Space group P-1

Unit cell dimensions a=7.7376(4) A o=77.527(3)°

b=10.3301(5) A B=71.110(2)°
c=11.7736(6) A y=177.229(3)°

Volume 857.65(8) A3

Z 2

Density (calculated) 1.774 g/cm?®
Absorption coefficient 0.665 mm*

F(000) 460

Theta range for data collection 1.85 to 31.29°

Index ranges -11<=h<=11, -15<=k<=15, -17<=I<=17
Reflections collected 26988

Independent reflections 5594 [R(int) = 0.0507]
gc])c};ecrt?gﬁsof independent 99.6%

Absorption correction Multi-Scan

Max. and min. transmission 0.9240 and 0.7680
Structure solution technique direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized > w(Fo? - F?)?

Data / restraints / parameters 5594 /0/ 267

Goodness-of-fit on F? 1.043

A/6max 0.001

Final R indices ?fgg(?)ata’ R1 = 0.0324, wR2 = 0.0837
all data R1 =0.0398, wR2 = 0.0882

w=1/[62(Fo?)+(0.0395P)? +0.3675P]
where P=(Fo?+2F¢?)/3

Largest diff. peak and hole 0.704 and -0.557 eA3
R.M.S. deviation from mean 0.075 eA3

Weighting scheme
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Table A.3. Crystal and structure refinement data for complex VO-14.

Identification code shs191

Chemical formula Ci6H11FsN3O7V

Formula weight 503.22 g/mol

Temperature 103(2) K

Wavelength 0.71073 A

Crystal size 0.020 x 0.060 x 0.180 mm
Crystal habit red plate

Crystal system triclinic

Space group P-1

Unit cell dimensions a=78153(7) A  a=78.955(7)°

b =11.0933(10) A B =85.104(7)°
c=11.0932(12) A y=77.783(6)°

Volume 921.55(16) A3

Z 2

Density (calculated) 1.813 g/cm?®
Absorption coefficient 0.637 mm*

F(000) 504

Theta range for data 18710 28.41°
Index ranges -10<=h<=10, -14<=k<=14, -14<=I<=14
Reflections collected 15783

Independent reflections 4615 [R(int) = 0.1164]
(ré?c}geci?gﬁsof independent 99.4%

Absorption correction Multi-Scan

Max. and min. transmission  0.9870 and 0.8940
Structure solution technique  direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized > w(Fo? - F?)?

Data / restraints / parameters 4615/0/ 294

Goodness-of-fit on F? 0.981

A/omax 0.001

Final R indices 2669 data; I>20(I) R1 =0.0548, wR2 =0.0998
all data R1=0.1149, wR2 = 0.1218

w=1/[c?(Fo?)+(0.0343P)?]
where P=(Fo?+2F¢?)/3
Largest diff. peak and hole 0.454 and -0.760 eA3
R.M.S. deviation from mean  0.107 eA

Weighting scheme
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Table A.4. Crystal and structure refinement data for complex VO-15.

Identification code shsl74

Chemical formula C17H14F5N4O10V

Formula weight 580.26 g/mol
Temperature 153(2) K

Wavelength 0.71073 A

Crystal size 0.180 x 0.240 x 0.280 mm
Crystal habit red block

Crystal system monoclinic

Space group P 21/n

Unit cell dimensions a=14.0565(9) A a=90°

b=117664(7) A PB=113.164(2)°
c=14.2345(10) A y=90°

Volume 2164.5(2) A3

Z 4

Density (calculated) 1.781 glcm?®
Absorption coefficient 0.566 mm*

F(000) 1168

Theta range for data 233103107°
Index ranges -17<=h<=20, -17<=k<=17, -20<=I<=17
Reflections collected 40179

Independent reflections 6918 [R(int) = 0.0996]
(ré?c}geci?gﬁsof independent 99.6%

Absorption correction Multi-Scan

Max. and min. transmission  0.9050 and 0.8580
Structure solution technique  direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized > w(Fo? - F?)?

