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Abstract of Di ssertation

Design and Application of Layered Dou
Catalysts for Tandem Transfor mati c

The principles of green chemistry have I

more sustainable and efficient chemical proc
a pivotal role by enabling enhancedndeacti vi
energy input. This work focuses on the desidg

specifically palladium (Pd) supported hydrot
bot h-viail gle synthetic transf or naabtlieo nfse eadnsdt otchkes

We present -atepgpl|l sghbht betoine pretuppolbtdadr

hydrotalcite (Pd/ HT) catal yst s, utilizing

hydroxide (LDH) material. I n contrast to con
of fxeaepti onal structur al and electronic tuna
di val ent and trivalent met al dopant s. These

active sites -iamndo cceannt ascutp paosr trson adi belaviyorn .nf
This uniqgue combination of properties provi

selectivity while maintaining excellent ther

A comprehensive suite of characterizati on
catal yst composition, met al di sper is@®n, 0 X i
anal glslecdfwerd t he esthbhrsamemiwt aoferel ati onshi
di verse ca€Calyel atliimgathese properties with

influence of support composition on key <caf



Il imited to dehydrogenation, hydrogenati on,

hyd

eff

rogenol ysi s.
Building on these mechanistic insights,

ectivel ystprempmobéeactmudrni sequences within a

dem or cascade transformations without t
t ednsc er et he number of reaction and pur i f
sumpti on, and minimize waste, supporting
t hetic met hoplott ogipps oadimi $ oome mpl ex mo |
resentsfta istmrraeagticoshpl anning and synthe
mass upgrading and circular chemical ma n u
Overall, this dissertation illustrates ho
racterizati on, experi ment al validati on,
i cient, scal abl e, and green chemhenl pr o
el opment of modul ar heterogeneous <catal

tainable synthesis.

Chapter 1 provides an overview of green

torical devel opment , key chall enges, an
nci ples commonly applied in this work ai
| uztoenpame t he sustainability of chemical
gener al structur al and functional featur
tunabl e, mul tifunctional catalyst support
Chapter 2 outlines the synthetic procedu:
cribes the incorporation of alternative n



of characterization techniqgques iIis introduced
insights into structural, compositional, and
met hod is discussed, hi ghl iidhuttiersg ttoh eu ntdyepes t
the catalyst system.

Chapter 3 investigates the catalytic pe
decarbonyl ation of aryl aldbelteydd ePsd./ HA dciavt earl sy
examined to evaluate how dopant identity in
actdateal ysts are then testedidvemyd al dahyedey
assess the i mpact of <Aulhsotsitt wdn tc oenfpfud cattss oma

are calculated to help elucidateimeckeahiesti

act iAddiyt.i onal | vy, it i s demonstrated that b
dehydrogenation foll owed by decarbonyl ati on,
substrate scope to include alternative start

Chapter 4 builds wupon the aldehyde decal
activity of Pd/ HT catalysts for the decarbo
remains | argely wunexplored in the context o]
dopta metals is systematically evaluated, al
exami ned t hrough an extended substrate Sco
symmetric and asymmetric thioesters are anal
Ter modynami c ent hal pi es of decarbonyl ati on
experiment al data to support mechanistic int

Pd/ HTs is compared to that of traditional co



t hat high conversion and selectivity can be

substrates.

Chapter 5 focuses on the depolymerizatio

particul ar emphasis on |lignin. As a proof
empl oyed t o study key transformations, i nc
renewa bd ethohnyadtriong sol vent, as well as decar bc
enabl e mechanistic insight into the perfor ma

The chapter also investigatedepthabfgyBbkysesyao
role of copper as a dopant, highlighting its
Chapter 6 builds on insights gained from

Pd/ CuHTa tandem process designed to both ex:

of whole biomass and carry out its subseque
This integrated approach enables the direct
phatform chemical s, demonstrating the poteni
val or ilznatadodni.t i on, this chapter addresses sa

compl exomplonient systems and the difhHfdgculty a

desired product s

Chapter 7 espépreprmsoaesmsllftor upgrading pri

dense hydrocarbionsfseseitabbsetasude®p This int
findings from previous chapters, a® it reqg
dehydrogenati on, al dol condensadaloln, c alrerciae d «

out wusing a si pplte syasttalmy stT hien da semues si on hi

of mul tifunctional active sites @ognsudhle axat a



compl ex transformati on. Particul ar attentio
influencing each individualiaceawvtitgnretit api ol
t he pr oecteusnsed st of inrmaexi mi ze selectivity and ef

Chapter 8 outlines key challenges encount
the significant opportunities they present.
of expanding current met hodol ogi esingl gew ¢
prioritize sustainabil i teyf,f etchtei vdee nparnodc efsosre se f

adoption of flow and conti nuauast es ycsatteanhsy,s tsa i

a promising path forward. Mal echem,i sttimeg iamtde
driven tools is becoming essenti al for rat.i
The interplay between experi ment al strategi
power f ul route for advancing sustainabl e cat
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CHAPTER 1

l ntroducti on

1.Clurrent state of chemistry in our society
Chemi cal hprpolcaeysesde sa cr i ti cal role in civil
ichemowas yest abl i shed as a maj éMow imdrde itnhar e
ever, the word chemistry can elicit two very
provided | ifesaving medicines, clean water,

which only touches on thtehéeepepultati degait ewe

as an industry which is quick Abtipolgltehan

phar maceuti cal i ndustry often dr awsriltdhe mos
environment al i mpact is bpr tmereommgadi tycart
pesticide, andddf RBdalsitstciscadlnldy,starsi eiss true wi't
be truth to both sides. Simply put, it woul
benefits of chemical transformations, but tFh
environmetnt al i mpac

Over the past fifty years, the manufactur e,
i ncreased, introducing more than 150,000 ne

envirddhNmentchemi cals are constantlyabeing de
average of 1500 few cheemsciaimat eertlgatnrt he sc
has reached 220 billion tons per year and tF
in every corner of the plamréndusevenal nchami

including plastics and known carcinogens, a



popul ¥¥Evemst hough there is increaseup awar en:

e unknown

stage ar
Many chemicals initially considered safe a
poll utants or toxic substances. This reflect

benefits and fully understandincgeit prpadtuent i

and widespread wuse, foll owed by the discov
restrictions), and subsequentl ,ynanan odr gvéhn tc hs
bring additional adver se ef fpelcatcse.d Vohni |ien dmuvcil
chemical s, this perspective is too narrow,

chemical processes. To achieve a truly sus
systheanssed approada®h is essential

1.2 Green Chemistry

Gr edaemi stry i's the design of chemical pro
reduce or eliminate the uselWndi geneoavéeonhnio
chemistry, which often focuses on perfor manc
environmengraéen mplaemegtayes sustainability
Sustainability, as it is related to chemistr
the devel opment and application of chemical

benefit current and future generations withc
It emphasi zes minimizicgcwmaseryi ngdecengy t ar
across the entire | i-feomydlesigh ame@misyalt hgrsao
and di'%Tphoes aclo.mga eepetn awthmenmi géed yin 1991 in respo

concerns about the environment al and health



The movement gained momentum through the pus
initiatives, such as the United States' Pol |
prevention over the rl'émeudi aAtniacn acsf, ol dminc alal
of green chemistry, 06 and John Warner f or mal
proactiveyi emtl @di approach to addressing en\
chemistry represent si naqg pcahreantiisgm yHlsi fctentmead o
gl obal i ssues such as pollution, resource

i nnovation, green chemistry has influenced r
practices, policypdevepopmestof acdémudtigods

Il n 1998, Anastas and Warner provided a fr
outlining The 12 Primicgwprnesl . dheSeepni CGhemies
for practices, such as atom economy, t he us
energy efficiency, and design feet delge adtat ge

for snostai nablt®hevempsimgi pl es address both

devel opment of chemical processes, both of v
future. The adoption of green chemistry has
' imited mentahvipgromt ecti on, economic effici
i nnovation. l ncreasingly, i ndustries are re€
hel ping meet regulatory requirements, satisf

and cont mpiobbwttee tsomcd arl MDesmponwi bitlsi thyw meo dlus.

i mpl ementation of GC faces several-uphall eng
i ssues, Il i mi ted awaafefnse.s sT 0 aanddd reecsosn otmhi ecs et rcahd
i nnovation, i nterdi sacnd!| pnhrgy celubuppabot atairoen



chemistry mu st evol ve alongsi de

automation, and circular economy

century.

t

—

10.

Prevention. It is better to prevent waste than to treat or clean up waste after it is
formed.

Atom Economy. Synthetic methods should be designed to maximize the incorporation
of all materials used in the process into the final product.

Less Hazardous Chemical Synthesis. Wherever practicable, synthetic methodologies
should be designed to use and generate substances that possess little or no toxicity to
human health and the environment.

Designing Safer Chemicals. Chemical products should be designed to preserve
efficacy of function while reducing toxicity.

Safer Solvents and Auxiliaries. The use of auxiliary substances (e.g. solvents,
separation agents, etc.) should be made unnecessary wherever possible and innocuous
when used.

Design for Energy Efficiency. Energy requirements should be recognized for their
environmental and economic impacts and should be minimized. Synthetic methods
should be conducted at ambient temperature and pressure.

Use of Renewable Feedstocks. A raw material or feedstock should be renewable
rather than depleting wherever technically and economically practicable.

Reduce Derivatives. Unnecessary derivatization (blocking group,

protection/deprotection, temporary modification) should be avoided whenever possible.

Catalysis. Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

Design for Degradation. Chemical products should be designed so that at the end of
their function they do not persist in the environment and break down into innocuous

degradation products.

. Real-Time Analysis for Pollution Prevention. Analytical methodologies need to be

further developed to allow for real-time, in-process monitoring and control prior to the

tormation of hazardous substances.

. Inherently Safer Chemistry for Accident Prevention. Substances and the form of a

substance used in a chemical process should be chosen to minimize potential for

chemical accidents, including releases, explosions, and fires.

Figur.e Thel 12 principles of Green

Ctemi stry

emerging

o

t ackl

e

f

t

-



I n S umC represents a transformative appr
manufacturing by embedding sustainabil ity in
chemists to think beyond traditional bounda
safeenaindonment all8sy trhees pbenmsarmd ef.or sustainab
green chemistry wil/ continue to play a piyv

more resilient futur e.

1.VBhat makes a process more sustainabl e?

Many industri al chemical processes that W
operation today, not necessarily because th
becaoutstee substanti al invest®®aoh fFegacyegrboe

may rely on hazardous reagents,cagreqniedear abll e

amounts of energy, and rely on nonrenewabl e
optimized for economic and technical perfo
sustainability g%RaHiss oifs trhet otrag asay atth atn.c om
efforts to "greenify" their processes. Howe\
toward reactive, rather than proacti ve, str
chemical indaesttlhReundedsftor rigorous tool s t
enabling more informed and egtnradti eeggisc adopti o

Green chemistry (GC) metrics provide quant
environment al and economic impacts of c hemi

"greenness. These metrics assess pargmeters

consumpti on, and reacti on efficiency, amor



comprehensive framéwd&filg ufteir glh l@ipg lotve memd . def |

of the more common metrics implemented in
effective -frmacstsory,i ealtdkom Eeconomy ( AE) , reacti o
process mass Biyntsgrssietmat(RMI)Yy applying thes:
assessed not only for their performance, bu
alignment with sustainability goals. This ev
to distriocgesiselsnhnbaentary greener, safer, and
the case for replacing incumbent technol ogi e
These metrics are not without their own
someti mes hi nder compari son bet ween proces
standardi zation across all di sciplines and
avai yabntdiaccuracyofdimarbalxampil g tar pde®cess
atom economy but require toxic solvents an
consumption may require additives that decre
metrics ar-kei me gaseadsdmemitc d IOMhperam ogtevsos .pr oc e s s
produce the same -paodorct  Pkiletracd émé&regiE i nt
which processefifsi cnoert rasdugdeer atcss clamsal wa
areas where incsmbent espeesakbyf bl areas |
consumpti on. For mor e det ail ed anal yses, a
compl ement GC metrics to evaluate economic
from raw materi &@fL CtAo i Bor mdsytsteimaposal quant i
evaluanei rbement al i mpacts associated with

t

s enti.reThliisf ei nccylchlldee m ewawr ynas eapgodl i,fext r act



commonl y dfecsrcadIlbeAtl alspruagsne gd een chemi stry me
effective frameworks for assessing chemical
targeted i mprovement s i s critical for real

devel oping more susstainabl e process design

1. Yield

) actual moles
Percentage yield = - x 100
theoretical moles

Yield does not consider other materials that used to achieve the product.
2. Effective Mass Yield: the percentage of the desired product relative to all the non-benign reagents.

mass of products
Ef fective Mass Yield = fp

mass of non — benign reagents
3. E-factor: the measure of the amount of waste produced for a given quantity of product.

total waste(kg)
E — factor —mx 100

4. Atom Economy (AE): measure how much of the starting material ends up in the final product.

P g m.w. of product
tom Economy =
Y Y m.w. of reactants

% 100,

where m. w. is molecular weight.
5. Reaction Mass Efficiency (RME): the percentage of the mass of the reactants that remain in the
products.

mass of product
RME = -
2. mass of reactants

6. Process Mass Intensity (PMI) and Mass Productivity (MP): measures efficiency of reaction.

total mass used in the synthesis (kg)
mass of product(kg)

PMI =

mass of product
MP fp

= x 100
total mass used in the synthesis

1
MP =mx 100

Figure Li.s2 and definition 0% common green cl



1.4 Design for circularity

Traditional methodol ogies foll omake |l inear
di sposeo,wapphodcahcks consideration for keepl
circulation f olrn acsodtorngsta,s @ ocisriddlear econom
aimed at minimizing waste while maximizing r
Applied to chemical processes, this approact
di sposal sofanadhemaitcearli al s t o enhaincenmarst ali na
i mpaPkt26. 27

While similar to recycling, the circul ar
proactive system, intentionally designed to
i s t o decoupl e economic gr owt h from resou
degr aad atRiaea her than foll owing a |inear model
materi al s, and generating waste, a circular

poll ution through thoughtf ul designand 2) ext

( 3) regenerate natur al syst ems by prioriti
environmeHftnalc hreamine al processes, this means
raw materials, -a#fidfengpurnidnugttshathdemdhste str

i nto produlchtei greneyalléez.edFcgote taBabe seen |

The benefits of adopting a circular econoc

Resource conservation is achieved by reduci
recycling. Environment al i mpact s, i ncluding
m ni mi zed, hel ping to mitigate cli mate | mpac
new revenue streams, reduces production cost



approach al stoersm ppwgsttasi naomigl it vy, ensuring re
generations while meeting evolving regul ator

To i mpl ement a circular tetossempri maidplse s
devel op new tRecph nodiacosys af sd £xidlst ocks with rene
such as biomass or captured CO , is critical
help i dentify opportunities to Iimprove sust:
facel itthet creation of symbi ot i?2¢ nrvelsdtmeon s hiinp
i nnovation, supportive government policies,

are vital for transitioning to a truly <circu

Develop green Design for
synthetic route from function
renewables

N

hazard and
persistence

S

Bond making

Building

blocks

Bond breaking

Figure (la)3 Schematic depicting the outline of
involved in such a cycle. (b) Depiction sho
breaking processes and how %4%hi?8 contributes



The circular economy represents a promisi
waste generation, and environmental 1 mpact o
as technol ogi cal l i mitations, economic feasi
the benefits of transitioning to a circular

of chemical i ndustries.

1.5 I mplEBmentd @Bemi rtirnyci pl es

To develop processes that are economical
circular economy, this work highlights key ¢
Whil e all principles are essential mfaggr achi e
hold greater significance Tthreomoacmptsodd agrmad

bel ow are of major focus in this dissertatioao

Renewabl e feedstocks

| mpl emleino irdnegrsi ved fferedch ®miksal processes i
toward developing i@masscuwlfdrer ecanormynewabl e
alternative tbhasterda didtsliddumntaieesf.losrsg It erm, t he u
iegnet md most <critical ©princiboilocensa sso,r deirei paud
agricultural resi dufeoso d fcorroepsst,r yc amna s er, v eor a sn
producing platform chemical s;l ofopelss,stanmd wrhat
waste streams are val3drAlztehdo uignht onroea load adtilhvee np,|

key benefiderbVvedi bnapostenls aessutbeigreenhou

10



emi ssions and dependence on finite fossil r

sustainability goal s.

However, chall enges remain, including va
suppl vy, which require devel opment of proces
efficiently. The need for substanti al i nves
bi ams, coupled with the development of robu

presents further hur £FeSdnpeets gl idregnatnidess & op |

(e. g., food versus fuel) and Charsdirt-eghrea@on
economic(abBajgsaebso critical considerations.
requires innovation, coll aboration, and supf¥

biomass as a cornerstone of a circul ar c hemi

Product degradation or defunctionalizati on
Traditional chemical processes emphasi ze
synt hesi ze cbuwphleexabpirladuwcttso, sel ectively brec
and defunctional i zat idern eil 0 pa qhuwa Iplry ceesssseerst if alr

(Fi gure I1IEfFbec-breakibompmdstrategi es eHabflee t he

products back into their fundamental- buil dir
enter the production cycle. This approach

mi nisni zZva st e, and cl oskempotrhtea n tna teexraingpll e 5 0 a pn
depol ymerization of l ignin to supply value

cleavage of pol ymeric plastics which can pr

i mport amtolny dkeegerpasd abl e mat erd%aH®weowetr ,0ft ot hfeu I

11



harness this potential, degr adaftfiiomi epnrto, c easrs
environmentally benign. By focusing on both
processes can achieve whree &t ematrees alrscearef f
regenerated without compromi siThgoeghvowionmbén
wor k, we e mpflorymibrog {arneda kbilonngd st r at egi es i n ai

closed | oop system.

Mi crowave heating

Mi cr owave heating i s an alternative t o
el ectromagnetic radiation in the microwave
mat eCormventi onal heating relies on thermal ¢
to reach equilibrium throughout a drnapcelra al
rotatiwhere polar molecules continually atte
electric field of the microwave. This force

transfer and rapid heating.dilotlhreo uph asdwer al
efficiangyspecies wi(gddal aagte rsmglwsetinrt a tdeh poil ei p a
in this mechtarnairsénf &rf. ener gy

This method offers several advant ages, i
reduced energy consumpti on, and the ability
di el ectric prt oepreertg yedMyacsmoewa mecamehoi cagup t o
95% i ncerneearsgey ienvfeircicemovg ntHowavemet hloalsl enge:
such as the high initial cost of mi crowave

applicationspeainfdi cnaheatiang requirements, w

12



with all chémi Debpiprecebseses | imitations, th
heating into chemical synthesis and processi

and more sustainalFlog dtemi cvadr kpr aucstiincge smi cr

i mpl emented whenever possi bl e, howWwbaear i n s
conventional heati ng met hods ar e necessary
strategically applied to offset the associat

Sol iegmete and safe solvent selection

Solvents are generally the most abundant
accounting for up to 80% of t*He * Mg eifOr en
el iminating solvent s-torxisudbzmdaird a9 nagl tt enrenma twii
significant environmentatfraedreachomns bedae
gener atrieonm vaanld setleipnsi,nat e t he need for costly
they simplify reaction setups, decrease pr o
sol vent procur ement and handling. When sol
options <®urcehneawsa bwat short orhlbiend slotovrmlts r e

toxicity to humans and e*@osystems while enha

1. Gatalysis as a driving force for sustainab

Catalysis is the process by which a subst
chemical preacitdiomg bgn al ternatiowaatmewdtaino st i
energy and i s regener at eMdcadr dihreg etna olfa saicdh:

kinetics and theEAuahe)nnucda.tdaellyasttiso nesnhhiapn c(e r

13



| owering the (@EwHhivliad i loema winreg gtyhe overall t h

reactants and H'roducts unchanged

N 0zQ Equation 1.1

k= rate constant (unitsbde@endesnt on react.
A= perxeponential factor (same units as rate
Ea= activation energy (J/ mol)

R= gas constant (8.314 J/ mol LK)

T= temperature (K)

By |l owering this barrier, a catalytic path
state more easily, resulting in a higher res

reactaanproceed more rapiwthleyn at suowabl €e m@ ¢

pr esCeantta.l ysts play a pivot al role in modern
under milder conditions, increasing®reactio
Within the framework of green chemistry, cat
as it enables the integration of multiple gr

enhance atom economy by directizg bgacbidogs s

and maximize the efficient wuse of starting

required only in small guantities compared
reduce waste generation. Tihgrs a@ndsepphitcani
catal yst s, emphasi zing their critical rol e i

i nnovations.

14
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6Hét erogenous vs homogenous catalysis

Whil e thetrempmpds eamahysts, atbe mowe nmajsorandl

heterofbeokey difftehenltcwesbeitwweteheir phase r
reacti on: heterogeneous catalysts exist i n
reactants, while homogeneous catt@l $¥'sts are i

Homogeneous <catal ydetfd nade moy micawalalry swelcl
class of homogeneous catalysts is transitior
or ion is coordinated*¥f¥oroegampkteprmanygrgaga
catalysts are synthesized by reacting met al
amines) to for.nh&steablliegacnodmsp |lienxfelsuence the re
t he catal ygte,acdpfrto@rmwitttuhreisan gc o mb ie © satmiado ns t cefr i ¢
eff lomepgenous systems tend to have high acti
by which they operate are mudlfeaeide motl @ c &t
structure abmdesvmbtemé¥®BMowevieon shatesare e

and sulsititagjpialciati ons associated with their u

on precious metals and complex | igands whi c
synt hesis and storage but their removal fron
i s ptriome bt owards industri al use. Il n short,
highly active and selective, they are expens

and purify making them more single hese even
process.
Het erogeneous <catalysts are typpuwrad |y so

met anled al oxi des, car bon, or c¢l ays. Many of

15



them a8f ftesti ve option. One of t heir key ad
reusability, as solid catalysts can be read
filtration. They also exhibitdéxoeliingnt htemme

withstand harsh reaction conditions that mic

sofsitat e naturesmaked toseml wedpstocieasdesl, such
reactors, where continuous operation I s esse

However, heterogeneous catalysis also pr e
is | ower activity and selectivity compared

transfer constraints or°®Resdirg ritregl hetcerssg e

catalysts with uniform act i Wwee osmptlee xd,i srpeeg usiiroi

advanced synth'©sispi techmiegeeschal | enges, h e
remains indispensable for sustainable and g
path toward efficiency, scalability, and env

16. 2 Supported catalysts

I n the past few decades, the application
where 30% of the gl obal GDP is reliant on ca
on heterogého’s shetemsegral role of catalys
for gr owt h, the need for cheap and robust
Considering the benefits and challenges of |
research amdideweksopmaenegory of heterogenous
catalysts are a type of het erogenous <cataly

homogenou&Tisegrsda eamrse di fferent classes of sup

16



are material s<debhsedtaopgi oé& speties (organor
at oms, or nanoparticle clusters), whi ch ar e
(alumina, carbon, si®ti%a, metal oxides, or c

The role of the suppoan alssmodcontusitbpiesest
stability, and selectivity by influencing th
sitSsupported catalysts offer sever al benef it
sites due to the high surface area of the su
under i ndustri al conditions, andt hheugahbi | i

modi ficati onfsST hoefi rt heea sseu popfo rrte.covery and reus:

versatility makes them val uabl® oi%h dftvieornse a
®7and catal yt"iHWwevacki ndhey face challenges s
fouling, amgoitegadcnmgl! e X synt hesi s processes

di spersion ofandcthioxenspaktienmss transfer I i
const Padidnittsi,.onal |y, finding supports that ar
with active species and reaction conditions
supported catalysts remain indispensable in

ovemicmg | i mitations and enhancing their perf

1. ®pPportunities with supported catalysts
The increasing focus on sustainability a

into developing more efficient and durabl e s

abundatbxi oomaterials to replace expensive

nanotechnol ogy, surface science, and comput a

17



understanding of the interactions between ¢
rational Jd@iNadinedthedesisgnthere is still a | ac
effect on active sites where opportunities

activity relationships.

Traditionally, catalyst supports were con
active species. However, studies have shown
supports can | ead to varied cat aleyt itchaaut co
supports influence the shape, si ze, sur face
active species, ultimi’tely affecting catalyt

Despite this understanding, designing su
reactivity remains a challenge. Advancing
expl ori ngctsiuwep ogitt e i nteractions at the ato

t ecihgseshnaspeat rasdopyectrbenabkceosesegrche
study these i nteractions under real react.i
modeling provides insights into the electro
anadctive/'Epese eadvancements pavegetnrer awaynf o

supported catalysts with enhanced efficienc?

of fering significant benefits for industrial

I n this dissertation, we explore the rol
materials on the activity of palladium nanofg
species as it has desirabl e cat dl ydtiifcf epreompge
chemical transformations. We al so recoghni ze

18



amount of met al needed for catal yst prepar
catalysts makes its use economically feasibl

Unli ke homogenous systems which have a
heterogenous systems often feature a distr.i
environments. This arises from differences
detesc On the surface of supported catalysts,
support material can furth¥®or dexampliéy the 3
may modify the electronic properties of the
Whil e this may seem |i ke a pitfall, there al

routes focus on a wedglbyg toruandfieramatoinon of ool

prodiuctmany i nstances, mul tiplei ntenatwvenand
costly processes. Al ternatively, a single m
mul ti ple transsfionrgniaet iroenasc twiotnhivnesasel el i mi nai
new catalysts or reagents at each step, w h i

purifstagesn A few of the possible chemical

by supported catralgwsts 4dare outlined in

19
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N —> R-H + coO

Decarbonyation
R

H

N 0. S~ . P (De/hydrogenation, decarbonylation, C-C formation) . 5
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Figa4e8chematic illustrating a selection of ¢
supported cat asltyespt st.r awhsifl cer nsaitnigodnes ar e essen
advanced further by integrating multiple ste

We take advantage of this multifunctional
tandem chemicalfThesanshbomainbitdsaosaagenleyd t 0o posS:e

mul tiple active sites or functcihoennalisintriaeess, er

controll ed and cAaampil @ememd alriyg maselegct i vity f
reaction is particularly difficult, as these
in byprodu’Addfiotrinantailoiny, reaction conditions
make it challenging to design a single catal
condiRdrontsandem transformations, the reacti o
may hinder another, often resul.t iQwgericnomihneg n
these challenges relies on a rational cat a

understanding of the role of the support and

synt hesi s. Advanced characterizati on techni

20



struadctuirei ty rel ationships and all ow furthe
competing MWbchanhes mshaptamden orusc eosns e s our
begins with single trans$toemawvookhfslobomsat ngoanil
optimizing single transformations is benefic
which active species is optimal for a given
the optimized reacti on ncfoorrdmatkili conhnsn iMoo rm ea @bt ¢
design for multistep transformations which r

accommodate optimal conditions at different

1. 6Hdy4ddrotalcites as a tunable support for act
Many support materials have been | mpl emer
S pece.eg0il MgO, »)C, Thie®e supports have been e
multitude aod teaegtiaomes cl assifi e asr hlaasing
( Mg O) character. They also |l ack facile tuna
properties. More recentl vy, an underexplored
tunable structure which coul disi)nf liwe nac en aPdur
occurring doubled | ayered hydroxide <c¢clay c¢
sandwi ched between cationic sheetgtanNatur al
AF*o c tdarhael hydroxides in the cationic sheet
anioni MgALG QedHY 40 The general structure of
Table Sydathetic HTs can b’¢ Mraned,by idhameitrmad
or compl ete subst i?f(uteipdng Eveiatdhiy gosopn papéiisb IAd M

(iii) the thermal treatment and agei®fg ti me
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The variety and degree of modifications al |l
and structure but variobasedepgr&panpmired| ¢ ot r
first row transition metal se.geRdndPtandRd hiR
Au, =etc.) can exhibit additional functional
hi gher oxidation states can integrate into
nanocl usters on Tthhe s uwppdirdt isnwcrtf afctebmm ot her
supporttylpimedla(l fisiolesdhesl asurnfuacespePdfcanchse
i ncorporated KTgtercd ;etpthrdendiongt hreobustness and
|l i keli hood of | eaching

HTs are beneficial as t hey nanloscoe nhta vseu ptphoe
meaning that they cooperatively participate
properties have quantifiable effebtenweas t he
activity. Additionally, acid/ base sites adj
acids/ bases, promoting stabilizati on of C
Hydrotalcites develop a conbiasa&t isoot eeshfedBre 3 n
mi x-met al brucite |l ayers and t he interl ayer
Substit uitwiotnh*oAk aMges positive charge in the
hydroxyls for charge neutrality, which becol
defect formation can generate oxygen species
of coordiematoed hwaroxy!l grdipgfedicpmyges seltdattr
behave as Lewis acids. |l ntes|l gapar awatwoerf uamcd
weak Br RBnst edibacied 9.e hTabvu 0,r aaciidgi nates from t

composition, interlayer®%chi®mi sunablandasur e
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has resulted in a multitude of practical app

is stildl not fully understood and only a s m:
investigated, we propose t hatd.malnhyi sa pdpilsisceartti
aims to address these challenges and empl oy

1.Dii ssertation ai ms

The following work describes our efforts i
i mpl ementing green principles into chemical
catalysts but understandiwndghhawytheThicpr opct
i nformation can be applhedseoot i ppbrinaec tdicsad e ratpa
include: (i) synthesis and cha(rGhcapetre(rz aZ))i on
under standiancgt i wittry ctruerleat i onsti pssi mdl ehystre
transferm@hadpnamd3d (i ii) i mplementing hydrot

tandem tr ahGH ap-thlant s o%,m s
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CHAPTER 2

Parent and Modi $yrtdh dyids odmd cCharacterizatio

2.1 I ntroducti on

The core objective of this dissertation

materials that can be applied to practical,
where more than one chemical trahgébr maheen
materi al s ar e intended t o enabl e transforn

stoichiometric methods but also minimize wa:¢
use of hazardoAspoomiekng apdgmademrexapl| orsed I
of | ayered double hydroxides (LDHs), speci f
(HTQur primary focsaeappsrbaedhpdrbadi omteataly
effective, durable, recyclable, and, most inm
these catalysts t o exhibit a wi de range
mul tifunctional

Whil e employing catalysts for a single tr
catalysts offer the added advantage of facil
reaction steps within a single vtlsisel wodln a
emphasi zes under siaendvingy t hel asttirooodtinfirippsd o f
hydrotalcites and the chemical and physical
materials are synthesi zfeldow $da gnpameatthpdod ma rece d
are subjected to comprehensive characteri zat
chemical properties is essential for el ucid

catalytic activity. However , ,opterd i et @rmresremd
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chall enge, as modifying one property can i n

these interdependencies is crucial for the r

This chapter outlines the synthetic proce
for catal yst characterization, providing th
section introduces gener al met hods uwmsed t hrc

on specific catalysts and their properties i

2.2 The Role of Palladium and Hydrotalcite S

Hydrotalcite (HT) is a class of anionic ¢
(LDH) and comprised of <cationic sheets wher e
anions. LDHs are descr irBdl O] tAleAmgOner al eog
wher?déani®aM e divalent and trivalent#, m@Hal i on
, Gl NO Gb® 4®The structure of LDH is anal og
(Mg(®PH) where magnesium occupisgr tdehsgceednt er
hydroxide ions. The cationic sheets of HT ex
of both ma’gneasiduml| @vgoncutmrah(eddr a in a 3:1 of M
the cationic sheets are separated by an ani
aniblnhse. formula for natur abAgGQ(dOdd)) 4 fONi.ng HT i .

Synthetic HTs can beupubpairedtbgntbet Mgphpi
with a variety of ap’pWopteatnalmer suzednemat al
investi gaotwed,  afnisi gti on met als are the most cc

i oni c'whadihi ,all ow for effectiveowuhlhgtaintsuttii @r
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metals and other | asgmor phinsalolfy esiulsdtriutgugtl e
Mg Al

HTs have been empl oyed across a wide r
het er ogenebaunsi ocna tedd c/lss@ mgiagnido nwa st ewaltthesr treat
solid catalysts, they have been ulfedlidmltr at
conden'saalfomhol '%@nidd avtiicohm,e®De saplidti ¢ i bhese pr ol
applications, HTs remai n underexpl ored con
opportunities for innovation. This work seek
design and application of Pd/ HT catalysts.

This tunable composition f ernntso rtphoer abtaesd sH
catal ysts. Pall adium is a highly active and
transformations including,/ ®CiCutbomat fl6ir mat ¢ @ n
oxi dai®%h noni somdnisz aetliecri.r o b et wef eemaftiugruirdagt iao nf i |
orbital and sonr beifipacly | Ftanhesetransi(dfons bet

and?*P¥ oxi datTihoen tsrtaantseist.i on bet ween these ¢t

relatively | ow activation bari°Treeseavhdtcat é s @@
critical for fundament al organomet &Nl i c mech
P4y and reduct i?We Pl i Mahbhadbombo®dabil ity to
reduction makes it particuTlThird ybeHdwicdri vear
obser ved%ionn foitghseora NiaamRitHo we Pdrs, general ly cons
to be more versatile as it can é&éoscéel laenmul t
functional drowap ds odder edvrereay oh%2endmifillugnices
application in complex systems.
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| n homogeneous catalytic systems, pal |l a

modul ated by | igands, -dehathngnihdemceeipt $ ne¢
Commonl vy, organometallic Pd complexes empl o)
phosphianmeisnersgt earncddc yNcl i ¢ carbenes to?achieve
I n heterogeneous systems, however, t he choi

tuning Pd®Isachiavietyntri whichcabal ftehset sacthr
presernecevi af aci di c and ( BoorPglt eodr boatshiecr ssiutpepsc
necesdJ3aryg) .feature i s mo st benefici al for i
(chemistries that rely on)stuhceh daosn aatlidpon ocro nadce
Fri€dalf t s, and tTrhaeays s ®t esreirfviecaad onobust sup
catalytic species, such as Pd. The supported

Synt hegdHTss oifnvPodi ves supporting Pd species
t he met al adheres to t heprpeceifpirtnetdi osnu,p pwhrer
support materi al and the pai1¥Takiisumnm atrtee rs yme th

provides a higher degr eme wofixlyrhg/tdalo xd mdep d ragyiea

stronger support interactions, reducing t he
reactions, and was employed herein.

Il n summary, HTFisnmeageret ass wmp picarotn f or cat al
because they can influence the electronic pr
they have i1intrinsic catalytic sit-emed The el
t hrough modi f trmamv itornanwiitth ohi rmsett al s, whi ch

catalytic activity of the supported Pd speci

33



all ows for mi ni mal usage (<5% by mass), an

recycfPabl e.

2.3 Hydrotalcite synthesis

The synthesis of synt hetfiod | brwalr adt iavd eli t e
strai ght-groe oviapgndtt ditaidolno we dwhbiyc ha gpirnogmot es t he g
we-defi ned crysWiatlhl itnhee pgraotweilnegt si nt er est i n H
researchers have encountered significant «c¢h:
the physical and chemical properties of mat
HTs have bzeeedn ussyinntgh-ptskee i lpa tt @¥w loar emeatlhlo dmat er |
are mixed simultaneousl y. Evenisumah |asvyapHat
reactant concentrations, addition rates, ag
duringicami nlgead to substanati amlatdrfhér emoeoer |
instance, slight changes in pH were found to
and chemical®whiolmposi ysbal size was highly s

temperature3f the solution.

Il n general, the influence of process coOl
materials remains insufficiently wunderstood,
the inherently complex mechani sms. gbhlvies ni ng
compl exity makes it <chal |l epnrgo pnegr ttyo reesltaathbiloinssl
HTs, which are critical for the rational des

and achieve more reproduciibales ;ptae ptivwad hait hoou

flow method was dEBWwies ometdhod e®msurdedb.const at
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precipitation at a consistent rate. Precipit

the mixture Iis heated for a defined period.
rate of materi al addi tion (r etshied ernecaec ttainnte )f 1
precipitates before the next is introduced.

in achieving a narrow distribution of mater
parameteush (as stirringrsare, bmetal asabni @
temperatur e, concentration, flow rate, was hi
Whil e adjusting these parameters may be nec
properties, the primarrypgomaluci ol eoppysdocat
characteristics. Thi s consistency i s essen:
devel opi nagc tsitvriutcyt urreel ati onships. The detail e

Synthesis of Unmodified Hydrotalcite

Met al nitrate salts were used as the met:
as the base, and sodium carbonate was empl o
contr ol hydrotalcite (HT) sample was synthe.
f ocorompari son. The synthesis followed the con

by our?”"group.

A nitrate salt solutionznu®8 pBepd6ed, bp. 0

mol ) angk%8 (NO1.876 g, 0.005 mol) in 70 mL
Separatel vy, a base solution was prepared by
NaCQ(0.265 g, 0.0025 mol) in 70 mL ef DI w a

conngctéergur)e 2hd two solutions were simulta

temperature into a 500 mL beaker containing
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performed at a rate of 4 mL/ min, Witghurtehe mi

2)1 Following the addition, the mixture was
to cool to room temperature. The product was
filtrate reached a neutral pH. The, rgsoalundnog

into a fine powder using a mortar and pestl e

Synthesis of Doped Hydrotalcites

The synthesis of synthetic hydrotalcites
foll owed t he previously outl ined procedur e
composition of the met al salt solution. Eac

mol ds metals in a 23:M(O0moOlles rneotli:o0 . ®F05M mol ) .

di scussed i npalhliasdituhme smosd i fnyoonng met al s ar e |
tot al met al content on a mol e basi s. Pall ad
50 of the tot al met al content on a mol ar basi

replace an equi’Vawant eamounmtailent Mgnet al s repl
of AlFor example, the metal nitrate salt sol
15% Cu would cegh6B8s{0.001IMgeiN®DBE, (AL ORNOG mol ),
Cu( D2 -BH 0. 003 mo3)l) xo8 a(ndd. OPOdY Nnd | ) . Any devi a

standard composition are detailed in the cor
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Syring
I_ Al (MO Mg NO( N | . =
I— Syri2ng T
Na OH £ QN: o
()
Pd/ MHT M2 M= T ~ 3 Aging at
M =2T@#Fe2Co [ MF15 mol % 1, me = 2h
N2+ 2Zn3Cr [ Pd 5 mo!

Figur.e SxX.hlematic of -preoinpi naviuen finewhaaod f or
both parent and met al modi fied hydrotalcites

2.4 Characterization Met hods

2.4.1 Fourier Transform Infrared Spectroscop
The various bond types in hydrotalcites
Transform Infrared Spectroscopy (FTIR). Che
frequencies within the infrared spectrum, al
types. When a sample is exposed to infrared
depending on the bonds present, whil e ot her ¢

as percent transmittance (%T) versulss Rwavenun

spectr um.
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I n HT materials, FTIR spectroscopy is use
of hydroxyli3@0 @'upHd s(t3r2e0tOc h , broad)il7@8t er mca
cmM -OH bend), and cairlBarbhtcams ymmepsiF¢ y@/RBet c h)
2.)2 which should remain relatively consi ste

part of the fundamentOxly greml éowmldar mfagr rhwel a.d el

|l ow end of the FTIR spectrum,; howevleR , t hey
anal ysis ensures that the gener al features
formed and that no impurities ore uUREKBect ec
provides a rapid initial assessment o f bont

techniques are required to achieve a deeper

chemical properties.

Preparation of samples for this method is
using a mortar and pestle. Powders are then
( ATR) stage as fine powder i n Sapd wab&eence C

anal yzed4®0 @md@@Gonm er val s.
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Figurko@2ri2er transform infrared spectroscopy

2.4.2 I nductivellOptCawmp!| Edni Blsda am®OBPerctroscop)
A critical f esautpuproer toefd phayldiraodtiaunci t e ( HT)
and rati o of met al s i ncor porogpttadc.al | redn cstsii \
spectros-OBpy wa€Pused to determine the &ele
mat erhias stedhni que wor ks -tbegmpeexrcatturneg paltasmsa,i
them to emit Il i ght at characteristic wavel
measured by a detector, enabling the quanti i
By mpamaring the emission intensity to a calibr
of each el ement in a sample can Tbaeb laec.c2u.rlat el

This process verifies that the intended met:
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ens

per

ma i

uring reproducibility and providing insig
formance.

For hydrotalcites, the?'oM%i3nad, mehiadh raan
confirmedEShr Mngm Ip@FP Il adium i s incorpor

ntaining a consistent Pd percentage acr o0

comparim@daf iCaad HMo dinfdi ead ZHhT ffiovi tcyatawd ylt d c b

i nc

per

att

mo d

t hu

5 %

and

add

onclusive if one sample contains 3% Pd
formance could stem from the varying Pd c
El ement al compositions of modified HTs ati
ues typically within 5% of the molar non
ri butable to differences in ionicr o radid.@ k
i fying metals can pose challenges for inc
to its relatively | arge size, does not i
s is often gquantitated slsisghtPldy IDbBoealdoiw gist ¢

can be consistently acROES epdr cavcirdoesss gsuaammptl

gualitative data on el ement al composi ti
entati on, chemical envistomme mutr al of eat ys e
itional analytical techniques to fully el

Samples were prepared by dissdlmingf 100.
centrated nitric acid whi Chalwds athem daiul
e generated for each constituent met al (
rate precursors at concentrations of 0.1,

e also prepared: one wheh dWetbnideednwatd
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containing the same amount of nitric acid u
were analyzed in triplicate, and the averag
curves to determine the percent met al compos

Table El &mental analysis of -®lHS.and Pd/ HT

C_

Elemental mole compositioA*€, %
Sample M2*/M3*
Mg?* Al3* M2*or M3* | Pd?*

HT 75.12 24.88 - - 3.02

Pd/HT 70.18 25.42 - 4.40 2.93

4 GRESmo% as fraction of alll met al s presen
2.4.3 PRaylebi Xfraction

PowdearayX Di ffraction (PXRD) is an anal yti
bul k crystalline material s. PXRD wmawyls by i
resulting in character RdsTthiics dpiaftftrearcnt Hiosn aa tr es
rays reflecting off th&d chgubhatbtyi spiaced®@XRBD
pl otted as peak int2dmadietsye Wg f fdiafcftn ant ipan tan
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the presence of specific crystalline phases.
caused by impurities can aid in elucidation
of nabocattFngubld@ i®s. Tharacterized HyllI.efAect
(006) (2d = 23.3A), (009and d( 0=1 B3p4x ROBA.)& A N( .0ble5 ) (
used to verify that the LDH structure i s masa
met al s.

While the reflections can provireé ad i ygener
intewsdt kg, and shift from patterns of unmodi
the crystal structure of modi fied HTs. The
sensitive to the interlay®@r shmadiendg hecnydtal
refl ections are r elnetteadl tdoi sttlaencav evidde nmeth
(crystallograaphCrcy plaalalmet erisnedc wShe arl éstoe b e
equation, which is based on the fd(alslsupneak wi
uni form crystallite shape and an idealized c
, an i de’df X R widrert)ane&EB wirtolvi @B a gage of
di fferences among modified HTs compared to t

HT materials were powdered using a morta
without further modi fi cat r200n.mgT) h ew eproew dpelrasc e(d
zero background sampl ad=h-85Wietrh &Anatit gpgi sSi va s c

and an angular spin rate of 5 rpm.
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Figure PXRD pattern of natwurally occurring H°

2.4. 4 Thermogravimetric Analysis

Thermogravi metric analysis (TGA) was use
stability, decomposition behavior, and over
wei ght change of a sample as it i1Is heated a

t hdtotp percent masFsi gweyes udd/h4t leenpteh @t uh er hogr

an overview of the decomposition profile, t
temperature offers a more precise identifica
| oss. This detailed analysis enables the id
decomposition, and oxidation, making TGA a
ceramics, and | ayered materials, such as HTs

Herein TGA was used to assess the ther mal
structur al modi fications,-rswcthr aamssittheoni mped:r

pall adi um, i mpact its ther mal behavi or. The

4 3



characteri

|l oss of
interl ayer
the | ayered
of

zed

structure

by three major

The analysis of thermal stability provide
characteristics. To further characterize t
compl ementary data by elucidating hsuwurrfeace
critical for evaluating processes based on

Samples were used as a homogenized fine
mentioned with previous techniqgues. Appr oxi
anal ysis and wa0 hAeCatagd af r200m AZCY mi n ramp rat
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2.4. 5PoMosi metry (Brunauer/ Emmett/ Tell er al
Anal ysi s)

For heterogenous catalysi s, and other s u
plays a vital role as it directly i mpacts t
pore size and pore volume are equeddtyantmpor:t
and products within the catalyst's structurl
adsorption of substrates based: &femsirzé&, ai m
materi al exhibits desirable properties, I i mi

di minish activity.