Data / restraints / parameters 6918 /0/ 341

Goodness-of-fit on F? 1.002

A/omax 0.001

Final R indices 4668 data; [>206(I) R1 =0.0483, wR2 =0.1030
all data R1 =0.0844, wR2 = 0.1236

w=1/[62(Fo?)+(0.0337P)? +1.7738P]
where P=(Fo?+2F¢?)/3

Largest diff. peak and hole 0.496 and -0.555 eA3
R.M.S. deviation from mean  0.085 eA™

Weighting scheme
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Table A.5. Crystal and structure refinement data for VO-16.

Identification code shs194s

Chemical formula CesH6aN16037V4

Formula weight 1865.08 g/mol

Temperature 103(2) K

Wavelength 1.54178 A

Crystal size 0.010 x 0.020 x 0.420 mm

Crystal system triclinic

Space group P-1

Unit cell dimensions a=17.8518(2) A o=95.1437(11)°

b=13.8041(3) A  B=95.0087(11)°
c=36.9524(7) A y=91.9535(11)°

Volume 3970.25(15) A3

Z 2

Density (calculated) 1.560 g/cm?®

Absorption coefficient 4,730 mm*

F(000) 1908

Ior;fgjt{j‘:ge for data 2.41 10 66.67°

Index ranges -8<=h<=9, -16<=k<=16, -43<=1<=43

Reflections collected 76199

Independent reflections 13949 [R(int) = 0.0546]

Max. and min. transmissions 0.9540 and 0.2410

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized > w(Fo? - F?)?

Data / restraints / parameters 13949 / 1300/ 1175

Goodness-of-fit on F? 1.070

A/omax 0.002

Final R indices 12817 data; >206(I) R1 =0.0490, wR2 =0.1170
all data R1=0.0528, wR2 =0.1193

w=1/[2(Fo?)+(0.0337P)>+7.6363P]
where P=(Fo?+2F¢?)/3

Largest diff. peak and hole  0.965 and -0.606 eA
R.M.S. deviation from mean 0.068 eA

Weighting scheme
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Figure A.163. Four asymmetric units of VO-16 in the crystal cell. Hydrogen atoms
and solvent molecules are omitted for clarity.
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Table A.6. Crystal and structure refinement data for VO-17.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

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

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

cu_shs_195s_0m_5

C17H18N5012V

535.30 g/mol

133(2) K

1.54178 A

0.020 x 0.040 x 0.240 mm

orange needle

triclinic

P-1

a=7.0201(2) A o=110.0689(16)°
b =11.9058(4) A B=97.6241(17)°
c=14.1087(5) A vy =96.3340(17)°
1082.32(6) A®

2

1.643 g/cm?®

4,537 mm*

548

3.39 t0 66.96°

3799

3799 [R(int) = 0.0616]

98.1%

Multi-Scan

0.9150 and 0.4090

direct methods

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
z W(Fo2 - F02)2

3799/1/326

1.050

3447 data;

>26(1) R1=0.0693, wR2 =0.1740
all data

w=1/[6%(F¢?)+(0.1108P)?+0.1505P]
where P=(Fo?+2F¢)/3

0.762 and -0.429 eA

0.124 eA
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Table A.7. Crystal and structure refinement data for VO-18.

Identification code shs165s

Chemical formula C16H15FN3O7V

Formula weight 431.25 g/mol
Temperature 103(2) K

Wavelength 1.54178 A

Crystal size 0.020 x 0.040 x 0.420 mm
Crystal habit red needle

Crystal system monoclinic

Space group P 2i/c

Unit cell dimensions a=112046(2) A a=90°

b =7.97740(10) A B =105.8546(7)°
c=20.2462(3) A y=90°

Volume 1740.83(5) A®

Z 4

Density (calculated) 1.645 glcm?®
Absorption coefficient 5.306 mm*

F(000) 880

Ior;fgg‘tirj‘r?ge for data 4.10 to 67.41°

Index ranges -13<=h<=13, -9<=k<=9, -24<=1<=23
Reflections collected 15604

Independent reflections 3128 [R(int) = 0.0552]
(ré?c}geci?gﬁsof independent 99.4%

Absorption correction Multi-Scan

Max. and min. transmission  0.9010 and 0.2140
Structure solution technique direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F2

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized T w(Fo? - F?)?

Data / restraints / parameters 3128 /0 /259

Goodness-of-fit on F? 1.079

Final R indices 2975 data; I>20(I) R1 =0.0336, wR2 = 0.0921
all data R1 =0.0351, wR2 = 0.0936

Weighting scheme w=1/[6?(Fo?)+(0.0518P)?+0.6730P]

where P=(Fo?+2F¢)/3
Largest diff. peak and hole  0.402 and -0.420 eA-®
R.M.S. deviation from mean 0.064 eA
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Table A.8. Crystal and structure refinement data for VO-19.

Identification code shs164s

Chemical formula C16H14FN4OgV

Formula weight 476.25 g/mol

Temperature 103(2) K

Wavelength 1.54178 A

Crystal size 0.010 x 0.020 x 0.220 mm

Crystal habit red needle

Crystal system triclinic

Space group P-1

Unit cell dimensions a=7.8016(2) A «=92.8526(18)°

b =15.1489(4) A B =91.161(2)°
¢ =16.0022(4) A y=97.375(2)°

Volume 1872.58(8) A3

Z 4

Density (calculated) 1.689 g/cm?®
Absorption coefficient 5.100 mm*

F(000) 968

Theta range for data collection 2.77 to 66.44°
Reflections collected 6405

Independent reflections 6405 [R(int) = 0.1823]
gc])c};ecrt?gﬁsof independent 97 3%

Absorption correction Multi-Scan

Max. and min. transmission ~ 0.9510 and 0.4000
Structure solution technique  direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized Y w(Fo? - F?)?

Data / restraints / parameters 6405/0 /563

Goodness-of-fit on F? 1.043

Final R indices ?jzg(?)ata, R1=0.1016, WR2 = 0.2271
all data R1=0.1581, wR2 = 0.2608

w=1/[6%(Fo?)+(0.1609P)?]
where P=(Fo?+2F¢)/3
Absolute structure parameter 0.00(6)

Largest diff. peak and hole 1.279 and -1.510 eA
R.M.S. deviation from mean  0.265 eA

Weighting scheme
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Figure A.164. Two asymmetric units in the crystal cell of VO-19. Hydrogen atoms
are omitted for clarity.
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Table A.9. Crystal and structure refinement data for VO-20.

Identification code shs215s

Chemical formula Ci6H14F2N3O7V

Formula weight 449.24 g/mol

Temperature 103(2) K

Wavelength 1.54178 A

Crystal size 0.010 x 0.040 x 0.100 mm
Crystal habit red plate

Crystal system triclinic

Space group P-1

Unit cell dimensions a=77058(2) A a=79.765(3)°

b=10.7711(3) A B =83.602(2)°
c=11.3061(3) A y=76.584(2)°

Volume 895.85(4) A3

Z 2

Density (calculated) 1.665 g/cm?®
Absorption coefficient 5.267 mm*

F(000) 456

Theta range for data collection 3.98 to 66.76°

Index ranges -9<=h<=8, -12<=k<=12, -13<=I<=13
Reflections collected 9142

Independent reflections 3125 [R(int) = 0.0587]
gc])c};ecrt?gﬁsof independent 98.4%

Absorption correction Multi-Scan

Max. and min. transmission 0.9490 and 0.6210
Structure solution technique  direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized T w(Fo? - F?)?