Nitrogenpo(rosicmeuplyed with mathemati cal n
empl oyed technique to determine surface ar ¢
analysis, a solid sample is exposed to nitro
causpbtng aNdsorb onto thpepr engastelwresharicgesd dur fva me. t
equilibrium t.owhhe dse dwelstoirpd i addsor ption/ desor
generate &nguspt@eabmh(is a plot of the amou
versus thesureé¢aodoif vehergas. This isotherm prc
surface propertTealsl gneht2 oned above (

Br un-BmeeTtetl | er ( BIEST)i mphleeomeynt ed t o determ
area of t®hTeh ematthesrsivagie.s mul ti |l ayer adsorpti o

compared to the Langmuir modeThi(sasdsiufnieesr enrncle

cruci al because BET accounts for gas mol ec
mol ecul es, providing a more accurate model
por ous materi al s, especial IAssumpseomws t hn dlit
adsorption occurs in multiple | ayers, (2) g
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not with mol ecul es he a&dcdsorsmtmeon agretrhalamyd f(d
constant and higher than the second and subs
equal to BEGueha@aaetyons particularly effecti)
relies on the I|inear portion of the isother
volume and spe®rdri cporua faicee aamrd -Hpoy-reervol um
Hal enda (BJH) métBbdH amsalaypspilsi eidnt er prets t
desorption data to determine the ipOrem$i ze ¢
and macropores (>50 nm). It i s based on the

Kel vi n “whuiadh orngl ate pore radius to the rela

desor ptilotn ascscumess.: (1) pores are cylindrica
during the adsorption/ desorption process, ar
relative pressure. This method results in t
which can be pesed tbDzgedéesatebation plot. Fol
the assumptions outlined may have their [ i n
di ssertation, al | samples were subjected to
more i nflhhamaabsel ute values for specific sutl

di ameter.
Hydrotalcites (HTs) are generally consi de
high surface arelasyerad getl yudtuer ¢.o0 Hdweawvwer ,

and pore size distribution can vary signific

synthesis parameters. Modi ficatownsr @ms iHtTisq
metal s or suppositt ingn | me¢eteal s (such as pall a
crystal structur e, pore char.aclilrecadestcltangeaxn

4 6



only affect the accessibility of active sit
specific catalytic applications. Under stand,i
catalytic activity is essentiyal for designin

Prior to analysi s, sampl eS8 weO ef odre glaxs ste d
remove adsorbed moi Ni ot re gamddaedssdorapptitili @nnsipseati re
were col Kescti eadra@atace7 area afmbdepepesifycanal ¥ 2
was calcul atemeéthosidngvehet BETTr el &t.id8We tphriesssur
is considered the I|inear range of the isoth
first compl ete .Madmddltdyeral i 9, f at mdad ghmeomr er el
complex multilayer adsorption and capillary
mod el does not Rercersaterpéydidesci bobwdlonmeand c

were determined by applying the BJH model to

Table 3ueface properties of parent and r

Samole SBet? BJH Pore Volume® | Pore Width?
P (m2/g) (cm¥g) (nm)
HT (A) 148 0.26 3.6

BET determined foro=r ®DdBPBgeerpmiessdiresi mpd pt |
met hod applied to the desorption branch of t
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di stributions of HT.

2.4.6 Transmission Electron Microscopy
Transmission electron microscopy (TEM) i s
provides insight into the morphology and st

down to the atomic scale under proper condi

l imited by the wavelength of visible I|ight,
utilizing a beam of electrons. This beam is
el ectromagnetic |l enses, and passed thdough a

el ectnbewsacht t he samplbaghhstet acstiuce and i nel a
altering both the direchtheolnecamdanpsnenrregey omnh &
detector to prodatuctei glletragd £§dldatli snmmgefsf er s var.i
modesch as bungbatfeeéd el ectrons making der
a bright ,badcakrgkrsafwdnedl)elr ed el ectrons making th

dark back@gnduwddY fraction, which enable fl exi

4 8



of a sampleds properties. Despite its adval
requirement for extremelyathium samplresmeoper
hi gh cost and expertise necessary fde effec
ot her characterization methods, TEM can val
techniques.

For HTs, TEM is particularly useful for a
typically r-levkal | dyats i acked  Figuap,chabact
consistent with a | ayered double hydroxide (
is preserved when modifying parent HT is cru
PXRD by providing direct visuakingtiben wetnf
cationic sheets.

TEM is especially valnuoadbilfei efdo rHTsst,u dwhienrge
often forms nanopar tHicg uer ec | 2006tibd res t ocenc htnh eg useusr
OES can gquantify the palladium content and
di spersed (indicated by the absence of dete

provides information oinl adh emasrppphdladgyicft rRd u

fills this gap by directly visuaparzt ingl dd.e
Smal |l er,-dmseper wetll nanoparticles typically re
as |l arger clusters reduce surrfeascoel udri eoman arvEdv

i maging also all ows for diFRiegcutr )eme2esbwrbd menmgt td

identification of speci fic crystalline Pd
strufctme tei on rel ationships. Whil e the oxida
determination of | atti cen shdacpmas ea nddi sctoa rnr ced s:
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t hi

t he

and

whi

wat

Pd

(111) = L20.PRnMml1=0)Pd=27~0et2cl.1) ,nnt h4 sPd ec
i mentary for such a determination- and onl
photoelectron spectroscopy (XPS) can <col
ctronic information @pkrostpeledi specihat ipomgH
dings from TEM. Together, these technique
persion, morphology, and chemical natur e
TEM sample preparati oni mwal vheest emedtgheandeso utsc
cttrraonrns par ent sectriesrnd ug uidtoab I gf, mrg ahmpd le s
ground into a fine powder using a standar

ck for electrons f(oénpassastdretugbhttont het

transmittance and number of electrons r
| ow Tchoentp@awdegred materi al f srmhanddi spe
pension. The small est particles remain su
ch a small drop of the suspensiTdre iex ckesEo

er i s removed and -2t hhel &ger)ipda rdtriiced de isn zeen (o
nanoparticles aosmpdactimg werredpdredim ned fr

ng | maged software
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XPSwesutuiftcardal yzing the outermoswhifekv nano
i's based on the ejected phoftffoedreglte oh@dlsgIme aa
the ejected photoelectrons are collected re
energy o f ejected phot oel ectroinsdeaNonf bel e
investigating surface phenmenktinat sdicrhe act adi ®
XPS can be employed to identifyplupabobiron mea s
been the analysis of palladium (Pd) speciat]
oxi dation states. The primary oxi dats/izon st at
doub(ldeues t o spin?Mdbindi gl energyg) o°f 333647 e V)
eV), 4aMa3®dFigu))e( 2T.h7e presence and relative
oxidation states can significantly influence

Examining Pd speci amoadinf aed oldBES vaan opurso umie

insights into which oxidation states are r
Conversely, i f Pd speciation remains consi s
acttiyvivaries, it suggests that other factors,
interactions with the support, play a pivot ¢
key challenge in correlatingl itehsi si nsttahd cdym
nature of catal ysi s. During the catalytic ¢
bet ween oxidation states, making it difficul

roles based solely on standershapdhogsof Gahi
state transitions throughout the catalytic
mechanisms driving the chemistry and ident.

observed activity. ThuXRS wet lhdipes ttoo i anpp teunreen
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featur es. Moreoagr spadiveosedpiXes can reveal
modi fying metals on Pd, such as electronic
elucidating the nuardEB¥er ok xarhepy eald sadrydtiicormprn
edge structcame h(eX pdiNiee )Jubcii nddaitreg geometry and t

and extreemydealbsXor pti on fgineestirmnfcda umat i(EX A&IS9

and numbers of atoms i n coor ditmariicondiastampec
These insights are essenti al for developing
properties and enabling the rational desigr

enhanced performance.

Analysis was completed with powderized s
further m&miayu lpphtotoomel ectr on spectroscopy (
conducted omlahahemprat Komet er fitted with
monochr omiaX-eay Ao Kr ce. Hi gh resolution scan:
energlyspeci fic energy that is set for which
order to be all oweadof t5hOr oeuMy h Ptroo ctehses idnegt eocft asrp)e
using-xeSsSX2.3.17, with binding energies corr
eV, and regions background subtracwiedt and fi
hal f maxi ma. Surface compositions were deter

Schbeld |library to correct spectral areas
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5 Concl usi on

The characterizations described are appli

ey do not represent an exhaustive |ist. Ad
cover specific insights. Understanding t
storically been more challenging than hom
i st as discrete, uni form entities that ar
earer i dentification of reacnhniomh eneemamt &m
eps in the catalytic cycle more feasibly,

otope | abel i nlg niot ipnign psotienpt. t he r at e
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I n contrast, heterogeneous systems | ack u
is rarely responsible for the observed acti\
it difficult to confidently detehei nedepedi
selectivity of many heterogeneous catalysts,
di stinct reaction pathways. The cooperative
active species, and the ismdémaceat alsetifccpar

Whi | e t he mul tifunctionality of HTs pr

opportunities. With precise tuning, it i's p
tandem catalytic processes. By addressing tl
cadesign Ssystems t hat efficiently facilita
compromising selectivity. The characterizati

of st-acactwurey relationship. Catalasel chagract
the complexities of heterogeneous <catalytioc
functional i nsights with experimental evide
govern the <catalytic cycl el s. Thinss coounrpr e he
knowl edge of how heterogeneous catalysts ope€e
materials with predictable and optimized per
for advancing t he-gareered toiponre ntc aftodrl ysexstc itfaicl

applications.
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CHAPTER 3
Aryl Aldehyde Decarbonylation via Palladium Supported Hydrotalcites and the

Electronic Effects of Substituents on Catalytic Activity

3.1 Introduction

Catalytic decarbonylation, the removal of a carbon monoxide (CO) moiety from
organic molecules, has emerged as a powerful tool in organic synthesis, enabling the
formation of valuable carbdoarbon bond$This transformation is particularly useful for
modifying carbonylcontaining substrates like aldehydes, allowing the conversion of

formyl groups into aryl or alkyl product&igure 3.1).

(a: Arp O [Rh][PRs] Ary
© Ar¢ : > A
2H H -CO 2H

(b

Pd(OAc), , Na,COs
.CO,-H, o)

norborene (6 eq.)
[Rh][PR;]

-CO ,-H,

Figure 3.1 Examples of decarbonylative defunctionalization in synthesis using
homogenous catalysis. (a) Straightforward decarbonylation to afford arylethémes,
Tandem dehydrogenation/decarbonylation, late stage defunctionalizatiod, (c)
dehydroformylation (decarbonylation/dehydrogenation) to afford alkenes.
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Beyond its synthetic versatility, decarbonylation also offers practical advantages, such as
the deoxygenation of biomasderived compounds to improve energy density or convert
them into valueadded platform chemicafs.” Additionally, it enables latstage
defunctionalization, facilitating more streamlined and atmonomical route$Although

direct decarbonylation processes are well established, they remain inefficient, often
requiring large amounts of precious metals and exhibiting poor selectivity as well as limited

functional group tolerance.

a. b. ) co [F'd|n
O
, {1} Oxidative addition
R)J>< H (iv) Loss of CO
Al dehyiBena 7] H—{ P
Di ssoci ati o
R =
R =

o]
1
al kyl !
phenyl :
(i) Migratory Extrusion
(iii) Reductive elimination n+2
H—] Pd]

Figure 3.2.a.) Calculated bond dissociation energy for common aldehydd2cdpdsed
mechanism for the catalytic decarbonylation of aldehydes using preciousbasdal
palladium catalysts.

The presumed catalytic cycle for decarbonylation involves oxidative addition of
acyl GH to anelectrophilic metal center and CO deinsertion to form a metal alkyl complex,
followed by RH reductive elimination to form the decarbonylation prodBare 3.2).>
® However, the metal alkyl intermediate can be intercepted by a nucleophile to afford a
coupling product instead mpor tant !l vy, the carbonyl group

functional handle, allowing for strategic bond construction followed by removal of CO.
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This concept opens doors t o Adfunctiooalizatioih ve t and

decarbonylatiotf * (Figure 3.39, decarbonylative aldol condensati&n@igure 3.3b),

and crosoupling reactions like the Hetk'*and SuzukP ® couplings Figure 3.39.

Despite the promise of these processes, widespread adoption has been hindered by low
yields, poor selectivity, and need for and harsh reaction conditions. Thus, before
implementing tandem processes, addressing these limitations and understanding the
fundamental decarbonylation step is crucial to fully realizing the transformative potential

of this approach in complex molecule syntheBigifre 3.4).

(alUBunctionalization Carbor
o}

0
~A Gt —»R
o~ R R1

L

(bSpyzuki and Heck-CDE€oapbbngl a

(cDpcarbonyl ative Al dol Coupl
0

|
R R
R R Cat. Cat.
b—\\ + )=O e —— _—
o) Rz R R -CO

1 2 R1

Figure 3.3. Decarbonylative € coupling strategies taking advantage of the aldehyde
moiety for the decarbonylation step) (.-funttionalization, §) Suzuki and Heck
coupling, andd) decarbonylative Aldol condensation.

61



Early research on decarbonylation focused on homogeneous catalysis due to the
high activity and selectivity of such catalysts, particularly in cleaving and formiihfy C
and G C bonds. In the 1960s, Tsuji and Ohno pioneered aldehyde decarbonylation using
Wilki nsonbds c at a Wit gdnzalfleRydeCtd dereRate benzdheugh their
approach was stoichiometric rather than cat
andlong times (40+ hoursY *2Over the following decades, palladium and iridibased
catalytic systems derived from Pd(OA€) and [IrCI(COD)p*® [COD= 1,5
cyclooctadiene] were reported with improved efficierfisflux in toluene for 2 hours)
reaching near quantitative yields (93%)ater developments introduced palladium
phosphine complexes, which offered enhanced reactivityaioarray of electronically
diverse aldehyde substrates, which had either not been explored at all with the previous
systems or simply incompatibté However, these systems often require extensive fine
tuning, as electronic and steric differences between substrates can significantly affect
outcomes. Additionally, homogeneous catalysts face practical drawbacks, including high

cost, complex separation processes, and difficulties in recovery and reuse.

H

l N OH
= /W% '
HO

FV\ O k
o 3 Florbetaben llaprost
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Figure 3.4. Commercially available pharmaceuticals that could be synthesized via
decarbonylative processes.
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To address these limitations, heterogeneous catalysts have been explored as
attractive alternatives. Their inherent advantages, such as recyclability, lower cost,
simplified separation, stability, and increased environmental compatibility, make them
well-suited for scalable process&s?® Palladiumbased heterogeneous systems have
become especially prominefitz® largely due to the widespread availability of commercial
Pd catalysts. Pd on charctfakas among the earliest solid catalysts reported for aldehyde
decarbonylation, though activity varied depending on the charcoal source. Other supports,
such as silica and alumidalemonstrated some efficacy, albeit often requiring prolonged
reaction times (up to 24 hours) or high temp
these systems, however, remains limited.

One particularly promising class of supports is hydrotalcites (HTS), a subset of a
class of natural clays called layered double hydroxides (LDH). As discussed in Chapters 1
and 2, the materials consist of bruditee layers of divalent and trivalent metaidroxides,
layered between exchangeable anions and water molecules. Synthetic analogs of HTs can
be readily synthesized via isomorphic substitution, allowing for the incorporation of a
range of firstrow transition metalse(g Cul] , Fej )], , Zahd, C€p] ), e
partially or in full.

This tunability is key: by carefully selecting substituent metals, one can modulate
the support 0s?mdx mkiavot®sarel catalytic pateatiel, all without
significantly altering its morpholog¥ Ad di t i onal | vy, tuning facilit
highly disper sed melnhpalticularpHTs offer a batarce of bd3ic mat r i
(0] ) and a ¢alang with lfigh thgrma) stabilitytared structural flexibilfty.

3 “These properties support the dispersion of active palladium species and stabilize them
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against leaching and agglomeratin®® The latter makes HTs particularly suited to
providing the metasupport interactions that are crucial for promoting decarbonyltion.

Achieving high activity and selectivity in aldehyde decarbonylation demands
precise control over several interrelated factors, including the electronic environment,
geometric structure, and the speciation and distribution of palladiufi. 342 To this
end, we have developed a diverse library of Pd catalysts supported ormuoeiiaéd
hydrotalcites (HTs). Applying these materials across a range of chemical transformations
has provided valuable insight into the structactivity relationships é&tween the
modifying metals and their catalytic behavior. Drawing on both our findings and
established literature on aldehyde decarbonylation, we can rationally design catalysts with
tailored properties to optimize performance for specific transformatibmaugh the
inherent tunability of Pd/HT systems, our goal is to overcome key limitations of current
methods (ie. poor functional group tolerance, cost, simplicity, and environmental concerns)
and move toward more efficient, selective, and sustainatdé/tatprocesses.

In addition to their versatility, the possession of both acidic and basic surface sites,
endows HTs with multifunctional capabilities that extend their utility to tandem and
cascade reactiords> 1% 13 15 3&yhjle decarbonylation alone is a powerful transformation,
HT-based catalysts have also demonstrated the dehydrogenation alcohols (including
benzylic alcohols for this case) under similar condititt8.This dual functionality
enables ongot conversions of alcohols directly to hydrocarbons or arenes, eliminating the
need for intermediate purification or isolation of aldehyde intermediates. Such tandem
processes not only streamline reaction workflowsallad improve atom economy, reduce

waste, and simplify overall operatioffs#®
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Despite the advantages, successful implementation of these tandem reactions
requires careful optimization, as enhancing one step may adversely affect the other. A deep
understanding of the individual mechanisms and their interplay is essential for aghievin
synergistic outcomes. Through targeted studies of each individual step, valuable
mechanistic insights inform the rational design of tandem catalytic systems. The
cooperative interaction between palladium and the basic HT support is key to facilitating
bath transformations efficiently under mild conditid{s>® While not the central focus of
this study, we present these findings to underscore the broader multifunctional aspect of
Pd/HT catalysts.

Herein, we present a streamlined, base system for the decarbonylation of
functionalized aryl aldehydes using a heterogeneous Pd/HT catalyst prepared via
continuous flow synthesis. The efficiency of this transformation is strongly influenced by
the eletronic nature of substituents on the aryl ring. Electionating and electren
withdrawing groups modulate the electrophilicity of the carbonyl carbon and the bond
dissociation energy (BDE) of the aldehydéHCbond, impacting the initial oxidative
addition to the Pd centét.Computational studies provide further insight into these effects
by correlating charge distribution and BDE values with experimental results, helping to
explain trends in substrate reactivity. We
particularly its ability to dehydrogenate benzyl alcohols followed by decarbonylation.
While electronic effects from substituents are significant, they do not solely dictate
performance, highlighting the complexity of the strudtactivity relationship and the
potertial for rational optimization of R&tased heterogeneous systems in sustainable

synthesis. The insights gained will inform process design for the decarbonylative coupling
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reactions outlined above. Specifically, this information will be relevaniCloapter 7
which covers the upgrading of alcohols to hydrocarbons which relies on a decarbonylative

aldol condensation step.

3.2 Experimental Procedure
3.2.1 Catalyst synthesis

Hydrotalcite (HT) was synthesized in the absence of any palladium to serve as a
control. The procedure follows a continuous flow metd8riefly, a nitrate salt solution
was prepared by dissolving Mg(NR6H20 (3.846 g, 0.015 mol) and Al(NJR-9H-0
(1.876 g, 0.005 mol), into 70 mL of deionized (DI) water. A base solution was also prepared
comprising NaOH (1.599 g, 0.040 mol) anc:®@x (0.265 g, 0.0025 mol) dissolved in 70
mL of DI water. Using a syringe pump equipped with -&ofinector, the two solutions
were added at a rate of 4 mL/min to a beaker containing 100 mL of DI water, which was
continuously stirred (200 rpm). After additiothe mixture was aged at 6& for 2 h,
allowed to cool to room temperature, filtered and washed with DI water until the pH of the
filtrate was neutral. The resulting solid was dried at 110 °C for 12 h, ground to a powder
with a mortar and pestle, and stored in a desiccator.

Palladium supported hydrotalcite (Pd/HT) was synthesized via the same co
precipitation method, with the addition of palladium nitrate added to the nitrate solution
which replaces a fraction of the Mg as it is a 2+ metal. A total of 0.020 moles of metal is
always incorporated at a 3:12MM3* ratio. The nitrate salt solution was prepared by

dissolving Mg(NQ@)2:-6H0 (3.590 g, 0.014 mol), Al(N§ks-9HO (1.876 g, 0.005 mol),
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and Pd(N@)2-xH20 (0.230 g, 0.001 mol) into 70 mL of deionized (DI) water. The same
base solution was prepared and procedure followed as outlined above.

Palladium supported metal modified hydrotalcite (Pd/MHT) catalysts were
synthesized through the sameprecipitation procedure. They were not formed via wet
impregnation onto an already formed Pd/HT matrix. For transition metal modified
Pd/MHTSs, the appropriate metal nitrate (ie. Cugh®2.5H20, Fe(NQ)2+9 H20, etc.) is
added to the original metal nitrate salt solution. For this series of catalysts, the metal
modifier was added at a 15% mol ratio to all metals present. A total of 0.020 moles by
metd is used in total. Therefore, if a +2 metal is used as a modifier it would replace the
appropriate amount of Mg2+. For example, if Cu was introduced at 15% (0.003 moles),
the metal nitrate salt solution would consist of Mg@¥®dH.O (0.011 mol),
AI(NO3)3-9H20 6HO (0.005 mol), Cu(Ng)2+2.5H20 (0.003 mol), and Pd(NgR-xH20
(0.001 mol). If a +3 metal modifier is used, this replaces that%f Ahus, the total metal
nitrate amount still sums to 0.020 mol, keeping a 3:1 ratio between sum of +2 metals to
sum of +3 metals.

Palladium supported, magnesium/iron hydrotalcite (Pd/MgFeHT) catalyst
was synthesized in the absence of any parent aluminum. Instead of replacing some of the
metal, aluminum is fully replaced with iron. The method follows that of the previously
outlined, only differing in the metal salt solution. The nitrate salt solusqrepared by
dissolving Mg(NQ)2:6H.0 (3.590 g, 0.014 mol), Fe(NR-9H.0O (2.021 g, 0.005 mol),

and Pd(NQ@)2:xH20 (0.230 g, 0.001 mol) in 70 mL of DI water.
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3.2.2 General aldehyde decarbonylation reactions

Reactions were carried out under microwave conditions using an Anton Parr
Monowave 450. Aldehyde substrate (0.22 mmol) was placed in a G10 Anton Parr glass
microwave vial with a magnetic stir bar. Solvent (2.0 mL) and catalyst (various loadings)
was addedand agitated for dispersion. The vial was sealed, placed in the microwave
system, and carried out for the specified time and temperature with a stir rate of 600 rpm.
After the indicated time, the mixture was diluted with the solvent used and the catsyst w
separated by filtration. The filtrate was concentrated and analyzéd ByWIR (CDCk,
400 MHz) and GEFID to obtain the conversion, yield, and selectivity using an internal

standard and comparison with authentic samples.

3.2.3 Benzylic alcohol tandem dehydrogenation/decarbonylation reactions

Reactions were carried out under microwave conditions using an Anton Parr
Monowave 450p-Anisyl alcohol substrate3@) (0.25 mmol) was placed in a G10 Anton
Parr glass microwave vial with a magnetic stir bar. Solvent (2.0 mL) and catalyst (2.5 mol
%) was added and agitated for dispersion. The vial was sealed, placed in the microwave
system, and carried out for the spieaftime and temperature with a stir rate of 600 rpm
and a ramp rate’here the set temp is reached at the five minute .nddtér the indicated
time, the mixture was diluted with the solvent used and the catalyst was separated by
filtration. The filtrate was concentrated and analyzedHby}NMR (CDCk, 400 MHz) and
GC-FID to obtain the conversion, yield, and selectivity using an internal standard and

comparison with authentic samples.
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3.2.4 Computational Methods
Structures, thermochemistry, atomic charges

Cartesian coordinates for organic molecules were obtained from models
constructed using Avogadtband these were used as the starting point of a geometry
optimization and frequency calculation using Gaussiatt TBe B3LYP?® functional with
def2tzvp basis s&t >’ on all atoms was used in all cases as these have been shown to
demonstrate sufficient agreement with experimental frequencies, structural parameters,
and thermodynamic quantities. In general, geometries were optimized to convergence with
no negative vibrgonal frequencies. The frequency calculations were then used to compute
thermal contributions to molar enthalpies which were then used to compute reaction
enthalpies. In some instances where the geometries did not reach convergence, optimized
geometries wre obtained using ORCH! with identical functional and basis sets. In this
way, consistency across methods was maintained. The geometries optimized using ORCA
were then used as starting points in additional calculations described below.

In addition to theab initio methods described above, geometries were optimized
and thermodynamic parameters obtained using Paigemiemperical method? This
method was shown to yield reasonable geometries as compared to density functional
methods and, in addition, trends in molar enthalpies were consistent between methods,
indicating that accurate thermochemical calculations could be obtained usiradp naitio
and less expensive semmnpirical methods. In cases where additional quantities were
computed (including atomic charge, electrophilic and Fukui parameters), the

wavefunctions used for these additional calculations were converged using the b3lyp

69



functional with the def2zvp basis set, ensuring a consistency across the classes of
compounds studied.

Atomic charges were computed in three ways with two employing otiatdd
schemes including the Mullikéhand Natural Population Analy$fsand a third, a volume
based scheme using AIMAR,an implementation of the Quantum Theory of Atoms In
Molecules®® This latter method has been demonstrated to be insensitive to basis set, unlike

the orbital approaches of Natural Population Analysis and Mulliken.

Bond dissociation enthalpies; Reaction Enthalpies

Bond dissociation enthalpies were computed using enthalpies (combined electronic
and thermal enthalpies) obtained from frequency calculations of geometry optimized
structures. In these calculations, the HAbon
enthapies of radical species and the diamagnetic precursors. In general, the results
especially for aldehyde -6 bond dissociation enthalpies mirrored the computed
vibrational frequencync, of the aldehyde compounds. Reaction enthalpies were obtained
as the difference in enthalpies of (closed shell) products and reactants. Although there were
clear differences in the results obtained using density functional (b3lyp) andsgmical

(pm7) methods, the trends in reaction and bond enthalpies were consistent across

computational models.

Molecular properties, Fukui indices
In addition to atomic charges described earlier, the converged ground state

electronic wavefunctions were used to compute additional molecular properties, including
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bond critical points, Fukui, and electrophilicity parameters. Bond critical points, which
follow from the theory of Atoms in Molecules, were obtained using the AIMAIl progfam.
Finally, using the same ground state electronic wavefunctions Fukui indices @)(tgnf(

f(0)) and electrophilicity parameterl,(m W) were obtained from a single point energy

calculation based on a method developed by Contreras and cow8rkers.

3.3 Characterization Methods

Elemental analysis was carried out with inductively coupled plasma optical
emission spectroscopy (IGPES) on a Shimadzu ICPEB20 Plasma Atomic Emission
SpectrometeiSamples were prepared by dissolving 100.0 mg of HT materiaiml of
concentrated nitric acid which was then diluted to 1.0 L in DI water. Calibration curves
were generated for each constituent metal (Mg, Al, Pd) using the corresponding metal
nitrate gecursors at concentrations of 0.1, 0.5, 2.5, 10.0, 25.0, and 50.0 mg/L. Two blanks
were also prepared: one with deionized water alone and another with deionized water
containing the same amount of nitric acid used to dissolve the HT samples.

Fourier transforni infrared (FFIR) spectra were obtained using a Perkin Elmer
Frontier FFIR Spectrometer using aattenuated total reflectionATR) attachment.
Samples were powderized using a mortar and pestle. Powders are then placed directly on
the ATR stage as fine powder in the absence of any additives or binders. Samples were
analyzed from 80@000 cm' at 1cmtintervals.

Powder XRay Diffraction (PXRD) patterns were obtained using a Rigaku
MiniFlex 1l X-Ray diffractometerHT materials were powdered using a mortar and pestle

and then analyzed as is without further modification. The powders (approximat2/ 10
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mg) were placedonazelbac kgr ound sampl e hol d®twith Anal ysi

a step size of 0.02°, and an angular spin rate of 5 rpm

X-ray photoelectron spectroscopy (XPS) measurements were conducted on a
Thermo kalpha spectrometer fitted with a charge neutralizer and a monochromated Al K
U -pdy source. High resolution scans were recorded with a pass energy of 50 eV.
Processing of gtra was performed using CAS#S V2.3.17, with binding energies
corrected to adventitious carbon at 284.8 eV, and regions background subtracted and fitted
with common line shapes and fwidth half maxima. Surface compositions were
determined by applym response factors from the Schofield library to correct spectral
areas.

Transmission Electron Microscope (TEM) images were collected on Talos F200X
under 200kV FEG with Ceta 16M came&amples were ground into a fine powder using
a standard mortar and pestle. The powdered material was then dispersed in water to form
a dilute suspension. The smallest particles remain suspended long enough to allow drop
casting, in which a small drop ofdlsuspension is deposited onto a TEM grid for analysis.
The excess water is removed and the grid dried in an ownh{%.) Particle size
(diameter) of Pd nanoparticles was determined through analysis of TEM images using
ImageJ software.

Nitrogen porosimetryvas performed on a Micrometric TriStar surface analyzer at
77 K. Samples were degassed under vacuum at@%@r 12 h prior to analysis. Surface
areas were determined using the BratE@mettTeller (BET) methoff, with pore sizes
and volumes calculated using the BardetynerHalenda (BJHY method applied to

desorption isotherms.
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Thermogravometric analysis (TGA) was performed on a Perkin EImer Pyris 1
TGA. Samples were used as a homogenized fine powder via mortar and pestle just as
mentioned with previous techniques. Approximately 10 mg of material was used for
analysis and was hel from 25800 °C at a 20 °C/min ramp rate under nitrogen
atmosphere.

Nuclear magnetic resonance (NMR) spectra were recorded on an Agilent 400 MHz
spectrometertH NMR spectra were obtained using approximatey 10 mg of sample using
a CDCk solvent. Samples were subjected to 32 scans and a reference point as the residual
CDCI3 peak at 7.26 ppm (s) was us&€. spectra were obtained using the same sample
mass and solvent and subjected to 512 scans. The standard reference point of 77.2 ppm (t)
was used for this regard.

Gas chromatographyass spectrometrys(C-MS) chromatograms were recorded
onaShimadzu Q2010 GC System using a column with a-BBtationary phase (30m x
0.25 mm i.d. x 0.25 um). Method: injection volume (1 uL) injection temperature (250 °C),
Initial oven temperature (50 °C) held for 2 minutes, ramp rate (10 °C/min), final oven
temperature (300 °C), total run time (25 minutes), split ratio (30:1), cut time (3 min), carrier
gas (helium), constant flow, flow rate (1.2 mL/min), ion source temperature (250 °
ionization (El mode ar 70 eV), full scan (mass ranges@0m/2).

Gas chromatography flame ionization detection (GEID) chromatograms were
recorded on an Agilent 6890N GC System using a column with-& Bfationary phase
(30m x 0.25 mm i.d. x 0.25 um). Method: injection volume (1 uL) injection temperature
(250 °C), arrier gas (He), carrier gas flow rate (14 mL/min},fldw rate (40 mL/min),

air flow rate (450 mL/min), initial oven temperature (50 °C) held for 2 minutes, ramp rate
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(20 °C/min), final oven temperature (350 °C), total run time (15 minutes), split ratio (30:1),

cut time (3 min), detector temperature (300 °C).

3.4 Results and Discussion
3.4.1 Catalyst Characterization

A series of palladiursupported, metahodified hydrotalcites (Pd/MHT) were
synthesized via a eprecipitation method reported from our group subsequently subjected
to thorough characterization. A range of firstv transition metals were incorporated as
modifiers to evaluate their influence on catalytic activity in the decarbonylation of
functionalized aryl aldehydes. These results contribute to the development of structure
activity relationships, elucidating structural and electronic features favorablifo
transformation.

The parent hydrotalcite (HT) contains no modifying metals or palladium, serving
as a baseline material. All Rantaining catalysts were prepared with a consistent
palladium loading of approximately 5 wt%. Pd/HT contains only Pd as the active metal,
while Pd/FeHT, Pd/NiHT, Pd/CoHT, Pd/CuHT, and Pd/ZnHT include an additional
transition metal modifier at 15 mol% (on a metal basis). Pd/MgFeHT has aluminum fully
replaced with ironAlthough all catalysts were extensively characterized, the primary focus
here wll be on Pd/ZnHT due to the advantages it exhibits, which are discussed in the
following sections. Detailed characterization data for the remaining catalysts can be found
in and with additional discussion @hapter 5

Inductively Coupled Plasma Optical Emission Spectroscopy (I€BES)

confirmed high reproducibility in catalyst synthesis, with elemental compositions deviating
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by |l ess than 5% from nominal val ues. The N
incorporation of dopant metals and Pd, which can be attributed to differences in ionic radii

between the dopants and the parent metals (Mg and Al). Since 2+ cations aréytypical

present in triple the amount of 3+ cations, introducing metals with larger radii, especially

Pd, can | ead to lattice defects and vacanc
relatively large ionic radius likely reduces its incorporation efficiemaysing partial loss

during synthesis and contributing further t
Nevertheless, these deviations remain within acceptable limits, as hydrotalcites can

mai nt ai n t heir structur al i en bfedfdr viithoyt acr os s

fundamentally altering their material propertiés.

Table 3.1ICP-OES elemental analysis and PXRD crystallographic parameters of catalysts.

Io_nlc Molar content®®. % Crystallographic

radius of 2+ 3+ parameters’

Sample rd /Ath M /M
3¢ /4 2+ 3+ 2+ 3+ 2+ a/A c/A L/nm
metal Mg Al M orM Pd

HT - 75.12 24.88 - - 3.02 3.06 23.31 104
Pd/HT - 70.18 25.43 - 4.40 293 3.05 23.36 10.4
Pd/ZnHT 0.74 52.93 27.64 15.26 4.18 2.62 3.06 23.29 10.9

4 GRESmo% as fraction of al |l °PiXeRtBailss gweersaeget
cat-¢ atni on cdiisst d&nee; ti mes the di stlainkcee I|fayoemr t
to the next tlhaeyeavierage crystallite size fr
Scherrer equation.

Powder Xxray diffraction (PXRD) analysis was conducted to investigate the
crystalline characteristics of the catalyst samples. Both the parent and modified
hydrotalcite (HT) catalysts displayed a single, distinct crystalline phase, corresponding to

a highly ordered HT structure. This phase is defined by characteristic reflections at (003),

(006), (009), (015), (018), (110), and (113), as showrFigure 3.5 While such
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crystallinity is expected for the unmodified parent HT, both Pd/HT and Pd/ZnHT also
exhibited welldefined HT phases with minimal to no shifts in peak position or shape.
These results confirm that transition metals can be successfully incorporated into the
cationic layers of the HT structure without disrupting its overall crystallinity.

Notably, no crystalline phases corresponding to either metallic palladium (Pd) or
palladium oxide (PdO) were detected in the PXRD patterns of Pd/HT or Pd/ZnHT, even at
relatively high loadings of 5 mol%. For reference, the characteristic reflections for Pd
appear at 2d = 40.5A (111), 46.7A (200), anoc
41.8° (110), 54.6° (112), 60.0° (103), and 60.6° (200). The absence of these peaks suggests
that Pd is highly dispersed within the catalyst and has not formedal#tecrystalline
aggregates. This implies that Pd is likely present either aS sul nanoparticles (as this
limit makes peak broadening so sevefde it can
distributed over the HT surface, or as isolated species intercalated within the cationic layers
through substitution of parent metal ions. We hypothesize that the former is the more likely
scenario, as the relatively large ionic radius of palladium sdttice substitution even
less favorable than for firgsbw transition metals. This hypothesis is further supported by
complementary analytical techniques (eg. TEM and XPS) which confirm the presence of
Pd on the surface, as discussed in greater delailvb

To further elucidate the structural effects of metal modification, the lattice
parametera andc were analyzed. Theparameter, sensitive to the (003), (006), and (009)
peaks, corresponds to the interlayer spacing between the Hikeigheets, while tha
parameter, derived from the (110) and (113) reflections, relates to the averagé cation

cation distance within the layer§gble 3.1). The parent HT exhibited an average nietal
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metal distanced) of 3.06 A and an interlayer spacing) 6f 23.31 A, in agreement with
literature value$® Pd/HT and Pd/ZnHT showed lattice parameters of 3.05 A / 23.36 A and
3.06 A /23.29 A, respectively, indicating deviations of less than 1% from the unmodified
structure. Such small variations are typically attributed to differences in ionic radii between
the dopant and parent cations (e.g., Mg] or
minor structural voids or defects, resulting in slightly expanded interlayer distances. These
effects are generally mini maémajoddndamentalu nder O
structural changes. This suggests that the dopant metals are either sufficiently similar in
size to integrate into the structure without distortion, or too dissimilar to be incorporated at
all.

Overall, the consistency in lattice parameters and absence of secondary crystalline
phases affirm that the modified catalysts retain the fundamental HT structure. Crystallite
sizes, estimated using the Scherrer equation, further support this conclugiqraréht
HT and Pd/HT both exhibited an average crystallite size of 10.4 nm, while Pd/ZnHT
showed a slightly larger size of 10.9 nm. These results indicate that crystallite size remains

largely unaffected by the incorporation of Pd (5 mol%) and/or Zn {%a6n
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Figure 3.5 PXRD spectra of HT, Pd/HT, and Pd/ZnHT with corresponding reflections.

Fouriertransform infrared (FTIR) spectroscopy of the Pd/HT and Pd/ZnHT
samples confirmed the preservation of the hydrotalcite phase, as evidenced by
characteristic vibrational bandsigure 3.6). These include strong absorptions associated
with carbonate anions in the range of 135@ 70 c¢cm T , bending vibrat
water near 16004 700 c¢cm T , and a broad -370@®tcmi hg
corresponding to surface hydroxyl groupse3é spectral features closely match those
observed in the unndiified parent HT, indicating that the fundamental functional groups
of the structure remain intact upon metal incorporation. Of particular significance is the
consistent relative intensity of bands corresponding to carbonate species, interlayer water,
and hydroxyl groups across all samples. This suggests that the essential chemical

environment of the HT structure is maintained, even after modification with Pd and Zn.
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These findings support the conclusion that the structural integrity and functional
stability of the HT framework are preserved following metal incorporation. When
considered alongside the PXRD data, the FTIR results reinforce that the modified catalysts
retain a hydrotalcite structure with essential functional groups intact, an important

requirement for ensuring both catalytic stability and performance.
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Figure 3.6 FTIR spectra of HT, Pd/HT, and Pd/ZnHT with corresponding bands.

Thermogravimetric analysis (TGA) of all reported catalysts revealed
decomposition profiles broadly consistent with that of the parent, unmodified hydrotalcite
(HT),” albeit with minor shifts in transition temperatures reflecting changes in thermal
stability. Representative TGA curves for HT, Pd/HT, and Pd/ZnHT are presefiigdia
3.7 Three di stinct endot her mi c transitions

corresponding to the loss of physisorbed water; (i) betweei22600 A C, attribute:
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removal of interlayer water located between the cationic sheets; and (iii) betwéen 375

400 AC, associated with dehydroxyl at® on and
The latter transition marks the collapse of the layered structure and the formation of a

mixed metal oxide phase which is an important transformation, as the resulting material

can exhibit markedly different catalytic properties.

The first transition, occurring consi ste
expected due to the nature of surfhceind water, which remains largely unaffected by
compositional modifications. In contrast, the second and third transitions exhibet Isubtl
noteworthy shifts. The second transition appg
220 AC for Pd/ ZnHT, while the third transit
the same series, respectively. These variations suggest that Pd incompendances
thermal stability, particularly in terms of interlayer water retention and resistance to
structural collapse. However, the additional inclusion of Zn appears to partially offset this
stabilization, positioning Pd/ZnHT between Pd/HT and unfrediHT in terms of thermal
resilience. This trend may be rationalized by considering the structural implications of Pd
and Zn incorporation. Pd tends to form surface clusters rather than extensively intercalating
within the cationic sheets, potentiallydteing the availability of surface sites for water
adsorption and increasing thermal resistance. Conversely, Zn doping may introduce defect
sites and vacancies, promoting local disorder and compromising structural stability.

Despite these observable shifts decomposition behavior, the differences are not
substantial enough to undermine the catalytic potential of any single formulation.
Moreover, no direct correlation is evident between thermal stability and catalytic activity

across the tested materials.
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Figure 3.7. Thermal gravimetric analysis thermograms and corresponding differential
thermograms for HT, Pd/HT, andlZnHT.

Surface areas and pore size distributions of all rmetalified Pd/MHT catalysts
were characterized using nitrogen adsorptit@sorption isotherms, with surface areas
calculated via the Brunatdmmeti Teller (BET) methodt and pore size distributions
determined using the Barrelbyner Halenda (BJH) modéP Results for the selected
catalysts are shownifeble3.2 The unmodi fied HT exhibited a
whil e Pd/ HT showed a reduced surface area of
a significantly higher surface area of 155 i
studies on a wide rge of modified HTbased catalysts,*® 36 "“where monometallic
modifications (e.g., Pd/HT, CuHT, FeHT) typically result in decreased surface areas
relative to unmodified HT, whereas bimetallic systems (e.g., Pd/ZnHT, Pd/CuHT,
Pd/FeHT) tend to exhibit increased surface areas. The underlying cathse lw¢havior

remains unclear, as the number of modifying metals alone should not dictate surface area.
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Instead, the specific identity and interaction of the metal species should influence
crystallization processes and, consequently, surface characteristics.

Pore volume and pore width provide additional insights into material porosity, a
factor critical for catalytic accessibility. HTs are generally mesoporous materials, with
average pore diameters falling within thet520 nm r ange. HT, Pd/ HT an
showed a type IV isotherm in addition to a H3 type hysteresis (Pd/ZRrigjlire 3.8
which is common to mesoporous materials with plate like, flakey, or layered materials.
The results are thus consistent with a hydrotalcite structure. Unmodified HT exhibits a pore
vol ume of 0.26 c¢cmj/ g and an average pore Ww
(Pd/HT), the average pore width increases, while the pore volume decreasesllyotent
due to partial blockage of micropore entrances at high Pd loadings. The subsequent
addition of Zn (Pd/ZnHT) leads to increases in both pore volume and width, suggesting
that Zn may counteract Rdduced pore constriction, possibly by altering thecttrral
packing or generating additional defect sites. The ratio of pore width to pore volume offers
further clues about pore morphology. HT and Pd/ZnHT share similar ratios, indicative of
deeper pores relative to their diameter, whereas Pd/HT displayscla Inigher ratio,
suggesting shallower, wider pores.

Despite these variations, a direct correlation between surface area (or related
porosity metrics) and catalytic activity has not been firmly established. While larger surface
areas and greater porosity may enhance the accessibility of active sites,hysasal p
characteristics are | ikely seconddlbpage to the

properties. Our ongoing efforts aim to better understand how metal incorporation
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influences surface area, with the goal of designing catalysts that are not only highly active

but also structurally optimized for improved surface accessibility.

Table 3.2 Surface properties of parent HT and metal modified Pd/HT and Pd/ZnHT.

Sample SBZeta BJH Pore3Vqum<-:ID Pore WidthP
(m~9) (cm3g) (nm)
HT 148 0.26 3.6
Pd/HT 53 0.13 6.6
Pd/ZnHT 155 0.54 11.7

3BET determined for relative pressures op#p 0.050.25; "Determinedusing the BJH
method applied to the desorption branch of the isotherm.
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Figure 3.8 (a) BET nitrogen adsorption/desorption isotherm plot and (b) BJH pore size
distribution for Pd/ZnHT.

X-ray photoelectron spectroscopy (XPS) analysis of thedataining catalysts
revealed the presence of multiple palladium species.-Higblution Pd 3d spectra for all
Pdmodi fied samples were dominated by a chara
energy (BE) of id3r3l6i.t7 sepVvl iatntdi mmg sopfi n5. 3 eV, <co

(Figure 3.9a and 3.9b, blue ling . A secondary, weaker doubl e
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observed, indicative of metallic PEigure 3.9a and 3.9b, red ling Notably, a third, very

weak doubl et at 338.5 eV whagsre3dotydlanmlirgd 1 n t he
which we have previously attributed to Pd

the cationic layers of the hydrotalcite structieevious analysis on several other modified

catalysts have shown the presence df Pdmost case$.>

Among all metaimodified HT catalysts studied, Pd/ZnHT exhibited the highest
relative content of P, suggesting a greater degree of Pd intercalation into the cationic
|l ayers rather than surface deposition. Il n ¢
indicating that Pd incorporation in this sample is confined to sutfanad species.

Further insight was provided by the Mg 1s XPS spectrum of Pd/ZnHT, which
revealed the presence of surface magnesium carbonate, a marker of strong basic sites
(Figure 3.9d). Interestingly, this feature was absent in Pd/HT and Pd/FeHT, both of which
also lacked detectable PdChapter 5, Figure 5.9, whereas Pd/MgO (another catalyst
exhibiting strong basicity) did contain Pd These observations point to a potential
correlation between surface basicity and the stabilization of higllent Pd species,
paricularly Pd". It is plausible that strongly basic environments facilitate the incorporation
of Pd"" into the layered structure by stabilizing its oxidation state through electrostatic
interactions with nearby anionic speciés.

Despite these variations in Pdcontent, the overall Pd surface speciation was
relatively consistent across catalysts. In all case%, iethained the predominant phase,
accounting for approximately ¥80% of the total palladium, followed by a modest fraction
of metallic Pd (1020%), and a minor component of d<10%), likely situated in

octahedral coordination with six oxygen anions within the hydrotalcite layers. These
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findings were corroborated by Pd-d€ilge Xray absorption neagdge spectroscopy
(XANES), where leassquares fitting confirmed Ptin oxide clusters or nanoparticles as
the dominant palladium specigShapter 5, Figure 5.7.

The morphology of selected catalysts was examined using transmission electron
microscopy (TEM). All metamodified HTs retained the characteristic layered structure
of HT, consisting of stacked, flat, pldike crystallites indicative of brucitkke layers

(Chapter 5, Figure 5.8. Representative TEM images of Pd/ZnHT at various

magnifications are shown iRigure 3.10Q At |l ow magni fikKgaei on (20

3.109, feathetlike spiky agglomerates are observed, with a denser, darker region at the
center This morphology suggests unidirectional crystal growth composed of smaller
crystallites aggregating along a preferred axis, rather than the more typical directionally
unpreferred growth that results in larger, pliite particles. Although this agglormeged

morphology was observed in a minority of the sample, the majority of particles exhibited

the expected HT morpholog¥igure 3.100.