Data / restraints / parameters 3125/0/ 267

Goodness-of-fit on F? 1.030

Final R indices szgg(?)ata, R1 = 0.0431, wR2 = 0.1086
all data R1=0.0518, wR2 =0.1135

w=1/[6%(Fo?)+(0.0644P)?]
where P=(Fo?+2F)/3
Largest diff. peak and hole 0.408 and -0.393 eA®
R.M.S. deviation from mean  0.083 eA?

Weighting scheme
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Table A.10. Crystal and structure refinement data for VO-21.

Identification code shs203s

Chemical formula C17H17F2N4O10V

Formula weight 526.28 g/mol

Temperature 103(2) K

Wavelength 1.54178 A

Crystal size 0.020 x 0.060 x 0.120 mm

Crystal habit orange plate

Crystal system triclinic

Space group P-1

Unit cell dimensions a=6.85470(10) A o= 68.8618(11)°

b=12.4917(2) A B=83.3484(11)°
c=13.1755(2) A y=85.5873(11)°

Volume 1044.43(3) A3

Z 2

Density (calculated) 1.673 g/cm?®
Absorption coefficient 4,743 mm?

F(000) 536

Ior;fgst{j:ge for data 3.61 t0 66.66°

Index ranges -7<=h<=8, -14<=k<=14, -15<=I<=15
Reflections collected 10638

Independent reflections 3653 [R(int) = 0.0469]
(ré?c}geci?gﬁsof independent 98.6%

Absorption correction Multi-Scan

Max. and min. transmission  0.9110 and 0.6000
Structure solution technique direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F2

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized T w(Fo? - F?)?

Data / restraints / parameters 3653 /0 /314

Goodness-of-fit on F? 1.037

A/6max 0.001

Final R indices 3247 data; I>20(1) R1 =0.0404, wR2 =0.1129
all data R1=0.0446, wR2 = 0.1158

w=1/[6%(Fo?)+(0.0770P)?]
where P=(Fo?+2F¢)/3
Largest diff. peak and hole  0.441 and -0.428 eA
R.M.S. deviation from mean 0.086 eA

Weighting scheme
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Table A.11. Crystal and structure refinement data for VO-22.

Identification code shs146s

Chemical formula C18H20FN206V

Formula weight 430.30 g/mol
Temperature 103(2) K

Wavelength 0.71073 A

Crystal size 0.010 x 0.140 x 0.320 mm
Crystal habit red plate

Crystal system monoclinic

Space group P 2i/c

Unit cell dimensions a=12.389(3) A a=90°

b =7.9459(15) A B =103.779(6)°
c=19.874(4) A y=90°

Volume 1900.1(6) A3

Z 4

Density (calculated) 1.504 g/cm?®
Absorption coefficient 0.569 mm*

F(000) 888

Theta range for data 16910 27.54°
Index ranges -16<=h<=16, -10<=k<=10, -22<=I<=25
Reflections collected 15764

Independent reflections 4279 [R(int) = 0.1101]
(ré?c}geci?gﬁsof independent 97.8%

Absorption correction Multi-Scan

Max. and min. transmission  0.9940 and 0.8390
Structure solution technique  direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized > w(Fo? - F?)?

Data / restraints / parameters 4279/0/ 259

Goodness-of-fit on F? 0.986

Final R indices IZjSS(f)ata’ R1 = 0.0589, wR2 = 0.1036
all data R1=0.1335, wR2 = 0.1295

w=1/[c?(Fo?)+(0.0480P)?]
where P=(Fo?+2F¢?)/3
Largest diff. peak and hole 0.451 and -0.492 eA3
R.M.S. deviation from mean  0.099 eA~

Weighting scheme
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Table A.12. Crystal and structure refinement data for VO-23.