At hi gher magni fications (50 nm scale),

distinguishableFigure 3.10chighlights the layered structure of the HT matrix, while
Figure 3.10dclearly shows dark, spherical features corresponding to Pd nanoparticles.
Figure 3.10ehighlights these nanoparticles and depicts overlapping crystallite junctions.
These nanopatrticles appear well dispersed across the surface, with an average diameter of

2.54 nm and a standar d deviati on off 0. 333

N

approximately 3.3 nm. The correspéeiguei ng part

3.10f These observations are consistent with PXRD analysis, which did not reveal any

crystalline Pd phases, further confirming the nanoscale dispersion of palladium within the
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catalyst. Prior studies of Adodified HT systems have shown that, at loadings above

1 wt %, b o?) and meaiallc PlrRmbparticles are typically preséntHowever,

in these instances, only Pd/HT was investigated at various Pd loadings. A more detailed
discussion of this methodology and Pd speciation and morphology is proviGedmter

6, with a focus on the Pd/CuHT system.

Pd/HT (a) Pd/ZnHT (1)

XP
3d XP
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Figure 3.9 Pd 3d XPS spectra for (a) Pd/HT and (b) Pd/ZnHT. (c) Pd oxidation state
distribution derived from the Pd 3d XPS spectra. (d) Mg 1s XPS spectrum of reference
Pd/MgO (basic support), Pd/FeHT, Pd/HT, and Pd/ZnHT.
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Figure 3.10. TEM images of Pd/ZnHT at (a) 200 nm scale, (b) 100 nm scath,56 nm
scale, (e) 20 nm scale, and (f) Pd nanopatrticle size distribution.
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Comprehensive characterization supports a model in whichmdelified
hydrotalcites (Pd/MHTS) contain a heterogeneous distribution of palladium species. These
include atomically dispersed fdons embedded within the cationic layers of the HT
structure (for a majority of modified Pd/MHTs but not all cases), small clusters or low
nucl earity Pd] species either integrated in
dispersed across therface, and metallic Pdnanoparticles situated externally. The
coexistence of these species suggests the involvement of multiple Pd states in catalytic
cycles, with some cycles potentially initiating with 2P@dpecies that undergimn situ
reduction to PY

Although direct, reatime verification of these transformations (suchirasitu
XPS) is experimentally demanding, the consistently observed distribution of Pd species
across similar catalysts implies that no single Pd oxidation state dominates catalytic
performance. Rather, the interaction between palladium and the support, partibela
local electronic environment and acid/base character of the HT framework, appears to be
the key driver of catalytic behavior.

Attempts to quantify Pd dispersion using traditional methods like CO
chemisorption proved ineffective, as CO interacts not only with metallic Pd but also with
the basic sites intrinsic to HT materials. This dual affinity compromises the accuracy of
disperson measurements and may obscure the true extent of catalytically active sites. As
a result, using Pd mass alone to assess per
actual activity, given that not all Pd sites may be equally accessible or rescterecertain

reaction conditions.
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3.4.2 Catalytic aldehyde decarbonylation
Decarbonylation Catalyst Screen

Several doped hydrotalcites were evaluated for their catalytic activity in the
decarbonylation of aryl aldehydes, usingmisaldehydel@) as a model substrate under
the reaction conditions outlined irable 3.3 In the absence of palladium, the parent HT
catalyst Table 3.3 entry 1) exhibited no detectable decarbonylation activity or other
transformations of this substrate. This lack of reactivity is unsurprising, as there is no
known precedent for magnesium/aluminbased catalysts facilitating decarlgtation in
the liquid phase. In contrast, all dntaining catalysts demonstrated catalytic activity,
producing the expected decarbonylation product, anigaje (

Pd/HT serves as a baseline catalyst, highlighting the effect of palladium on an
unmodified hydrotalcite support, achieving a yield of 69%lle 3.3, entry 3. The other
catalysts are all doubly modified, incorporating palladium along with a secondary
transition metal. The presence of this additional metal can either enhance or inhibit
catalytic performance. Specifically, Pd/CrHT (10%), Pd/CuHT (17%), Pd/NB4®0),
and Pd/FeHT (55%) exhibited lower activity compared to Pd/HT. In contrast, PA/MgFeHT
(78%),Pd/CoHT (87%), and Pd/ZnHT (94%) demonstrated increased catalytic efficiency,
with Pd/ZnHT showing the highest yield. This variability highlights the influence of
secondary metal dopants on the catalytic performance-stipibrted hydrotalcites and

the inportance of understanding these effects.
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Table 3.3 Catalyst screen for the decarbonylation op-
anisaldehyde (1a) with several transition metal doped Rd

hydrotalcites
O H
H
Catalyst (2.5 mol %) _
THF (2.0 mL)
uW, 150 °C, 3h
-0 -CO 0
la 2a
Entry Catalyst Decarbonylation Yield (%)
1 HT 0
2 Pd/HT 69
3 Pd/FeHT 55
4 Pd/NIHT 34
5 Pd/CoHT 87
6 Pd/CuHT 17
7 Pd/ZnHT 94
8 Pd/CrHT 10
9 Pd/MgFeHT 78

Conditions: Substratep{anisaldehyde, 0.22 mmol, 30.0 mq
catalyst (2.5 mol % in reference to Pd, 11.7 mg), THF (2.0r
mi crowave heating, 400 rpnm

Tandem Dehydrogenation/Decarbonylation

To emphasize the multifunctional nature of hydrotalb#ised catalysts and further

distinguish their individual reactivity, we employgdanisyl alcohol 8a) as a model

substrate. This compound undergoes a sequential transformation to the desired product,

anisole Ra), via an initial dehydrogenation step followed by decarbonylation (proposed

mechanism shown iBcheme 3.1 Conventionally, achieving this transformation would

require two distinct catalytic or stoichiometric processes that typically cannot be performed
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simultaneously. Thus, necessitating a purification step associated with additional waste and
time costs.

Table 3.4 presents the catalyst screen results for the tandem dehydrogenation
decarbonylation of3a, conducted under the same reaction conditions as the
decarbonylation screen, with the exception of an extended reaction time which was
increased from 3 to 5 hours. While the first step (dehydrogenation) is theoretically
reversible, the hydrogenation ofetiintermediate aldehydédd) was not observed in the
original decarbonylation screen. Therefore, even in the presence of residual hydrogen
generated duringathydrogenation, significant reversible hydrogenation is not anticipated
in this pathway.

While parent HT remains inactive for decarbonylation, it does exhibit catalytic
activity for dehydrogenation, yielding 30% of the aldehyde prodi@&t (This finding
underscores the potential of Aprecious metal catalysts for the selective oxidation of
primary alcohols to aldehydes under mild conditions, a topic explored further in discussion
below. All modified catalysts demonstrate activity for ballkehydrogenation and
decarbonylation, though to varying extents. Notably, the incorporation of an adtitio
transition metal proves beneficial in every case compared to Pd/HT. Among them,
Pd/ZnHT achieves the highest overall conversion (99%) and the greatest yield of anisole
(24) at 79%.

To elucidate the superior catalytic performance of Pd/ZnHT, XPS analysis was
conducted to identify distinguishing features among the catalysts. The primary difference
observed was related to the nature of magnesium species (For details on Pd speciation,

refer to the XPS results section). The Mg 1s spectrum of Pd/ZnHT revealed small amounts
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of surface magnesium carbonate species, indicative of strongly basid-gjia® (3.90).

In contrast, the Mg 1s spectra of Pd/FeHT and Pd/CuHT primarily displayed a peak
characteristic of the unmodified HT structure, suggesting significantly lower basicity.
These findings imply that the presence of strong basic sites enhances decarlmoaythtio

likely contributes to improved dehydrogenation activity as well.

Scheme 3.1. Proposed mechanism for the tandem dehydrogenation/decarbonylation
transformation of p-anisyl alcohol (3a) to anisole (2a).
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Table 3.4 Catalyst screen for tandem dehydrogenation/decarbonylation ofgmisyl
alcohol (3a)

HO Os_H Y
Catalyst (2.5 mol %)
THF (2.0 mL) >
uW, 150 °C, 5h -CO
A0 H, A0 A0
3a 1a 2a
-H,O i
o] 8
4a
Entry Catalyst Conversion (%) vield (%)
la 2a 4a
1 HT 30 30 0
2 Pd/HT 60 26 32
3 Pd/FeHT 98 25 60 14
4 PANIHT 85 31 49 5
5 Pd/CoHT 91 34 52 6
6 Pd/CuHT 86 67 15 5
7 Pd/ZnHT 99 19 79 1
8 Pd/CrHT 46 39 4 2
9 Pd/MgFeHT 95 46 33 15
Conditions: Substratg{anisylalcohol, 0.22 mmol, 30.4 mg), catalyst (2.5 mol % in refere
to Pd, 11.7 mg), THF (2.0 mL), microwa\

*Dehydrogenation yield is calculated as the surhiaodnd2a.

An unexpected byproduct, a toluene derivatda),(was observed, likely formed
via a hydrogenolysitype pathway. While these catalysts have previously exhibited

hydrogenolysis activity, it has predominantly been associated with ether m#ieties.
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However, recent literature suggests that the@bond in primary alcohols can undergo a

similar transformation through one of two potential mechanisms: (1) direct hydrogenolysis,

where a hydrogen equivalent concertedly cleaves tiddHbond of3a (Scheme 3.23 or

(2) a sequential process involving alcohol protonation, dehydration (water elimination) to

generate a carbocation, and subsequent hydride addiiterfe 3.2h’8 Given that this

transformation requires a source of hydrogen, we propose that the hydrogen generated

during the dehydrogenation of the benzylic alcohol to the aldehyde serves as this source.

Notably, the catalysts exhibiting the highest activity for tramisformation are Pd/FeHT

and Pd/MgFeHTRigure 3.11), both of which incorporate +3 metal modifiers (substituting

Al | in the support). I n contrast, the other

Mg|] ). The pr esenc etosnghificanBy influenceathhe Lews aciditya ppe ar ¢

of the catalyst, thereby enhancing both the initial protonation of the hydroxyl group and

the hydride addition to the carbocation, leading to the formatiata.6t 8° Conversely,

catalysts modified with +2 metals produce only negligible amoums,ahdicating that

Al | is less likely to promote this pathway.
To further investigate the role of Pd/FeHT and Pd/MgFeHT in the formatiéa of

the reaction was conducted in ethanol as a solvent to determine whether a hydrogenolysis

pathway was responsible. These catalysts are capable of ethanol dehydrog®rfation,

generating additional hydrogen equivalents, which significantly increases the available

hydrogen compared to when only the substrate serves as the hydrogen source. As a result,

overall conversion decreased by approximatelytbird for both catalysts, yeelectivity

toward4adoubled (selectivity tdain THF: ~15%; in EtOH: ~33%).
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Scheme 3.2Proposed pathways for the hydrogenolysis of benzylic alcohols. (a) Direct
hydrogenolysis, a H equivalent concertedly cleaves the ©©H bond forming Ar-CHs
and Hz0. (b) Partial hydrogenation (alcohol protonation)i dehydration (carbocation
formation) i re-hydrogenation (hydride addition).
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The reduced overall conversion may be attributed to the inherently lower
dehydrogenation activity in ethanol or the reversibility of the aldehyaehfydrogenation
step, which could lead to reformation of the alcoh®d).( The increased hydrogen
availability not only facilitates hydrogenation but also enhances the prevalence of
hydrogenolysis t@la. This solventdependent behavior underscores the complexity of the
catalytic system, demonstrating that activity is influenced not only by the intrinsic

propertes of the catalyst but also by reaction conditions. Furthermore, catalyst selection
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plays a critical role in directing reaction pathways. For example, using Pd/ZnHT
significantly suppresseda formation, highlighting how different metal modifiers can
enhance or inhibit specific transformations. A catalyst effective for one step may be

detrimental to another, emphasizing the need for a strategic approach in catalyst design.

100

| Pd/ Fe Pd/ MgFle
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P
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Figure 3.11.Product distribution for the reaction pfanisyl alcohol 8a) with Pd/ZnHT

in both THF and EtOH. Distribution outlines how the desired tandem reaction
(ehydrogenation followed by decarbonylation) is bypassed by hydrogenolysis type
reactions which provide-methoxyoluene 4a). Conditions: Substratgp{anisyl alcohol,

0.22 mmol, 30.4 mg), catalyst (2.5 mol % in reference to Pd, 26.6 mg), THF (2.0 mL),
mi crowave heating, 400 rpm, 150 eC, 5h.

To summarize the activity of this group of catalysts, both dehydrogenation and
decarbonylation yields can be observed simultaneouBigue 3.12. Overall,
dehydrogenation activity is less affected by metal modifiers, where all but Pd/ZnHT and
Pd/ HT have very similar activity. Pd isnot

increases activity), and the support itself behaves catalyticaltififotransformation. The
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same is not true for decarbonylation as Pd is critical for activity and we see both beneficial
and detrimental effects from metal modifiers. We hypothesize that the dopant metals
directly modulate the electronic properties of the Pd centers, therebynirifigecritical

steps in the decarbonylation pathway. Specifically, the ease of oxidative addition of the
aldehyde CH bond, the subsequent elimination of CO from theiamngtal intermediate,

or both. The incorporation of firsbw transition metals, whiclpossess accessible d
orbitals unlike Mg or Al, can alter the electron density at the Pd sites by either withdrawing
or donating electron density, depending on their electronic nature. These changes in
electron richness can, in turn, enhance or diminish athiéty of Pd to engage in
backbonding interactions, particularly in reference to CGr{dertion from acyl and how
tightly the metal center then holds onto C®¥3As a result, these dopant metals exert a

more direct influence on the overall decarbonylation activity.

The trends for both dehydrogenation and decarbonylation are as follows:
Dehydrogenation
Pd/ZnHT > Pd/CoHT ~ Pd/FeHT ~ Pd/CuHT ~ Pd/MgFeHT ~ Pd/NiHT > Pd/HT
Decarbonylation

Pd/ZnHT > Pd/CoHT > Pd/MgFeHT > Pd/HT > Pd/FeHT > Pd/NiHT > Pd/CuHT

Considering the superior activity of Pd/ZnHT, it was chosen as the catalyst for further

experiments.
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Figure 3.12.Plot of dehydrogenation activityTéble 3.4 vs. decarbonylation activity
(Table 3.3 for unmodified HT, Pd supported HT (Pd/HT), and several metal modified

palladium supported HTs (Pd/MHTSs). The plot outlines how metal modifiers effect
differenttransformationgo different extents.

Dehydrogenation activity: Pd vs. neRd HTs

While decarbonylation is a more demanding transformation, the ability of HTs to
dehydrogenate alcohols presents a valuable and versatile catalytic tool. The pathway
outlined inTable 3.4further illustrates how product selectivity can be deliberately tuned
through rational catalyst design. As demonstrated, the presence of Pd enables the tandem
dehydrogenatiardecarbonylation transformation frodato 2a. However, iflawere the
desired product, Pd would instead be detrimental, as it would drive the rdzstmnd the
intended endpoint. Given that base HT can independently facilitate dehydrogenation,

examining the remaining metalodified catalysts in the absence of Pd would provide
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insight into how these dopants influence dehydrogenation activity. Additionally,
comparing their performance to 4€dntaining counterparts would help clarify the extent
to which Pd enhances catalytic activity relative to itsfiéd analogsTable 3.5presents
the yields for the dehydrogenation d&, comparing both Rdontaining and Pdree
catalysts.

While all Pdbased catalysts have already demonstrated dehydrogenation activity,
the data further confirms that fete variants also facilitate this transformation. Focusing
on nonpalladium catalysts, NIHT demonstrates comparable activity to the pailent H
while CoHT, CuHT, and MgFeHT exhibit diminished catalytic performance. In contrast,
FeHT and ZnHT display enhanced dehydrogenation activity. Again, a zinc modified
structure (ZnHT) shows the highest activity for dehydrogenation, keeping in line with the
outcomes shown thus far. To assess the impact of incorporating Pd into the catalyst
structure, the ratio of dehydrogenation yields betweendptaining and Réree catalysts
was calculated. These ratios range from 1.93 for base HT to 5.04 for CoH@atinglibat
lower values correspond to a modest enhancement in activity upon Pd addition, whereas
higher ratios reflect a more pronounced catalytic improvement. Although activity varies
among the catalysts, the key takeaway is that, on avera@eePdTsexhibit roughly half
the dehydrogenation activity of their fdntaining counterparts. However, since
selectivity remains consistent across both sets, Pd may not be essential when only a single
dehydrogenation step is required. Instead, extending theioreaone should yield

comparable results.
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Table 3.5. Comparing the role of palladium on the dehydrogenation activity of
metal modified hydrotalcites.

HO @) H

Catalyst (2.5 mol %)

THF (2.0 mL)
uw, 150 °C, 5h
/O -H2 /O
3a la
Entry Catalyst Dﬁgr{dgggenatlog dYIIDec:S)e(Zi/O) Pd:Non-Pd

1 HT 30 58 1.93
2 FeHT 41 84 2.05
3 NiHT 29 80 2.76
4 CoHT 17 86 5.04
5 CuHT 20 82 4.09
6 ZnHT 40 95 2.38
7 CrHT 37 44 1.18
8 MgFeHT 18 80 4.44

Conditions: Substratg{anisylalcohol, 0.22 mmol, 30.4 mg), catalyst (2.5 mol % in
reference to Pd, 11.7 mg; n&ul: 11.7 mg), THF (2.0 mL), microwave heating, 400 rpm,
150 eC, 5h.

3.4.3 Optimization of reaction conditions
Solvent

The effect of reaction conditions on Pd/ZnHT was systematically evaluated to
determine whether further optimization could be achieved. Key parameters included
solvent choice, catalyst loading, substrate concentration, and temperature. Among these,
solventselection is particularly crucial in heterogeneous catalysis, as different solvents can
lead to drastically different outcomes.

To assess the impact of solvent choice on the decarbonylatiba af solvent

screen was conducted using a polar protic solvent (ethanol), a polar aprotic solvent (THF),
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and a norpolar solvent (toluene)Fgure 3.1339. Ethanol yielded a moderate 30%
conversion t®abut exhibited poor selectivity (<50%) due to significant hydrogenation to
3a This |l oss in selectivity can be attr
hydrogen through dehydrogenation, thereby promoting unwanted hydrogenation
pathways. Additionally, ethanol may reduce active catalytic sites, further influencing
reacton efficiency.

In contrast, toluene provided excellent selectivity (100%) but an extremely low
yield (4%), indicating that while it prevents side reactions, it does not support sufficient
reaction kinetics. This | i mit at icoantainigna y
functional groups, which could hinder proper substrate coordination or catalyst activation.

THF, the solvent used in the initial catalyst screening, delivered the best results,
achieving a 67% yield dfa. Its ability to facilitate the reaction without deactivating active
sites suggests it provides the optimal balance of coordination without interfering with
catalytic activity. Based on these findings, THF will be used for further optimization. This
small solvent screen underscores the dramatic influence of solvent choice on catalytic

performance, highlighting its critical role in reaction effiag and selectivity.

Catalyst Loading

The effect of catalyst loading was examined to determine an optimal amount that
ensures sufficient activity within a reasonable time frame. Loadings of 0.1, 0.5, 1.0, 2.5,
and 5.0 mol% Pd were tested in THF at 150 °C over a 2h reaction period. The fene sca
was intentionally shortened to prevent the reaction from reaching completion at any

loading Figure 3.13b. A linear relationship between catalyst loading and decarbonylation

101

i but

sten



yield was observed, with yields of 13% at 0.1 mol%, 26% at 0.5 mol%, 38% at 1.0 mol%,
69% at 2.5 mol%, and quantitative conversion at 5.0 mol%, which was unexpected given
the reduced reaction time. Because full conversion was achieved at 5.0 mol%,ahis dat
point was excluded from the linear regression trendline. Hypothetically, if yields could
exceed 100%, the extrapolated value at 5.0 mol% would be 127%. Based on this, it is
estimated that quantitative conversion was reached within approximately 90sninute

The observed linear correlation suggests that, within this timeframe, reaction yield
is not limited by intrinsic chemical kinetics but rather by the number of available active
sites. At significantly higher catalyst loadings, the reaction could feasibbeed within
minutes. Furthermore, since catalyst loading did not influence selectivity or product
distribution, it can be adjusted to control reaction duration. Lower loadings can still achieve
guantitative conversion, albeit over longer reaction timelBereas higher loadings
accelerate the process. Given that these catalysts are recyclable (as discussed below), a 2.5
mol% loading was selected as optimal, balancing high decarbonylation yield with
reasonable reaction times to minimize energy input. Howewbile this loading was
chosen for this study, there does not appea
therefore, catalyst loading and reaction time can be adjusted as needed based on specific

process requirements.

Substrate concentration
In conventional organic synthesis, substrate concentration is often not a critical
parameter. However, in heterogeneous catalysis, where reactions are surface mediated,

reactants can only access active sites from a single direction making the frequency of
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interaction much lower. Thus, substrate concentration becomes a key factor in reaction
efficiency. To investigate its impact on decarbonylation, the reactiéa with Pd/ZnHT

in THF was studied using a 2.5 mol% catalyst loading at 150 °C for 2 hours. Substrate
concentrations ranged from 0.05 M to 5.00 M, with previous experiments conducted at
0.11 M (0.22 mmollain 2.0 mL solvent) serving as a reference point.

The dataigure 3.139 reveal a clear trend: at the lowest concentration (0.05 M),
the reaction yields 13%. Increasing the concentration to 0.10 M results in a sharp rise in
activity, reaching 65%, while a further increase to 0.25 M provides a more moderate gain,
achieving a raximum yield of 81%. However, beyond this point, yield steadily declines,
with the highest tested concentration (5.0 M) producing only 18%. These results highlight
the existence of an optimal substrate concentration, where even dawugtions can
significantly impact reaction efficiency. At low concentrations, the reaction rate is limited
by insufficient substrate interaction with active sites, as the excess solvent dilutes reactant
availability. Conversely, at high concentratiomaproved substrate access to the catalyst
does not necessarily translate to higher activity due to mass transport limitations, increased
solution viscosity, or catalyst site saturation. For instance, at 5.0 M with a 2.5 mol%
catalyst loading, 1.0 g (7.3 mmyof lais dissolved in only 1.5 mL of THF, resulting in a
highly viscous mixture that hinders efficient mixing. Additionally, the altered scheent
substrate ratio may disrupt proper solvent coordination, further impacting reaction
performance. Therefore, weade a 0.25 M concentration for all successive experiments
which additionally minimizes solvent use and increases the process mass intensity, a metric

used to measure the amount of desired product produced per input material.
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Temperature

The final parameter examined was temperature, a crucial factor in heterogeneous
catalytic reactions. While some level of activity may still occur if other parameters (such
as solvent choice, catalyst loading, and substrate concentration) are adequiatéeapt
temperature plays a decisive role in determining reaction efficiency. If the temperature is
too low, the reaction may not proceed, even under otherwise favorable conditions.
Conversely, excessively high temperatures can promote undesirable sitiensea
compromising selectivity and overall process efficiency.

Achieving an optimal balance between activity and selectivity is crucial, as it is
governed by the thermodynamic pathways available. For catalysts of this type,
decarbonylation typically requires temperatures in the range o1.525C’ To assess the
effect of temperature on the activity and selectivity of Pd/ZnHT for the decarbonylation of
1a, reactions were conducted across a temperature rangeidf7B00C EFigure 3.130d
using THF as the solvent, a substrate concentration of 0.25 M, a catalyst loading of 2.5
mol%, and a reaction time of 2 hours.

At 100 °C, decarbonylation occurs but yields only 3%afthough with complete
selectivity. Increasing the temperature to 125 °C significantly enhances activity, yielding
29%, while maintaining full selectivity. At 150 °C, yield jumps to 83%, again with
complete selectivity. However, at 175 °C, while the yi@ldher increases to 99%,
selectivity drops to 91%. Although higher temperatures accelerate the reaction, the decline
in selectivity beyond 150 °C presents a challenge for practical implementdttably,

even at 150 °C, quantitative yields with full selectivity can be achieved witHdim@8urs,
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making it preferable to extend reaction time slightly rather than compromise selectivity at
higher temperatures.

Based on these optimization studies, the selected reaction conilifibiis as the
solvent, a 2.5 mol% catalyst loading, a substrate concentration of 0.25 M, and a reaction
temperature of 150 @ provide the best balance of activity, selectivity, and effcyeior
the decarbonylation ofia using Pd/ZnHT. These conditions maximize yield while
minimizing side reactions, solvent use, and energy input, making thersuwiteldl for
further studies. Moving forward, these parameters will be employed as they appear to

optimally tuned for this catalystubstrate system.
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Figure 3.13.Reaction parameter optimization results investigating the effects of (a)
solvent, (b) catalyst loading, (c) substrate concentration, and (d) temperature.

3.4.4 Catalyst Recyclability

To evaluate catalyst stability for the decarbonylatioda@fa recyclability study
was conducted using Pd/ZnHlnder the optimized reaction conditions. After each
reaction, the mixture was centrifuged at 5000 rpm for 5 minutes, and the supernatant was
carefully decanted into a separate container. To ensure complete recovery of any residual
substrate or product, amall amount of THF was added to the catalyst, and the
centrifugation process was repeated. The collected supernatants were combined for product
analysis (ie. yield determination 28). Fresh substrate and THF were then introduced to

the recovered catalyst, and the reaction was carried out at 150 °C for 3 hours. This cycle
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was repeated ten times, with the results presentéidume 3.14 This method is beneficial
as it does not necessitate filtration and washing, which can result in catalyst loss.

Over ten cycles, Pd/ZnHT maintained over 97% of its decarbonylation activity after
five cycles and approximately 95% after ten cycles, with no observed decline in selectivity.
Elemental analysis via IGBES confirmed minimal loss of Zn and Pd (<5% by mpes}
reaction compared to the-peepared catalysT@ble 3.6, underscoring the robustness and
stability of Pd/ZnHT even after ten cycles. FTIR and PXRD analyses of the used catalyst
showed no changes in phase or crystallite size, while TGA revealetention of organic
residues that could potentially block active sites within micropores. A more detailed
discussion on characterization of used Pd/MHTSs is provid€thapter 6 This durability
further reduces the efficiency of an already a&fficient reaction, as the catalyst can be
reused multiple times, eliminating its contribution to process mass intensity calculations.

On larger scales, solvent recovery would furtheraeck efficiency and sustainability.
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Table 3.6 Molar composition comparison of as prepared Pd/ZnHT and after
ten cycles of decarbonylation reactions

Molar composition (%)
Sample M 2*/M 3*
Mg?* Al3* Zn?* Pd?*

Pd/ZnHT 53.15 27.01 15.62 4.22 2.70

Pd/ZnHT after 10

. 53.66 27.33 14.96 4.06 2.66
reaction cycles

Reaction Conditions: Substraggdnisaldehyde, 0.50 mmol, 68.0 mg), catalyst (2.5 m
% in reference to Pd, 26.6 mg), THF (

3.4.5 Substrate scope

With the optimized reaction conditions established, the decarbonylation
capabilities of Pd/ZnHT were evaluated across a diverse set of electronically varied
aldehydes Kigure 3.15 While the majority of the set consists pdra-functionalized
benzaldehydes, it also includes disubstituted benzaldehydesaromatic cyclic
aldehydes, furad er i ve d al d-ersatulated gldehydes Tpéta-shbstituted
aldehydes offer direct insight into the influence of electronic effects on decarbonylation,
while the broader substrate selection provides a more comprehensive understanding of the
reactionds scope and applicability.

The model compoun@a, used for initial catalyst screening and optimization
studies, contains strong electrdanating functionalities-OMe) and is well tolerated,
yielding 98% decarbonylation. Electroreutral compounds2b, 2p) exhibit moderate
yields (47 58%) with full selectivity. Weak electrewithdrawing groups 4d, 2e, 2j
provide moderate to low yields (142%), with halogeftontaining substrates posing a

known challenge for Rbased catalysts due to the potential for competiing &xidative
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addition. Similarly, weak electredonating groups2c) produce moderate yields (37%)
while maintaining full selectivity. Despite their moderate activity, both weak donating and
weak withdrawing groups exhibit high selectivity, suggesting that longer reaction times
could lead to neaguantitative yields.

Strong electrofwithdrawing groupsZg) are well tolerated, affording a 91% yield
of the desired decarbonylation product. Moderate eleetitndrawing groups Zh, 2i)
also perform well, yielding 94% and 92%, respectively. Notabiyterephthaldehyde)
contains two aldehyde moieties, both of which can undergo decarbonyktane(3.16.
The first step generaté&s (equivalent tolb, benzaldehyde), which can undergo further
decarbonylation to produ@b (benzene). This process results in an 83% yiel2i ahd
9% of 2b, which aligns with previous findings thdtb undergoes only moderate
decarbonylation. Moderate electrdonating groups 2j) demonstrate high activity,
yielding nearly quantitative conversion (99%).

In contrast, orthgpositioned weak electretionating functionalities2k) exhibit
low to negligible activity, though selectivity remains high. The introduction of steric
hindrance likely reduces reactivity, yielding only 11%. Disubstituted aryl aldehydes with
strong electrordonating groups?|, 2m) perform comparably to their monosubstituted

counterparts4a, 2j), producing neaquantitative yields (96%, 97%).
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909 o

2p: 58% 2q: 32% 2r: 76(18%% 2s: 100%

aBenzene Zb) yield. Two aldehydes are present. First decarbonylation gives benzalddiwydehich can undergo
further decarbonylation to benzergby.

b Benzene Zb) yield. Starting compound dehydrogenated (2x) to form benzalderg)e which can undergo
decarbonylation to form benzene. Decarbonylation can also occur first followed by dehydrogenation (x2)
¢Fufural (L) yield. Furfuryl alcohol 2r) can de dehydrogenated to form fufural.

Figure 3.15 Substrate scope for the decarbonylation of a set of electronically diverse

aldehydes Conditions: Substratep{anisaldehyde, 0.50 mmol), catalyst (2.5 mol % in
reference to Pd, 26.6 mg), THF (2.0 mL), mic
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Figure 3.16 Proposed pathway for the double decarbonylation of terephthaldehyde (
thru benzaldehyde{/1b) to benzeneb.

Nonaromatic cyclic aldehydes that are electrmutral 2n, 29 yield moderate
conversions, thougho displays unique reactivityn, structurally similar t@b, results in
a comparable yield of 42%. Howeveq, which contains a degree of unsaturation in the
ring, undergoes both decarbonylation and dehydrogenation to form an aromatic system.
Three concurrent pathways contribute to the observed product distribution. 16irst,
undergoes direct decarbonylation, producing the desired decarbonylation p2oduct
(35%). Additionally,2o can undergo two successive dehydrogenation steps to ge2ierate
(benzene)Kigure 3.17). Alternatively,1omay undergo dehydrogenation first, yielditig
(benzaldehyde), which then decarbonylates to f2bnfyield of 2b: 25%)igure 3.17).
The presence dfb, 2b,and2o suggests that botkecarbonylation and dehydrogenation of
looccur under these conditions. However, it is challenging to determine wBbtioems
primarily through decarbonylation dfb or dehydrogenation oRo. Regardless, these
results demonstrate that the catalyst facilitates dehydrogenation, and from a
thermodynamic standpoint, full aromaticity is preferred over a partially unsaturated ring

over extended reaction times.
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Figure 3.17. Possible pathways for the multistep transformation -afydlohexenel-
carboxaldehyde 10) to benzene 2b) through a combination of decarbonylation and
dehydrogenation.

Furanderived fivemembered aromatic systen2g|( 2r) were also investigated due
to their relevance in biomasterived chemical streamsS*® Catalytic decarbonylation
offers an atorreconomical deoxygenation strategy, enabling the production of either more
energydense fuel components or valuable platform chemicals. The unfunctionalized
furaldehyde substrate2q) exhibits moderate reactivity, yielding 32% of the desired
decarbonylation product with full selectivity. The hydroxymethwictionalized analogue
(2r) introduces additional complexity leading to a higher total decarbonylation yield of
96%. However, the primary decarbonylation prod@) @ccounts for 76%, whiléq,
formed via dehydrogenation of the hydroxy group, constitutes 18%. A minor fraction (1

2%) of 1q undergoes further decarbonylation to prod2géFigure 3.18.
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Figure 3.18.Possible pathways for the transformation gh$droxymethyl)furfural {r)
to furan @q) through a combination of decarbonylatiemd dehydrogenation.

The formation oflLq can proceed via two possible pathways: eittreandergoes
initial dehydrogenation followed by decarbonylation, or decarbonylation occurs first,
followed by dehydrogenation. The observed product distribution suggests that
decarbonylation t®r is the preferred initial step, with a portion 2f subsequently
undergoing dehydrogenation to yidld. Overall, the functionalized substrate compared to
its unfunctionalized counterpart shows a higher degree of reactivity in line with previously
established trends.

L ast | yunsamnated@ldehyd2d was examined to assess the impact of non
ar o ma-systams on catalytic activity and selectivity. The unsaturation is highly
tolerated, leading to quantitative yield with complete selectivity. This enhanced reactivity
is likely due to the ease of CO magory extrusion [(i) CC cleavage of ©C(O)M), (ii)

CO-M bond formation, (iii) GM bond formation], facilitated by resonance effects. The
el ectron dearsn incyeasest makirty & mdde nucleophilic araating
efficient carboiime t a | bond formati on. -Nystenadoésyigt t he

introduce competing pathways, highlighting the ability to design selective decarbonylation
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catalysts capable of accommodating complex substrates that possess multiple reactive

functionalities.

3.4.6 Computational Data

Computational methods were employed to assess key electronic parameters for a
library of substituted aryl aldehydes relevant to the substrate scope. Calculated descriptors
included COH bond dissociation energies (BDESs), GOvibrational frequencies, atomi
charges (via Mulliken, natural bond orbital [NBO], and quantum theory of atoms in
mol ecul es [ QTAI M] analyses), electrophilicit
f(1), f(0)] (Table 3.7). Both the BDEs and vibrational frequencies fell withinaarow
range and showed a strong mutual correlatiigufe 3.19. However, neither parameter

alone exhibited a direct correlation with decarbonylation yield.

Atomic charges were computed using three methods, with a specific focus on the
atoms of the aldehyde functional group (C, O, and H). Mulliken, natural bond orbital
(NBO), and quantum theory of atoms in molecules (QTAIM) analyses were employed to
evaluate elative electron densities and the influence of substituent effects. Although the
absolute charge values varied among the methods, consistent trends were observed, with
all three correlating well with COH vibrational frequenciesF{gure 3.20. QTAIM
analysis revealed that the carbonyl carbon is markedly electeficient (positive charge
O +1), the carbonyl -rixglgegane ga id)\amo thegh g r geel e
aldehyde hydrogen is close to neutral but slightly eleedieficient. Electrordonaing
groups (EDGSs) generally increased electron density at all three positions, while electron

withdrawing groups (EWGSs) decreased it. Notapbra-substituted CI, Br, and Ac groups

114



(despite being classified as EWGS) deviated from this trend at the carbonyl carbon, which
showed increased electron density. Similar deviations from expected Hammett correlations
in halogenated benzaldehydes have been previously reporiad /s e n Thesed An.
observations suggest that electron density is not uniformly distributed across the aldehyde

group and may be selectively influenced by the nature and position of substituents.

115



116

- - - - - - - - - - - - - - - - - - - - - - - 66 (') HOd
6FLO0 | 9LTI'0 | TTTOO | TL60°0 | 60610 [££00°0| 80000 91000 | 0 |11L0T TH60E F6CH |195TI1- - - 6€910T  9OLOFO  SS980°0 | SETIO0 FBIOTD  TTOT900 | TI088T - 8¢ (d1) apiyapreqrden-
9CCTO | LT6T0 | S8IT0 | 8TCTO | 88870 (89100 T100°0 [€T000 | o |io1€T 1c6T+ ot |iccort- - - |918E£COT SEFCE0 SFITOD |£1TT00 SFIITO  6£R0LOD | 997168T - I3 (b1) remypmy
CTETO | LEBTO | ECTT'O | FISTO | LESTO | T6T0°0 | TIOOO | €T000 | O oFey | S00TT- - - LSBOSOT FFOTE0  GETO0 |LSETO0 SL6FI0 8STEY00 | £E8I6T - 6 1) IS
69110 | LFBI'0 | I6F00 | L6F1'0 | 868TO L6000 | TI000 [ #7000 | 0 |rIs81 9c09F% 1€l |ecctin- - - ELTETOT LTEOFO F0980°0 [ £09000 LIS600 TEISO0 | T11°698T - 16 (mp) 2wQ-Fg
OFIT0 | TZ8T'0 | TLFO0 | (810 | T88TO [€6000| TI000 |CT000 | o |coscT (ovCt vTOH |#86TIT- - - £68TI0T FSE0F0 (OES0°0 | E8¥000 TOL60D TTL6W00 | +I'89ST - % (17) umTme |
SFOT0 | TFTI'0 | £80°0 | TTET'O | LOSTO [BEETO| 11000 | LTOO0 | 70000 |9SHFT T18FF U89+ | c1irl- - - LOTTOT TEELE0 OFDLOO [0TS000 £6560°0  F60SO0 | 15698T - 86 (s7) Amrenm)
SITHO | 990170 | 1999°0 | L6LT0 | TELTO |T980°0 | 7090°0 | €TO00 | TBITO | TOTTT #¥s0¢ 619+ | OTTIT- - - 99F00'T  THOOFO | (9L80°0 | FILTIO0 SE60T0 LS9L00 | (L6T6T 656 11 (s13) 30
FSLEO | LISO0 | £L90 | TOG00 | #E60°D [1S80°0| E190°0 | L0000 | TCIO | o€  Toery cooc | Tsort- - - 000£0'T  TSSOFO | SSE60°0 | 6T5TO0 ES60T0 | 6TELO0 £668T 98¢ 16 @ tond
B0L00 | TSTTO | 9ET00 | FLLOO | STSTO | FEOUO | 6T00°0 | TTOO0 | 9F00°0 | €898T 6F9CH LITC- | 6€1TT- - - TFTL80  £0S0F0 SECB00 [LOSTO0 SSFOT'0  SH99000 | EELBST V56 6 (qr) ay-d
FLITO | 169170 | LE90°0 | €0ST°0 | TSTO [96000| 1000 |1T000| o wsr | 61T - - 0TOLS'G  LOSOFO SST60°0 |9€9T00 957OTO  TTFO0D | ££985T FHE6 01 1) agd
THTI0 | €691°0 | 16L0°0 | 9TETO | ¥TSTO |LOTOO| [TO00 | 12000 | O | LOST ¢Se80¢ #¥8+ | TOTIT- - - 186980 £6C0F0 OTT600 [T66T00 STFOT0  EEE9000 | S8€8ST W56 w Gpd
T6THO | 98LT°0 | L6970 | TOSTO | 9LTO |FFSU0 | CEO00 | ETOOQ | LFTTO | 919TT €96TE [90+ | oTTrT- - - 0T0T0'T  0T90FO | TLIG00 | 6EFTO0 SHEOTO  C91900 | #1TEST £6°C6 fal (D 14
SFTHO | T9LT0 | 8TL9°0 | 99LT0 | €89T0 |6¥80°0 | 8€90°0 | TTOOD | £6TTO | ISTIT +E8TC &89+ | cTerl- - - TLLTOT  BTLOFO  S6060°0 | EFETO0 OTTOTO | FOT900 | +1°088T 9T c6" i (qn ud
THTFO | TELTO | TEL90 | 9LTO | L99TO |ECSOO | IF90°0 | TTOOD | 66TT0 | 00T 686TC 196+ | ecTrl- - - OFFIOT  GLEOFO | 95980°0 | TLOTO0 LBOOTO  68LS0°0 | 10°LLST CI'e6 L€ () 2pd
ISTI0 | ¥SLTO | 80800 | 9910 | S6LTO |LETOO| TIOOO | #7000 | O |IFIST 1IT6F 9TCH | LOSTT- - - 99010'T CESOFO CBLS0°D | £6L000 966600 69¥C00 | 16°€L8T L056 66 (ep) 2apy0-d

+ = + = + = WIVIO ON US| WIVIO O8N UWHIMYINIVIO O8N UHHny
()3 Cu | w | BF | O | (o9 Az. (3] gl o || 3 ! | e |
wadixg noqIE) waSoapiy LEEIRT) noqIe) uaSoapiy (%) PRIR T
DuNbI] satdrany  |ope —.nﬁoamu 93 hEmnsquy
saa1pu] myn saarpou] {yprppdondary safren) aymoyy HA0D) | wonemessiq
[ETOREIGEA | puog H-0D

A112111ydosi129 |89 ‘sablieyds o2 1wole ‘sSalouanbail)] |JUO Il IQg IA

loel 1P PO S SUPAME OGOl Iep paAlloap A|jjeuolleindwop s |qel



2905

0-NO2 R2 = 0.9958| N
- 2900 %
G _ 3
L 2895 O
i g
 p-Ac L 2890 E
. | L
p-Br

” - 2885 ©
P-Cl" 9. pH i i
p-F @ - 2880 2
'~..'.p-Me- T
"o [ 2875 O
®)

p-OMe |

2870

-96.0 -958 -956 -954 -952 -95.0
CO-H Bond dissociation Energy (kcal/mol)

Figure 3.19 Relationship between GB bond dissociation energy and &Ovibrational

frequency.

Thermodynamic and charge calculations indicate that HC®ond dissociation
energies (BDESs) lie within a narrow range, suggesting that oxidative addition is unlikely
to be the rateletermining step. Instead, CO migratory extrudioaquiring G C(O)H
bond clavage between two %hybridized carbons, one of which is aromaFig(re 3.20
may present the key kinetic barrfér®® While EWGs are generally thought to facilitate
oxidative addition by increasing carbonyl electrophilicity and weakening théi@ond,
this benefit may be secondary. Substrate ability to under@olond scission during CO

extrusion appears to more stghninfluence reactivity.
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Figure 3.20. Relationship between calculated atomic charges of aldehyde hydrogen
(Mulliken, NBO, QTAIM) and vibrational frequency of aldehyde €O

Experimental results show that weak EDGs and EWGs typically afford low to
moderate yields, while both strong EWGs and strong EDGs enhance reactivity. EWGs may
weaken the ©C(O)H bond, while EDGs can stabilize the arene and promote bbnd
formation throud) increased electron density. Thus, enhanced rates likely arise from either
bond weakening or greater nucleophilicity, whereas minimal electronic perturbation yields
little improvement. Reductive elimination may also be slower than oxidative addition,
further influencing overall efficiency.

The concepts of electronegativity and the familiar ideas of hard and soft acid base
theory can be traced to density functional thé8mnalysis of all calculated descriptors
revealed a correlation between decarbonylation activity and the electrophilic susceptibility

of the carbonyl carbon, quantified by the Fukui functiBiggre 3.21). Fukui indices, {,
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are parameters derived from electron densities in computed electronic structures when
electrons are added or removed from frontier molecular orbitals. They can be used to
identify reactive sites (atoms or groups of atoms) within a molecule where elelattophi
nucleophilic, or radical attacks are most likely to occur. The tendency toward nucleophilic
attack at an atom is quantified ky fEquation 3.1), where £ is the difference in electron
density between the neutral compound and the anion where an electron is added to the
LUMO. Similarly, fi (Equation 3.2 and £° (Equation 3.3 relate electron density {(N)

is the electron density at atdowhen the compound h&selectrons) differences between

the anion, neutral and cationic species.

fif = rk(N+1) - r(N) Equation 3.1
fi = rk(N) - r i (N-1) Equation 3.2
fi? = [ rk(N+1) - r k(N-1)] Equation 3.3

Comparing compounds (like benzaldehyde derivatives) at corresponding position allows
their reactivity toward electrophiles, nucleophiles, and radicals to be ranked numerically.
As an example, butyrolacton€&gble 3.8 is known to beelectrophilicat the ester carbon

but nucleophilicat the ester carbonyl. Accordingly, the Fukui parameteasd f should

reflect this fact. A sample calculation (b3lyp/def2tzvp) followed by computation of the

Fukui parameters gives the following:
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Table 3.8 Butyrolactone atom Fukui functions

Atom f( -) f(+) f(0)
1 C 0.0773 0.4786  0.2780
2 O 0.0693 0.0761 0.0727
3 H 0.0002 0.0026  0.0014
4 H 0.0089 0.0403 0.0246
5 O 0.6849 0.2140 0.4495
6 C 0.0092 -0.0169 - 0.0038
7 H 0.0027 0.0238 0.0133
8 H 0.0042 0.1307 0.0674
9 C 0.0262 0.0318 0.0290
10 H 0.0002 0.0022 0.0012
11 H 0.0058 0.0022 0.0040
12 C 0.1110 0.0145 0.0627
Norm: 1.0000 1.0000 1.0000

Here atom #1 is the ester carbon, atom #2 is the ester oxygen and atom #5 is the

ester carbonyl. Consistent with experimental observations, the carbonyl carbon has the

strongest reactivity toward nucleophiles (highé¥t hile the carbonyl oxygen has the

highest reactivity toward electrophiles (highekt f

As f(+) is related to atomic charge and BDE, lower values (indicating higher

susceptibility) should facilitate oxidative addition. While most compounds follow this

trend, several outliers, particularly those bearinghsfpridized oxygen substituents (e.g.,

iOMe, 1OH), deviate. Unlike sphybridized oxygen groups, these substituents may

enhance adsorption at Lewis acidic Pd sites via lone pair interactions, increasing surface

residence time and outweighing resonance or inductive effects.
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Although TOMe andiOH groups are typically expected to hinder oxidative
addition by increasing electron density, their resonance stabilization may aid intermediate
formation® However, this does not fully explain observed trends. For example, 5
hydroxymethylfurfural (8HMF) shows high decarbonylation activity despite its
hydroxymethyl group lacking direct resonance with the aromatic ring, in cont@a& e
andp-OH. This suggests that adsorption vig spygen lone pairs may play a more

significant role than resonance in promoting activity.
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Figure 3.21.Relationship between the electrophilic susceptibility represented by Fukui
parameter f(+) and decarbonylation yield.