Identification code shs231

Chemical formula C16H15N205V

Formula weight 366.24 g/mol
Temperature 103(2) K

Wavelength 0.71073 A

Crystal size 0.020 x 0.080 x 0.160 mm
Crystal habit yellow plate

Crystal system monoclinic

Space group Cc

Unit cell dimensions a=10.7553(6) A a=90°

b=21.5688(12) A B=127.434 (2)°
c=834974 A y=90°

Volume 1538.05(15) A3

Z 4

Density (calculated) 1.582 g/cm?®

Absorption coefficient 0.675 mm*

F(000) 752

Ior;fgst{j:ge for data 1.89 to 31.00°

Index ranges -15<=h<=14, -31<=k<=31, -12<=I<=11
Reflections collected 11404

Independent reflections 3440 [R(int) = 0.0809]

Coverage of independent
reflections

Absorption correction Multi-Scan
Max. and min. transmission 0.9870 and 0.9000
Structure solution

99.8%

direct methods

technique

Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized Y w(Fo? - F?)?

Data / restraints / 3440/ 2 / 219

parameters

Goodness-of-fit on F? 1.015

Final R indices 2684 data; I>20(I) R1 =0.0462, wR2 = 0.0659
all data R1=0.0720, wR2 = 0.0723

Weighting scheme w=1/[6%(Fo?)+(0.0177P)?+0.3824P]

where P=(Fo?+2F¢)/3

Absolute structure

parameter 0.05(2)
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Largest diff. peak and hole 0.648 and -0.683 eA™

R.M.S. deviation from
mean

0.103 eA
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Table A.13. Crystal and structure refinement data for VO-24.

Identification code shs249m

Chemical formula C16H14FN20sV

Formula weight 384.23 g/mol
Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.085 x 0.304 x 0.341 mm
Crystal habit red block

Crystal system monoclinic

Space group P 21/n

Unit cell dimensions a=10.7543(3) A a=90°

b =11.0189(3) A B =100.5998 (10)°
c=13.1808(4) A y=90°

Volume 1535.28(8) A3

Z 4

Density (calculated) 1.662 g/cm?®

Absorption coefficient 0.689 mm*

F(000) 784

Thetarange fordata 5 3.4 30,95

Index ranges -15<=h<=15, -15<=k<=15, -19<=1<=18
Reflections collected 24603

Independent reflections 4855 [R(int) = 0.1052]

Coverage of independent
reflections

Absorption correction Numerical Mu Calculated
Max. and min. transmission 0.9440 and 0.7990
Structure solution technique direct methods

Structure solution program XS, VERSION 2013/1

99.3%

Refinement method Full-matrix least-squares on F2

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized T w(Fo? - F?)?

Data / restraints / 4855 /0 / 228

parameters

Goodness-of-fit on F? 1.041

A/omax 0.001

. . 3676 data;

Final R indices 1>26(1) R1 = 0.0690, WR2 = 0.1677

all data R1=0.0951, wR2 =0.1902

w=1/[6(Fo?)+(0.1051P)2+1.3055P]

Weighting scheme where P=(Fo%+2F2)/3
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Absolute structure 0.05(2)
parameter

Largest diff. peak and hole  1.245 and -1.352 eA
R.M.S. deviation from mean 0.141 eA?

260



Table A.14. Crystal and structure refinement data for VO-25.

Identification code shs235m

Chemical formula C16H14BrsN20sV
Formula weight 604.96 g/mol
Temperature 296(2) K

Wavelength 0.71073 A

Crystal size 0.020 x 0.180 x 0.200 mm
Crystal habit red plate

Crystal system monoclinic

Space group P 2i/c

Unit cell dimensions a=11.2612(2) A 0.=90°

b =12.4044(3) A p=91.7283 (8)°
c =14.4856(3) A y=90°

Volume 2022.55(7) A3

Z 4

Density (calculated) 1.987 glcm?®
Absorption coefficient 6.446 mm*

F(000) 1168

Theta range fordata 41931 03¢
Index ranges -16<=h<=15, -17<=k<=17, -20<=1<=20
Reflections collected 61634

Independent reflections 6442 [R(int) = 0.0784]
(ré?c}geci?gﬁsof independent 99.7%

Absorption correction Multi-Scan

Max. and min. transmission 0.8820 and 0.3590
Structure solution technique direct methods
Structure solution program XS, VERSION 2013/1

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized > w(Fo? - F?)?