Al t hough it might be expectedMFhwaouldhe ri
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ri ng%hiysborspi zed. One |l one pair is delocali ze
unavailable for coordination, | eaving only o

behaves mor e -dleirkievea Iaé ozHdye ederwlvielse 15 s en
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reactivity from the hydroxymethyl group rat
appear to be kinetic rather than thermodyna
abi |l i thyy borfi dsipz-edntoxiymiemg groups to promote f
orientation at the catalyst surface.

From a thermodynamic standpoint, al | sub
energy window. AlthoughiHokoddt mag &adeédist i gmt ¢
for etHettcobant Ssubstrates, the overall reac

scope suggest that bond strength alone does |

3.5 Conclusion

Herein we demonstrate the successful development and applicatiordoped
hydrotalcite (Pd/HT) catalysts, particularly Pd/ZnHT, for the selective decarbonylation of
aryl aldehydes under bafee, microwaveassisted conditions. Through systematic
strucural, spectroscopic, and catalytic characterization, it was shown that the nature of the
secondary metal dopant in PA/MHT catalysts significantly influences both decarbonylation
and tandem dehydrogenatiaecarbonylation performance. Pd/ZnHT exhibited the
highest catalytic activity and stability, with >90% yield across a broad range of
electronically diverse substrates and excellent recyclability over 10 cycles. Computational
analysis revealed that while €B bond dissociation energy and vibrational frequyen
correlate strongly, they do not predict reactivity. Instead, the electrophilic susceptibility of
the carbonyl carbon and local electronic environment better explain observed trends,
particularly for substrates bearing3spybridized oxygen substituent3.he cat al yst 0.

multifunctionality was further highlighted in its ability to dehydrogenate benzylic alcohols,
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enabling tandem transformations without intermediate isolation. Collectively, these results
underscore the potential of PA/MHT systems as tunable, sustainable platforms for complex
catalytic transformations, providing a foundation for future applicationdbiomass

upgrading and decarbonylative coupling strategies.
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CHAPTER 4

Thi oester Decarbonyl ation via Heteriogenous F

El ectronic Effects of Substituents

4.1 I ntroduction

Sul fur containing compounds are commonpl
involved in, but not | imitedTHe ,h t lmimi etoh earci M
is one of the most dominant active phar mace
result of sulfur being more hydr apmbeirc ods

common pharmaceuticals al(Fegdy)amds dehsuss ,t hitss

i mpl ementation to other APIs is of further
thioethers is via a W lliamson ether 1i ke s
an alkyl /aryl halide in thhetyppespatdway. bV
straightforward, al kyl / aryl h a |ptlideess metamo d e

necessitatoefs stthoe chbsemeétnminc moa e Wmesd wletr

met hodol ogi es emerged for thioether synthes.]|
with aryl hali des or pseudohalides with thi
waste, and hazardous '!imat a098dl, s Yawmamosoilteépar
exampl e of i nt rdencacalrebcounlyad rattihoinoldlsbtigsrr o duwde € thiai

attracted much attention because thioesters

are easily obtained, +dhmeapeadmsuisyve moamrd s@erers
increase in the pbAddiotfi pmalcluy sotrhimatemroad ss
and produces CO as the theoretical sole by p
standpoint, intramolecul ar decarbonyl ation p
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Whi | e carbonyl substrates ar e ubi quito
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er al me c hankisgnuraes AbAehgdest he mechani st
bonyl substrates has Radenptggreasermpsthi
arbonyl ation has incregestetbetdrasmethbtygl ag
i mi ze wast e, maxi mi ze resource ehfafsi ci ency
ome more presrsalniged Eomamr | §t csitaudiicerset ri ¢ Rh
alytic amounts of Pd whilichl w®k,e Wdmkeretd ri
first intramolecular decarbonyl ation usi
c as a tWdiukéeénghiageméethod was applied to
version or selectivity to thioethers coul
ngd W andd?Nave been published, however,

tems and in most cases are air sensitive,

h catalyst | oadings.
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Catalyst /@ \©\
S
- CO

R
Homogenous

[Ri(cod)Cl]; Pd(OA)2/dppb PA(PCys),
Caoeral, 2021 Caoetal 2021 Osakada et al, 1987
97% yield, 15h, 160 "C 95% yield, 15h, 160 "C 99% yield, 3h, 100 °C
2 mol % Rh in toluene 3 mol % Pd, 6 mol % dppb 5 mol % Pd in xylene
TON: 48.5. TOF: 3.03h! i toluene TON: 19.8, TOF: 6.6 h!
25 Substrates TON: 31.6, TOF: 2.1 h'! 3 Substrates

25 Substrates

Heterogenous
Pd/HAP Ni'Ce(,
Matsuyama et al, 2023 Matsuyama et al, 2023
93% vield, 24h, 160 °C 94% yield, 24h, 160 °C
10 mol % Pd in xylene 5 mol % Ni in xylene
Argon (1 atn) Argon (1 atm)
TON: 9.3, TOF: 0.38 h! TON: 18.8, TOF: 0.78 h!
24 Substrates 24 Substrates

Recyclable for 5 runs

e e e e e

| 1
| 1
| This work !
I 99% yield, 10h, 150 °C 1
: UW heating :
: 2.5 mol % Pd in THF 1
1 TON: 39.6, TOF: 3.96 h'! :
I 32 Substrates 1
: Recyclable for 10 runs :

e e = = ——— —

Fi g4uBe Relevant work related to thioester d
done by the same group in same paper

Herein, we report the first heterogenou:
decarbonyl at Wenretenhhipeseéeposted Pd/ HT cat al
atemonomi cal ol efinat-denawonlhorylrdtoinwed sc vu @l ia
andxOHas theprodifang)y t he decarbonyl ati on of
aldeRydased on the activity observed for s

decarbonyl ative activity lcaoydrde d ed a unpll ednemy ce
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(LDHg)elass of mixed met al hydroxi des posses
able to support metals for @Oumlli nietdupe evi oa
LDHs, includi(Hfs hgdeotahabtes mi xed metal hy
positively charged PHYVserarandspacticeal ayeef aac
for pall adium catal ysdrsldasadfcfietryi nggo nppSatrha bll ewi
maki ng tshweint esdelflor a range . o%fOCfatahgtact ¢riasn
t haeparates this materi al i's the ability to
capabilities, through i somorphic substituti

met als can replace Mg and +3 mehal waganhoregpt

replacement. While substituti o’ tdodeosesdte fsfeeea
the <catalytic capabilities of t heectwholteg sy
relationship between different met al modi f i e

with desirable activity.

High selectivity requires control over t
catalytically active species (and their S pa
under | yi mgtsitvrittcyt ured ati onships, FfBtfoadisg ¢t
by our group and others to develop Pd cat al
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interacting support matrices andt pmetaanlds t o
st abPtl PRRY | everaging thel/ Hisnad | e @k otperad dkrs
critical challenges of existing methods, i n

environment al inefficiency. Through optimi za
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only applicable to fine chemical synt hesi s
chemistry.

The propacitesdodr it hen floy | owiihig)hhbypmbhesabar
t hi oest er dpercoacrebsosneysl atth atn harness CO as tra
platform that i-esc osneol nei cctaithvee aaontldi yatioom and sel

Pd/ HTs for thioester decarbonyl ation can be

and Pd | oading, which modul dbhtas e diss tt reisb uatnido
speciTantel ounnder st anding of functional .tol eran
Thei verse array of structurally compl ex ¢ omj
from a ipvreedaipcpor oach that assesses |ikely out
wide range of electronically diverse thioes

activity. imsuirlttitceorhmo mai,etmel oyed to identify

t hermodynamic parameters (i e. ent hal py c ha
correlati on wi t h dec &hbahydl ati omel affonsbhnryg
decarbonyl ation yield and the enthalpy chang
create a rdiddtmewd amodelr,e all owing for the as:

for decarbonylation without the need for exp

The devel opment of our Pd/ HT catalyst sys

significant advantages for the pharmaceutic

scal abl e, sustainabl e synthesis. Bynkeveragi
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principles of green chemistry and facilitat
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critical regscalkeemepharfmacéatrigeal application

decarbonyl ative® k@dluplimmgemsacpotoemrst i al for e
tool ki t. These processes | everage CO as a i
formation in a mawrsdrabbhnahedowcoupbi-nwgl F eac:

Mi y &bradfrd Mi-Hedb kifi ti al studies have demonst
decarbonylative coipli nghalulsemge sal demgidmesi n
catal yst efficiency, and environment al sust
require high catalyst-medtadi cpsampdrdesmplumyenp
need for innovative approaches.

Here we demonstrate the intramolaecul ar d
extebhbamsnd free heterogenous Pd system prepar

featuring support sb e setesuishign giriaf fneordeenlt saucbisd

|l i brary of functionalized thioesters are ir
Experi ment al results are correlated to comp
Ssubstituents on decarbonylation activity. Me

role of different supports (nooté&lTt hatsedhi la
decarbonyl ati omiiss efrhe@atViimmuen od d$hstsem t hat
both thioestelriid iacitd oml usc atrhhioxly) and succes
thioethers with a single catalyst. For now,
aim to use any relatable information to <cre
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Fi gur.ed Proposed mechani smoff ot hitdheestdeercsartbmny
(sul fides).

4. 2 Experiment al Procedur e
For depiction of dmtpitrero s fFligwreet2ud.see
4. 2.1 Catalyst synthesis

HTwas synthesized in the absence of any
procedurae cfoonltlionwuso u*sBrfileofw ymetahond t rate salt s
by di ssol 3ok 6o MPYK,NDmOldnAl (MO8 (1.876 g, 0.0
mol ) , into 70 mL of deionized (DI) water. A
NaOH (1.599 g, OQOHM.026n01lg, ah.dOON2a5 mol ) di sso
water. Using a syriwtgogeanpemmprequihgppéeé dvowistoh ua i
a rate of 4 mL/min to a beaker containing 1
stirred (200 rtphne) .miAfttuerre °@wdddsd taigdend; ,atald o we d
room t enfpielrtagruerde ,and washed with DI water unt
The resulting solid was dried at 110 AC for
pestl e, and stored in a desiccator.

Pd/ Mas synthéei s@dnevcic®di tati on met hod, wi:
pall adium nitrate added to the nitrate sol ut

2+ metal. A total of 0.020 mol e%sl Rorfatmeot.al i
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Theitrate salt solution Wh$Bp(8pa&HABdAdgbyO0OdD44
Al (O%E (1.876 g, 0. 0RLGXEMAI0).,230ndy, PD(ND®1 mo
mL of dei oniTzheed s(aDne) bwaasteers.ol uti on was prepal
as outlined above.

PdAMHT-Modi fied catalysts were-pgyrctitpediaze dn
procedur e. They were not formed via wet i mp
matri x. For transiMHTetnh emed @p r onpordiiafitieedmeR da/l
Cu( B2 . O, F&ANQOB, eitx . atdadetdhe original met al

sol uERoront. hi s seritehe aonfetcdt anoystfs er was added

metals present. A tot al of 0.020 moles by me
used as a modi fier it would replace the appl
was intrlodW@ce@. a3 mol es) , t he met al nitrat

Mg ( BARA6HO (0.011 Ao 68H (RO005 molR )HBO Cu ( NO
(0.003 mmnlid):ARHQ NOO . 0 aM*3mo ¢l )ifs emor phically sub
AB'Thus, the total met al nitrate amount stil
bet ween *$%uom soufffm f a IMs .

Pd/ MgFwddsT synt hesized in the absence of &
replacing some of the metal, aluminum is ful
of the previously outlined, only differing I
is preparedMby NMRI6EBs ¢ Bv b B4gnodF)e,NRL0RIE 2(. 0g2, 1

0.005 mol )3k xebn d OR 2(3NO g ,n 07.00 OnilL noof|l )DI  wat er .
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4. 2.2 Thioester model compound synthesi s

An odreined5@mLaskqUi pped with assbstri bateaaa
t hi opdheerniodtyipveal | vy, 5.0 mmodlerily®dtyipgam V) y, a
1.0 equiv), and dichloromethane (typically,
argon, and subjected t o t hree evacuation/ |
Triethylamine (2.0 equi V) was addgorduepwi s
stirring at O AC, and the reaction mixture W
indicated time, the reaction mixture was dil

mi xture was washed with HCIH@Q1(1 T10106nLmL) brd,i

and concentrated. The crudedpfoduetew@wasCwada
were recrystallized with either ethanol or i
NMR for structural verApfpecnadtiixonAdand can be v

4 .3 hi oester decarbonyl ation reactions
Reactions were <carried out under mi Cr ows:e
MonowavEéehidd®dst e( @ Srumod t)r astaes pl aced in a G10

mi crowave vVvial with @ Onangln)eta (cd ascté tra Ebyabrth a dSionrl

was added and agitated for di spersi on. The
system, and carried out for the specified ti
After the indicated time, the mixtuwaes was di

separated by filtration.anBle ZieidNMR aEED@las ¢
400 MHz)-Fhbd &It ain the conversion, yiel d, i

standard and comparison with authentic sampl
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4. 2.4 Enthalpy of decarbonylation calcul ati o

Ther
thi oest
geometr
softwar
structu
frequen
16°% Revi
comput a
par amet

Al
extract
di ffere
for con
The res
functio

empiric

modynamic egHd) hdlopy thleanmeaasatbonygl afi a
ers (RCOSRNj Y RSRNj-eemCiOr)i avaelr emetal c«did .a
ies of all reactants and prodéicts wer
€l . (2Wevii $ thomMef ault mol ecul ar mechanics
res. These structures were subsequen

cy cal cul ateinopnisr iucsailn gnetthheo d°,M7a ss eirmp | e |

sion C.01). The PM7 °fweashodh osaesn dfecsrcr
tional efficiency and demonstrated

ers, particularly for related systems
cal cul ations were performed in the ¢

ed from the Gaussi agd)o wtep @t cfoimpeaid e da rz
nce in total ent hal pies of the produc
sistent evaluation of relative therm
ults obtained using PM7 were found t ¢
nal theory (DFITQV R)a,l cwad laitd bhotnssn g eBiBhLey Pu

al met hod for rapid screening of subs

4 Char act eMeitzhaotd so n

El ement al analysis was carried out wi t h

emi ssi o

n spe@ES)oscmpy EEWBMaAd zPU als@RE At omi ¢ E

Spectr9amaplees were prepared by di®somlbLviohg 10

concent

rated nitric acid whi Chlwds athem ddiulr

were generated for each constituent met al (
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nitrate precursors at concentrations of 0.1,
were also prepared: one with deionized wate
containing the same amount of nitric acid us

Fourier itimdm@afiaRéeméctra were obtained usi
Frontdl &r ShPEBctroammeattdrenuat ed tAItRg | artd falcehateind
Samples were powderized using a mortar and j
the ATR stage as fine powder in the absence
anal yzed4®0 @md @@Gonm er val s.

PowdeRayX ffraction ( PXRD) patterns wer e
Mi ni FI-BRayl di Xf.HAcmametenl s were powdered usi
and then analyzed as is without fur2Gher modi
mg) were pl-baekgonounadzsampl e hakEdBOA tAnal ysi
a step size of 0.02A, .and an angular spin ra

X-ray photoelectron spectroscopy (XPS) m ¢
Ther raol pkha spectrometer fitted with a charge
UX-ray source. Hi gh resolution scans were r
Processeatgr afwasp perfXPBed2u8iag, CANBEAh bind
corrected to adventitious carbon at 284.8 eV
with common | i nwi dsthhapleal fanmha xfiunhal . Sur face
determined bysppmlsegi factors from the Schofi
areas.

Transmission Electron Microscope (TEM) in

under 200kV FEG wiSampWewgwaoléld c¢camer a. fine poc
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a standard mbdhe apowadervwadshmednte edriisapler sed i n wa

a dilute suspension. The small est particles
casting, in which a small drop of the suspen
The excess water i's removed2 ahnrsa.rt)thiec | ger isdi zdck

(di aneft eRd nawapardteitelrens ned t hrough analysi:
| maged .software

Nitrogen porosimetry was performed on a N
77 K. Samples were defasbktbdpundertoaanaimyat
areas were deteawmbBmmealetl $ iemmge(tEhifoddwB t h por e si
and volumes calBauHlaetydd t e Bd®dmetttheod appl i ed
desorption isother ms.

Thermogravometric analysis (TGA) was per
TGASamples were used as a homogenized fine
mentioned with previous technigues. Appr oxi
analysis and w8890hd&t eed far o0 25C/ min r amp
at mosphere.

NMR spectra were recorded oH BNRAgpkent a4
were obtained using approxispnategnfiO0 ®Bgmpf esa
subjected to 32 scans and a reference point
uséed&. spectra were obtained using the same s&
512 scans. The standard reference point of 7

GCMS chromatograms were r€@0drmdeGC oSy sdre ms

using a col-bmstwttbnar PBphase (30m x 0.25 m
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injection volume (1 ulL) injection temperaturl

held for 2 minutes, ramp rate (10 AC/ min), f
(25 minutes), split ratio (30ns)ancuf !l owmef [
rate (1.2 mL/ min), i on source temperature (

scan ( mass0@/rznge: 50

GCGFI D chromatograms were recorded on an A
column whtst at iDBnary phase (30m x 0.25 mm i
volume (1 wulL) injection temperature (250 AC
mL/ miaoHl ow rate (40 mL/ min), air flow rate (
(50 AC) held for 2 minutes, ramp rate (20 At

run time (15 minutes), split rati® AGpP:1), c

4.4 Results and Discussion
4 . 14Lat alyst Characterization

Mul ti ple supported Pd catalysts on i somo
prepared by a ppeecopstuptiepomeethodoand ext
5% Pd/ Sb® Pd/ C, 5% RO/ Mgod Bee(r@adpAlr chased
commercially available catalyd®tdd MHTemw8r g ma
synt hesi zed t o: (i) assess their catalytic
thioesters to thioethers (sul fi desa)c;ti andy c
rel ationships that identify structur al and e
transformati on. Parent hydrotalcite (HT) 1is

containing catalysts, a | oadi ngPd/fHT-5 swto¥ |Pyd
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modi fied with Pd, whil e Pd/ FeHT, Pd/ Ni HT, I
modi fied with an additional transition met al
has all the parent aluminum replaced by Fe ¢
by bFuet al so possesses Pd. Pd/ MgFeHT is the f
HT metal fully replaced. While all <catalysts
of the iron modified HTs in the maapsctipt 8
for thioester decarbonylation. Parent HT, Pd
to highlight how increasing Fe content affe
remaining catalysts are provided primarily i

Compositions of all/l cat al ys@QEBS weelreemehnitgahl|
analysis showing met al c o mp oTsaibtl iga Msl dveiatl Hiyn E
M2* M'r atio of 3.0 is observed for base HT, h
mo st of the met al modi fied HTs, which i s a
modi fying met aP®rcomparedd| tsd(cMespualrteidn g oi Ml d
sites and vacancies at a greater exttreet for
amount of +3 metalPSRygr MgFEeHTt hhow8. &, Mwhi ch
non Pd containing metal mGdapiteablIbEl,sbddke Cu
Pd/ MgFeHT shows a slight decrease in ratio,
Pd/ FeHT. Pdodés | arger size makes it more diff
l i kely causing a fraction twnthed |toeswWarddig itnlge
sum, losing a small #frRMcat ometwNel dssectrleasae

are generally mini mal and donét inherently <c
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TabWBel IOER el ement al anal ysi s and PXRD <cry
catal ysts.

Elemental mole compositioA*€, % CrsElleEne

Samol M2+ parameters’
ample N
Mgz | Az |MZOr| b - aA | cA| b
9 M3+ : ; nm
HT 75.12 | 24.88 - - 3.02 | 3.06 | 23.31| 104
Pd/HT 70.18 | 25.42 - 440 | 293 | 3.05 | 23.07| 104

Pd/FeHT 70.34 | 10.79 | 1466 | 421 | 293 | 3.09 | 23.31 | 11.3

MgFeHT 75.15 - 24.85 - 3.06 | 310 | 23.62 | 9.6

Pd/MgFeHT | 70.01 - 2586 | 4.13 | 287 | 310 | 23.51 | 10.6

4 GRESmol % as fraction of alPXRBfial averagent
cat-¢ @atni on cdlisst d&nee; ti mes the di stlainkcee I|fayoemr t
to the next tlhaeyeavierage <crystallite size fr
Scherrer equation.

Alpar ent and smogpil feised xHT bited a single ¢
powderayX di ffraction (XRD), associated with
(003), (006), (009), (015Bi,gy®HABL., a¢d400)antac
hydrotalcite phases verify that modificati on
structurMgFeHWNTenandrRd! MgpFaBHVe had full repl a
met alPdAlor PdO crys®dal 14i0n & Ap halslely , ( Rdb:. 7A (20
PdO: 3mBL)7,A 41n. 8A (110), 54.6A (anedkaot 6&1.10A (
Pd modi fi,edevseaimpate sST himnslugtg@bat pall adi um i s
ei t hernuacs elaow ty species of <2 nm particles,

support or incorporated asMgdroepHalrn tasn dwiPtdh iMg Fteh

show some underl ying amorphous ch2dx at@ er i de
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35TThis feature had been observed for previou:
te fetctuctural or That dI0PBI)¢ grOOBernti(ODNDI9) ref
sensitive to the interlay®@r sphadiendg hecnydtal
refl ections are r elnetteadl tdoi sttlmaencav evidde nmeth
(crystall ograaphThhe paoameadredpatr amalt ees odfor al |l
HTs suggest t hat a common, crystalline HT
Crystall ogr aphMgcF efHar aammedt e B & /e MogEFoenHsTi st en't wi t
modi fied HTs butassehoiwnc ad astbimogndi st ajccend par al
interl ayer s pa.cihhgi s( pcagwainettiean i s most | i kel
amount3twonhfi chhe possesses an ionic radifs of 0.
Crystall MgEeET z@ srPidY MgriHE BT 6 enm)r mi ned by app
the Scherrer equatubh, repracéemesensoti sepapben
found to be in line with previo@dl0y 8r &lp®r. t8e

nmiChapt Babi5k2

70000
l ——Pd/MgFeHT
60000 - 00 3 MgFeHT
50000 - 06
’5 i
& 40000 -
2 30000 - ¢
[72] n
5 _ 015018 11013
= 20000 -
10000 -
O T T T T T T T T T T T T T
0 10 20 30 40 50 60 70
2d

Figure PXRD spectra of MgFeHT and Pd/ MgFel
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Fariteransf orm i nfr aorfdgFe(HTTI&R)d she/kcMgReHT
consistent with a hydrotalcite phase, exhi bi
(13570, ¢mt er | aPpesa@aoydycmnd surface hydroxy
depicted as a3 be@pEi pa®)@h£8200esults confirn
resul ts, suggesting that compl ete repl aceme

crystalline hydrotalcite phase.

OH ——Pd/MgFeHT ——MgFeHT \

P
——

% T

4000 3200 2400 1600 800
Wavenumber (cm?)

Figdr®ell Rpectra of MgFeHT and Pd/ MgFeHT.