Data / restraints / parameters 6442 / 0 / 246

Goodness-of-fit on F? 1.030

A/6max 0.057

Final R indices ?jgg(f)ata’ R1=0.0382, wR2 = 0.0775
all data R1=0.1121, wR2 = 0.1096

w=1/[c?(Fo?)+(0.0338P)?+2.9503P]
where P=(Fo?+2F?)/3
Largest diff. peak and hole  0.775 and -0.949 eA-3

Weighting scheme
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R.M.S. deviation from mean 0.091 eA
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Table A.15. Crystal and structure refinement data for complex VO-30.

Identification code shs309m

Chemical formula C19H16F5N205V

Formula weight 498.28 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.060 x 0.300 x 0.320 mm

Crystal habit brown plate

Crystal system triclinic

Space group P-1

Unit cell dimensions a=9.1540(3) A «=95.3703(13)°

b =10.4421(3) A B=98.4233(12)°
¢ =10.6666(3) A y=97.3293(12)°

Volume 993.78(5) A3

Z 2

Density (calculated) 1.665 g/cm?®

Absorption coefficient 0.581 mm*

F(000) 504

Thetarange for data 5 g4 1 30,9p¢

Index ranges -12<=h<=12, -14<=k<=14, -14<=I<=15
Reflections collected 22376

Independent reflections 5760 [R(int) = 0.0762]

Coverage of independent
reflections

Absorption correction Multi-Scan

Max. and min. transmission 0.9660 and 0.8360
Structure solution technique direct methods
Structure solution program XT, VERSION 2014/5

99.7%

Refinement method Full-matrix least-squares on F2

Refinement program SHELXL-2016/6 (Sheldrick, 2016)

Function minimized > w(Fo? - F?)?

Data / restraints / 5760/ 1/ 295

parameters

Goodness-of-fit on F? 1.007

. . 4915 data;

Final R indices 1>2(T) R1=0.0576, wR2 = 0.1528

all data R1=0.0663, wR2 =0.1628

w=1/[6%(Fo?)+(0.0992P)?+0.6955P]
where P=(Fo?+2F)/3
Extinction coefficient 0.0360(70)

Weighting scheme
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Largest diff. peak and hole 1.396 and -1.410 eA
R.M.S. deviation from mean 0.116 eA
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Figure A.165. The FT-IR spectrum of L-1.
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Figure A.169. The FT-IR spectrum of L-5.
125 —
%T |
100 — -
. i
‘1] !'l‘ "u: A
. 7lE 4y il
75 AT e . “J
" ég ;l‘l‘n.' ‘l
F @ - |
| ) /7 | 2 | I,‘l ‘lJl ‘| 1
50 e ll"’"‘- o f"r‘ g o | \" I‘I\‘ ﬂ
i LN /L3 & ! ;' NI R
= / BE ' IRE
= | [ e | A !t s
& | [ Z ‘ A T =
1 ® f i [ f“l Ll 8
| | / fi / " o/
25 ,‘ I‘ A ” | |‘ | ll||‘| . IL"\J I;\‘l Ug 8
J Y h N ‘ I 8
\ a4 i e L
i Ny o AN e tisl &8 1 g
0— = , & (S VA VY Bt R P AR AT A - ‘ 2
i gy~ LILTT L1 a0 Lk L b ° idd
oo B towhg e b oo 2o N9d o £ @2
8z & 52B2E 8§ 96 580 Hog 8§ g g
. "e 232258 S 33 8B8s =g gz ° T
25—
R B e .
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
Ligand 5F 2NO2 1/em

Figure A.170. The FT-IR spectrum of L-6.
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Figure A.172. The FT-IR spectrum of L-8.
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Figure A.173. The FT-IR spectrum of L-9.
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Figure A.175. The FT-IR spectrum of L-11.
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Figure A.176. The FT-IR spectrum of L-12.
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Figure A.177. The FT-IR spectrum of L-13.
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Figure A.178. The FT-IR spectrum of L-14.
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Figure A.179. The FT-IR spectrum of L-15.
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Figure A.180. The FT-IR spectrum of L-16.
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Figure A.181. The FT-IR spectrum of L-17.
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Figure A.182. The FT-IR spectrum of VO-10.
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Figure A.183. The FT-IR spectrum of VO-11.
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Figure A.184. The FT-IR spectrum of VO-12.
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Figure A.189. The FT-IR spectrum of VO-17.
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Figure A.190. The FT-IR spectrum of VO-18.

277



100

GE'TES
2L9LS
62829

— —Sy'6LL

rAR 47
- —68G18
——— —L¥¥s8

z 9Cv16
- —0v'LE6
- —LL'186

€9'6£0L
€V'6601
= 9E'GGLL

LE'GETL

9¥TYEL
28'98¢€1

Ly'0S¥L

8Y'¥0SL
~LP'EESE
- —80°045}

Ge'glol

—/8'8181

€0°€T61

—18'0LvC

§6'2992
-L0'9182

91'9.62
2€'080E

levsee

G6'L1GE

%T
80—
60
40

-20

3600

VO 1F2NO2

4000

2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
1/cm

3200

Figure A.191. The FT-IR spectrum of VO-19.
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Figure A.192. The FT-IR spectrum of VO-20.
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Figure A.193. The FT-IR spectrum of VO-21.

2400

2800

2000

1800

T
1600

T
1400

T
1200

1000

800

600

400
1/em

125
%T |

100

50—

3394.72

25

-25

178415 1

2042.62— "
1915.31—

1693.50— <

1469.76 —

1504.48— —

1274.95— ——

122673 -
1153.43

769.60 —

74259 —

4000 3600 3200
VO 1F BnOMe

Figure A.194. The FT-IR spectrum of VO-22.

T T
2800 2400

2000 1800

279

T
1600

T
1200

T
800

T
600

400
1/cm



%T ] AN
el
60— L8 i
> © -
12 5 \ I [
- em =3 1 ‘
i i ‘
1 ﬁi | (i ‘\ I
/ ‘ \ el (1]l
40 L < / i i | [T - T
A ‘ o \ I ‘ H ‘ il rana
g : SV [ Ly
© g \ 1 O O P W
4 JR = | 8 I Iy It W I
1l & < 3 L ”‘ 1 [ ‘ ||
< o g ‘ ‘1[1 “‘ ﬂ\‘ : “ ) ‘\ ‘ H [~
20 3 g Rl i INERIAIRI KB
i 1 il \H IR L ed
RN [Lfrg e | L[y %
- LY RRSRAINIES [Vl &
el \‘u;“‘ H‘ \ s &
‘ AR LUy Ky ] '8
= Vb s W e / &
JLdY (3 VAR ; vw 'Y
0 e g @Ay 8 |g
Il | gg™ 23 | 488 RS Hex | ¥
8a g3 g3° 8283 g3 5388 g
59 2 2°g g 8-- R~ 8 ©
. 33 - g 8% ©
-20 —

T T T T I T LI I . LI ) O A L LT R SR L L
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
VO OMe 1/cm

Figure A.195. The FT-IR spectrum of VO-23.
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Figure A.196. The FT-IR spectrum of VO-24.
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Figure A.197. The FT-IR spectrum of VO-25.
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Figure A.198.

The FT-IR spectrum of VO-29.
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Figure A.199. The FT-IR spectrum of VO-30.

282