Surface areas and pbtlt e PdnekbeT sdiestterpinb unteido nbs
porosi Mdestubysegonent appli dEmméTel ¢ fe rota(nBEB) un at
Barrett, Joyner’mamddrlessap eecntdialy e(I ByJeHs)u lHTs, f or c &
Pd/ HT, Pd/ FeHT, Mg FaerHel , s lgawbn admdM gtFheeH Tr e ma i ni

cat adayms tf Chmag tBeémmesSt al | Pd/ e HTf aed( P#2gMgFe HT
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and n?§9 possessed higher surf ac ePddrhdhads , whi |
Pd/ MgRe&#Band nt/i) 9 possessed | ower surHTace ar ea
(148 Ymve i nfer that the introduction of a se
synthesis promotes the formation OAfddhitg hlnyald
Pd/ MHTs are consistent with this trend monon
|l ower than that of A and bimetallic catalyst
fremrf acoe nagree Bbre’ip( ABg .m%g, 1852 d. De/ly(ChapTeb

5, Tabh)I3®e previously reported that pore volu
|l oadwhmgch is consistent with blockage of mic
hi gher °MHoawkivregs. t he effects of transition me
size are not, fauld yt celdiactiedawedhavenot i dent i
bet ween surface area oWhpoeehsigherasdré¢atcal a
access tothetnesuilsttiss easyfglgeeesnce is | ess signi

el ectronbasangrapedti es

Tabd4 eQur fpaogperties of parent and met al n
sample SBzeta BJH Pore3Vqumeb Pore Width®

(m</g) (cm/g) (nm)

HT 148 0.26 3.6

Pd/HT 53 0.13 6.6

Pd/FeHT 242 0.53 8.7

MgFeHT 119 0.42 7.1

Pd/MgFeHT 299 0.57 8.8
BET determined foro=r @0dBBgeempmiessdiresi mpgd pt t
met hod applied to the desorption branch of t
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Thermogravi metric analysis (TGA) of alll F
consi st @ratr ewitt h@MT dhirfeieeendot hermic transiti
(Fi gdr)&@ at ~100 AC due wat edrhje HOdBGe A UG st &
l oss of interlayedO®WaA€r duandobedewgemnodybat |
interlayer éAhéohase @naosisti on is indicatiyv
a mi xed nlehteade otxriadres.i ti ons occur within a re
f oarl | l i sttkdwewdral gsssightly +#HOr e CPpr drmoau nfcuel
repl aced MgFeHT and Pd/ MgFeHT compared to
suggesting a mindwvedeadrileadgeei destrammislei tiyn. tr
more pronowmoncdedi edr HF s, since Fe is incorpo

+3 met akentr at-tploierld/ tomee amount of +2 met al s,

al |l met als replaces a proportionally | arger
catalysts where the parent met al is fully s
mo%, greater structur al di sorder can be exp

bet ween the substituti.ngAdtkittaibdan ddtrdl d/t, d lak o wes
t emper atxupredcstPedd® di f i ed HTsf rreed aHTsvie ot sPds hi f
pr omi nent ftermpehat hi ghdehydroxyl ation/ decart
l i kely destabilizes <cation substituwtfion anc
However, for MgFeHT and Pd/ MgFeHT, there is
temperature. The effect of Pd on the stabil:i

as full redilsceemaahedf &lready reaching a |i
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100 6
Pd/MgFeHT Weight
MgFeHT Weight
90 - TGA N e Pd/MgFeHT Dev. Weight | 4
MgFeHT Dev. Weight
S
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w3 R )
) [a)
~ ; DTG
50 2 > L -4
40 - . . . : . . -6
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Figur®Bhdr mogr avi nfeltGaAhcd adniaflfyesriesnt i al t her mal
(DTE) o foiMgeFrse HT and Pd/ MgFeHT.

The mor phodtoglyytdafwassaimpa gesd by transmiss
mi croscopyMdH&EMWM) possesses the characteri sti
plate |Iike | ayers stacked on top of each oth
A higher degree of stacking or agglomeratio
suggdge i ncr e askeidg utrhei. cdkPBessMg F(e HT al so exhi bi ts
structur e, but seems to stack to Chhalpegegser de
5, Fi gWme f9r 8l g netoplensei ng(aagop®dt nahepar
si ze: -02..6020F gy Nwad . 9i idb Mg KReibigTdr b consi st ent
with the absence of <crystallinePXRDOses (oth

previous studies of Pd/ HT catalysts with no
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reveal ed the presence of PdO and Pd met al C
wt % n accorwhlhatcei wiohserved for Pd/ MgFeHT.
Whil-eay¥X photoeleciX®)daspetdbrosdhepymwewl y s
cat al Pdf Migs eddtr awnail lyabl e, all other characte
ouprr evious studies. Analysis of3tbmesbsateatbyyg
indicated the presence o(fPdntPldtd Hi eRtt hreanti It e
consistent ratios, rélgap dE g & r anfb.)mhdeisfey i ng |
incl Pthes Rche domi nahde)xspeécings a67®PdO aggl omet
catalyst mpurefsacamouhtiDO ea)s mmeatnaolplairct iPgd es on
and t A xe 0Pl i ntegrated PddntMg FsMH& acaturah ha
chemical (i ftelag ucadaracterizati am ttédbneaqgluemst ec
consistent with this established profile, S
systems despite the absendNenet hdiesest XPS&S
established consistency in Pd species distri
driven by a given speci es, but rather the e
acid/ base proper triecst. eAMint diednBgds t(welileasgk dvie p
the reactivity is driven by the proximal sit

additiaddioi Bdally, conventional met hods for

CO chemisorption, could not be employed beca
to the solid base of hydrotalcites, compl i c
rescghtal ytic activity is quantified based o

repd%®tsi s approach may underestimate the act

by the reported TONSs
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Overall, these characterizations suggest
consistent with previously reported Pd/ MHTs,
replaced with Fe. These changes most drast.i
stucture and should reasonably stand to pro

perforfmahie.

Figure T4.asmission electron microscopy i mag¢
Pd/ Mghve Hh corresponding surface Pd nanopart.
corner) . Particle size Fdigsutrrei b4ut9i on hi st ogr a

[
0 5

N: 226 Min: 1.610
Mean: 2.957 Max: 5

StdDev: 0.624 Mode: 2.778 (44)
Bins: 18 Bin Width: 0.278
Value: - Count. —

Figdr®Barticle size di sMgHd utPiaon itcil €t g rzaem (afi
was determined through analysis of TEM i mage
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4. 4.2 Catalytic thioester decarbonyl ati on
Catalyst Screen

The effect of sever al dopedfhydi oealt eir se s
investigapbadnywlsi hbgnfSedeypdgadbot tihceatreea(cti on [
outl i heh4 B expectdecarbonyl ati on paacrteinvti ty i
hydr ot alacsi tneo (IHTt)er ature precedence for deca
exi($ak4 3 entFrogatd Wlyisec h poBasledses3 PrdtlrQi)e st h3e
decarbonyl ation pr2guics dabpdhrengd daS2 d1i de 1(
i n 5h. Hydrotalcites dopéedl wef h/feeelIhaFer t Re
repl~a6coe6 padfenhtowelver MOMGEEHTah@GuRd pl repl ace
by *Feproviding further beng¥the Basatpbhoouv
that Pd is necessary for debhaedenylgti2don. wH
|l acks the <critical 2RBRd,Al phovugtdesno?7%oykeel g a
observation wd acftcoddbtoynryeleat HT s i s a first
transf or matMgoFne.H TWhpirloeviRldes t he highest decar
to investigate the capabilities of MgFeHT f c
These resul t%'sumdtiictadtei dihaie M’Faeeatmal eddlest i t ut
wi th inc¥eamnstieimt Fleeadi ng t o enhancAldu nidiencuant b
provides Lewis acidity in the HT structur e,
suggests this property is critical for high
det ai |IBubielldoibwvn.g on the exceptional activity ¢

were carried out wusing this catalyst.
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Tab4 eGeneral catalyst sckr@den for decarbonyl ai

0 @ Catalyst (2.5 mol %) S S /@ SH
©)\ s THF 2.0mL) ©/ \© ©/ S ©/
la 2a 3a 4a

nW, 150 °C, 5h
-CO

Yield (%)

Ent Catalysco(n(;;)e|

2a 3a 4 a
1 HT 3 0 3 0
2 MgFeHT 9 7 2 0
3 PHT 15 2 13 0
4 Pd/ FeHT 38 37 1 0
5 PINi HT 4 2 2 0
6 POICOHT 13 9 4 0
7 POICUHT 4 2 2 0
8 P&ZnHT 27 21 3 3
9 PACr HT 4 1 3 0
10 PMgFeHT 52 52 0 0

“Reaction lcon@s3igognc0. 25 mmol ), catalyst (Pd
13.3 mBd: NDb&.3 mg), THF (2.0 mL) ,eWajir 180mosp
eC, 5h. Yields wkelre amrdleysnisned by GC
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Reaction Condition Optimizati on

Transformations involving oxidative addi
observed differences in activity and sel ecti
roffehe nuances of such effects are still not

be observed for the sma&lestrohfhi chahfest i af s

A rational argument is that the polarity or
solvent effect. However, in this case, it 0 s
to Pd met al cfemnt,er at i mi rwirmum,cat he 52irst ox
Additionally, the use of microwave heating
The use of c¢closed pressurized vessels all ows

temperatures which ardonte polranal d gyl comtss dee re

mi crowaves better, |l eading to rapid rise in
three main dielectric parameters: tangent de
al |l related to the abivetgnefgyw swodvemteccé¢ ®s ia
ther mal h®%a@dmpamesd ero contvleent i smabfotvasatei ng
reaaatdabsn addi ti onal csomn sriedd € actipoai ncaeti. loe t lhiet e r &
traditionally wuses toluene, however, t hese

conventia'fal®!"*heéfati ng
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Tab4 .e4 Sol vent and temperaturtaeftthects on t he
Pd/ MgFEeHT

(6]
0 Q Pd/MgFeHT S S. /© SH o™
©)J\S Solvent (2.0 mL) ~ ©/ \© ©/ S ©/
1a 2a 3a 4a Sa

pW, Sh
-CO

Catal_l_em Yield (9
yLoadi Corev s

Ent Sol
(mol‘(Ac (%) 2a 3a4a5a Ot h

1 Et Ol 2.5 15C¢C 56 14 21 0 21 0
2 Tol u 2.5 15C¢C 9 4 5 0 0 0
3 THF 1.0 15¢C 19 18 1 O 0 0
4 THF 2.5 15C¢C 52 52 0 O 0 0
5 THF 5.0 15C 55 53 2 O 0 0
6 THF 2.5 10C¢C 4 4 0 0 O 0
7 THF 2.5 12E 38 37 0 0 O 0
8 THF 2.5 17E¢ 6 8 48 6 7 0 7
9 THF 2.5 20C 100 61 13 8 0 18
10 THF 2.5 15C¢C 98 97 1 O 0 0
“Reaction conditions: 0.053 g (0.25 mmol ), P

mol %: 13.3 mg, 5.0 mol %: 26.6 mg), solvent
heateéWhg "@5hh. Yields weFeéeDdanhatmsned by GC

Pd complexation is assumed to be the pri.i
al so significantly Whntlkeud&n ©Ods anal viedriFt ceafnf ebco
with the | one pairs on oxygen, EtOH is the o

Pd fromlL+2er@atQre precedence suggests that
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superior for similar systems and reactivity

coordinate to a met al center and the effect
cen®t®eR®®r a given system, neither the stronge
are necessarily optimal; i nstead, an intern

effective, though diffi culTthutso, pwee dincptl efnreonn ¢
solvents covering the range of common proper
incl poéadr protic 2@eBbdranalp rlot i Ta rb@T) pheolna r
(tolWen2,38) .

Ehan®db4 eglnt ) ypltovides the highest conver :
the selectivity towards the decarbonyl ati on
include 8adasd!| eitthyd ( bWen zpradgo e t hat the di
after t{5e oixnidtatalveCaddition of the parent t
t hiolate and acyl derivative. Two equi val en
interact to The mttihyl dbesmua daltdep.arst if or mesd iarst €
by ethanol bef ore carbonyl deinsertion can
resul ts wiitrha ceedhuaamadl aar s ol vehd bdl.gellne y)tyol2uene
provides poor conversion and is also not v
product. However, a podbdrsslaapoytpidovs alessemtot lhi

conversion and high selectivity towards dec

similar solvents | ikemidniomianiengbhazaond ahe o
facilitating solvent removal, THF was chosen
Nexhe d¢atalyst | oading was explored at 1.

t o TPadb4(e5 enthri es Brastic 2anasrebservedyfeobo b
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mol %, but increasing this |l oading Thiet her t

mi ni mal i ncrease from 2.5 to 5.0 % suggests
|l ack of ®Blus ,veasddteasl.yst | oading of 2.5 mol ¢
General ly, a temperature in the«HFf150 AC

medi ated decarBbnRéativens ewetéooaarried out
from2000A€(Ta&b4 pEnt ri-B)s. 4At 6100 AC, selectivit
kinetics (a¥Yieratddow)snoomeasi(ivg2ad3a@mP ®BICen 150
AqQvYyiead552a%w) ows the kinetics to reach a rea:
sel ecti VATG5Yi 2#d48% el ectivity star{¥i ¢eloddecr
2a 61%e selectivity drops to abolust0 i68G. The
opti mak hf &i nleti cs and selectivity. Lasty, we
in an reddomtf dlol c ehnovuerr smaornk. cAdn vteresi5on had
the time was | nmMadrl eacshetdd)yt allOL B wh ogr s o8 er si on
and the decarbony%.atTihons vyoipetlidnitzoe dr eeancthr y9 r e s |
intensi t445( RRMId) aaf | arger scal w@ewesobhwnedect
substraaedbat d@naedr the assumpaiahyshaana@ 0 8
of the solventlThdan viad ureewoaud)d be acceptable
however we understand that a full l'ife cycle

true economic viability for such a process.

Symmetric Thioesters
Buil ding upon the i1identification of opti

functionalities was systematically explored.
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groups: symmetrical thioesters, asymmetric

carbonyl side, and asymmetric thioesters f
maxi mi ze differentiation in experimental o u
corelated with decarbonyl ation yields. Al t h
decarbonyl ati on product is the wultimate ob

compl ete conversion significantly before th
Ssubstrate demonstrates full selectivity tow.
reaction times can drive conversions to comp
wi || be presented first, follypywed by a det ai

The decarbonyl ation results for symmetric
i Bchedhe A diverse array of thioensdet2mglwal ev
2d,) ,21eldeontartzibng a(nd -wekt éadr d@en)n gr(oups. Hal og
functional i t2iccersBh swecrhe aweliln t ol er ated, wi t h
showing no eXdideindgdat iofe AR@diatnidondi sBhubl sktyi t (ut
Ssubstrates were also accommodated@) odmneé&n ext
met(@) substitutions were compatibl e, althou
or tshuobbsti tution resMetadmenhnhekpwgrokbpesehnus.
with EwWB®%féepltasRshoguswlay hi gher degree of de
2i El ectronic and resonance effects of subst
Whil e highaodlsectviedi taycrwss 2&I| langu magtprha theyd ,

groupsaoweitsésyoci ated with reduced activity
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Schedie Substrate scope for the decarbonyl at
PiMgFeEBat al yst. Cond) t{ @.n35 /Myfael)st r(RRd. & (mo | 9
THF (2.0 mL), air at mossVp h erles,0 nmAiCc r olwsahv.e Yhi ee
det er mi nfeldD bgn &ICy si s .

o Z3
“ );)—.Fh Pd/MgFeHT (2.5 mol %) @S\G R
| S » Ry -
Rt THF (2.0 mL) BN~ A
1 2

nW, 150 °C, 15 h
-CO

SACEINCACURN A CURICA S}

22: 96% 2b: 51% 2¢: 2% 2d: 59%
o, JOT S JSASL
O,N NO, FiC CFs 7H©, \QX cl cl
2e: 11% 2f: 98% 2g: 93% 2h: 93%
\O O/
SACENNCACAIRCACENS RGeS
2i: 46% 2j: 93% 2Kk: 98% 21: 10%
Carbonyl Side Functionalized Thioesters

The decarbonyl ation of asymmetric thioest
groups: (1) thioesters functionalized on the
on the thiophenol ring, with th®choegpPeosi ng s
il lustrates the decarbonyl ation results for
The findings reveal a broad substrate scope
activity compared to the symmetvwvi tyttvaseeoebse
for eWwethdobaeva | g2 flanescuttrdaa ,) (2 |baad & y) ,2 nand

hal ecgoennt ai2rciang 2®Gabstr at e s-d o nnaht?i bag se(l bescttrraotne s
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mo d e r a tceo mgd teit vei tcyo. n vAel rtshi ooungsh wneer

ectivity for the

the potenti al

products: the
functional i ze&d
ded foll owing the
Substrate

Pd-MgFeHT (2.5 mol %

-CO

THF (2.0 mL)
pW, 150 °C, 15 h

expected
.SYAmmetrrei det i 6 @eddh edri scus s

dantcito mernchn sabgmmat e c

scope fod r
on t he

(Du RSt Marfod H T,
miclV) pwase KA€atildh. (Yi elFdd were

(PAM. 5

) % S S R S m
> R T ZH
2xa 2a 2x

L0

Conversion: 41%
2ba: 21%

(2a: 15%, 2b: 5%)

2ba:(2a+2b) = 1.05

wepe

Conversion: 99%
2ea: 77%
(2a: 16%, 2e: 6%)
2ea:(2a+2e) = 3.50

0
Cl
Conversion: 93%
2ha: 67%

(2a: 16%, 2h: 10%)
2ha:(2a+2h) = 2.58

0 OO0

Conversion: 59%
2ca: 36%

(2a: 16%, 2¢: 7%)

2ca:(2a+2¢) = 1.56

geae

Conversion: 99%
2fa: 73%

(2a: 13%, 2f: 13%)

2fa:(2a+2f) = 2.81

oA

Conversion: 98%
2la: 66%

(2a: 16%, 21: 10%)

2la:(2a+21) = 2.09
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Conversion: 97%
2da: 65%

(2a: 19%, 2d: 13%)

2da:(2a+2d)=2.03

Soge

Conversion: 88%
2ga: 60%

(2a: 17%, 2g: 11%)

2ga:(2a+2g)=12.14

S\©
O Conversion: 94%

2na: 65%
(2a: 13%, 2n: 16%)
2na:(2a+2n) =2.24

yaryy le | gdredu p

asymihgtramcdt hi o

atslyenmealterciaa b @ my Ic
carbonyl



Thi ol Side Functionali zed Thioesters

A similar substrate scope was investigate
exclusively on t he t h3cohpehneen dAlh i3l ien g,e vaes aill Igu g
were studiedi derf wmatbhiomryd!l i zed substrates ex
2 da, 2f a),, 2ngoat,ab2lhea devi ati ons we rdeo naaltd enrgv ed

met hoxy2hja amp ¢ @keswirtghhdtrlaywgngu p |l sbowed enhal
reactivity on the thiophenol ring.2é&a contr
and thenedtercdlromaphahelmogpgsau@t ed significan
This behavior is consistent with their perf
from their bedsadepdby fomncoarbopall zati on, high

ring's hei ght emesde sswnbgd tiipthuad nyt2sheg r exutpisb i (t e d

mi ni mal decarbonyl atiironabacltiitwi ttyg umodveervegea |t |
demonstrates that aliphatic thioester decar
precedent i.Theheombt amat one of steric effect
addition |ikely contributes t o-ftuhnec toiboesnea lviezde ¢
Ssubstrates, met at hesi s occurs ascrpsaeviadus | o
outlined.
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Schenh2
funct
mmol ) ,
AcC,

=
i /GR1 P
©)J\S
1x

Substrate
zed
Pd/ MgFeHT

onal i

15h.

-CO

d-MgFeHT (2.5 mol %

THF (2.0 mL)
pW, 150 °C, 15 h

scope for t he decarbonyl

on the thiol sidel PY.MgSFeHT
(2.5 mol %), THF (@) 0 mL),
Yiel dFfl Deme@aattgsesmi ned by GC

) S S X S
| SR R | =R
2xa 2a 2x

SASE

Conversion: 85%
2ba: 58%

(2a: 7%, 2b: 20%)

2ba:(2a+2b) =2.15

o,

Conversion: 11%
2ea: 6%

(2a: 1%, 2e: 4%)

2ea:(2a+2e)=1.20

SAS!
Cl
Conversion: 89%
2ha: 59%

(2a: 9%, 2h: 21%)
2ha:(2a+2h) = 1.96

SAS!

F

Conversion: 98%
2ca: 64%

(2a: 14%, 2¢: 20%)
2ca:(2a+2¢) = 1.88

Q.

Conversion: 75%
2fa: 55%
(2a: 8%, 2f: 12%)
2fa:(2a+2f) = 2.75

SAse

Conversion: 42%
2la: 26%
(2a: 2%, 21: 14%)
2la:(2a+21) = 2.63
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L
Conversion: 97%
2da: 62%

(2a: 14%, 2d: 21%)
2da:(2a+2d) = 1.77

L )
Conversion: 84%

2ga: 55%
(2a: 7%, 2g: 22%)
2ga:(2a+2g)=1.89

0
Conversion: 10%
2ma: 5%

(2a: 2%, 2m: 3%)
2ma:(2a+2m) = 1.00



Met h,ékworo Combinati ons

Schemasdd2epi ct asymmetric thioesters func
either the car b®&ryhledd®ro ntslod i tdlait eph etadnldpossi b
fl udulsti tuted combinati ons, i nScl hueddnendg, s ubst
42, 4axhdas wel |l as aspamikcjbr f anthi oraltered(on
which yi elbdOvperroaduc,t met hoxy substlibtdujci on on
appears to inhibit activity to some extent,
rilab,) lecrbhances r eacdthi wihtiyc.h Fhoars snuebtshtorxayt eg r
rings, the tthita subglketcoaéahldanyih ring plays a
in determinhogeaerivihg presence of a met ho:
enhance activityladnbpjct Eyppompiangdthe cl aim
groups increase activitkhl wheo sanbshet uhi ophe
riigtfg generally boosts aaniinvisthye,d aMhtemo pgh rte
a met hoxlyb)cgrsauwme(ti ng met hoxy gr aup@gFd ulbawe a
Ssubstitution onlctdhcgb, cawhbodeylnoti mgeagcti vatin

significant benefits either.
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Schedvde Substrate scope f praipwise td emardb amrey lhaotxi
fluoro combi ndMdrFeWB wasti aalgy at PdOo n(d0i.t2i50 nnsmo | )S
PeMgFeHT (2.5 mol %), THF (2.0 mLW), alb0at mo
AC, 15h. Yields wdrDe achetl ggrsmisned by GC

El ectronic Effects
I n our previous study?’omwealobesley deddddhartb

donating groups ( EDGs) hi ndwirt hddercaawibnogn yd raa u

( EWGs) enhance it. Focusidg fonttabhwl ionedt
(Sc heary , t hese effects closely paral |l el t h
Substituent effects iIin this group ape consi ¢

OMe are inhibitory, mh@regeldd st somgai EWGantl iyl

activity. l nt er medi at e s uthisvtiittyu e nTthse gbeenneerfailcl
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