
 

 

 

 

 

Design and Application of Layered Double Hydroxide Catalysts  

for Tandem Transformations 

 

 

 

by Darren Dolan 

 

 

 

B.S. in Chemistry, May 2019, Wilkes University 

 

 

A Dissertation submitted to  

 

 

 

The Faculty of  

The Columbian College of Arts and Sciences  

of The George Washington University 

 in partial fulfillment of the requirements 

 for the degree of Doctor of Philosophy 

 

 

 

January 9, 2026 

 

 

 

Dissertation directed by 

 

Adelina Voutchkova-Kostal 

Associate Professor of Chemistry 

 

 

 

 

 

 

 

 



ii 

 

The Columbian College of Arts and Sciences of The George Washington University 

certifies that Darren Dolan has passed the Final Examination for the degree of Doctor of 

Philosophy as of October 1, 2025. This is the final and approved form of the dissertation.  

 

 

 

Design and Application of Layered Double Hydroxide Catalysts  

for Tandem Transformations 

 

 

 

Darren Dolan 

 

 

 

Dissertation Research Committee:  

 

Adelina Voutchkova-Kostal, Associate Professor of Chemistry, Dissertation  

Director  

 

Mark Schofield, Research Professor of Chemistry, Committee Member  

 

Lauren Pincus, Assistant Professor of Chemistry, Committee Member 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

É Copyright 2025 by Darren Dolan 

All rights reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



iv 

 

Dedication 

 

 

Dedicated to my selfless wife and blue boy, 

Stephanie Dolan and Zuzu 

 

 

 

 

 

 

 

 

 

 

 

 

  



v 

 

Acknowledgements 

 

 

Completing this dissertation has been a long and meaningful journey, and I am 

deeply grateful to the many people and institutions who supported me along the way. Their 

guidance and encouragement made this work possible. 

First and foremost, I would like to thank my advisor, Dr. Adelina Voutchkova-

Kostal. Her mentorship has shaped both this dissertation and my development as a scientist. 

They challenged me to think critically, approach problems creatively, and maintain rigor in 

my research. She allowed me to act independently to such an extent that growth, both 

scientifically and personally, was abundant. Her patience, insight, and willingness to invest 

time in me provided the foundation for my training, and I am sincerely grateful for her 

support. 

I also want to thank the faculty and staff of the Chemistry Department. The 

professors who taught and mentored me throughout graduate school broadened my 

understanding of chemistry and influenced the way I approach scientific topics. I am 

equally appreciative of the staff whose behind-the-scenes work kept laboratories, 

instrumentation, and administrative processes running smoothly. Their efforts created an 

environment where I could focus on learning and research. 

I am grateful to the University for providing the facilities, instrumentation, and 

academic community necessary to pursue this work. Access to advanced equipment, 

seminars, and interdisciplinary collaboration enriched my education and strengthened the 

research presented here. 

My colleagues and lab mates have been an essential part of this experience. 

Working alongside them ï sharing ideas, troubleshooting experiments, and celebrating 



vi 

 

progress ï made graduate school far more rewarding. Their collaboration, generosity, and 

camaraderie shaped much of this journey, and I am thankful for the friendships that 

developed both inside and outside the lab. 

I also wish to acknowledge collaborators and researchers outside my group who 

contributed to this dissertation. Their expertise, perspectives, and willingness to engage in 

discussions broadened the scope of my work and improved its quality. I am grateful for 

their involvement. 

On a personal level, I owe my deepest thanks to my wife, Stephanie Dolan. Her 

patience, encouragement, and unwavering support carried me through the challenges of 

graduate school. She celebrated every success, helped me stay grounded during setbacks, 

and continually believed in my ability to complete this work. I am profoundly grateful for 

her love and for the sacrifices she made so that I could pursue this degree. 

I want to thank my family for their continued encouragement throughout my 

academic journey. Their support and confidence in me, even from a distance, provided 

strength through the demanding phases of this process and helped shape the values that 

guided me here. 

Finally, I want to thank friends outside of academia who offered balance and 

perspective when I needed it most. Their presence reminded me to pause, recharge, and 

maintain a healthy outlook during intense periods of research and writing. 

To everyone who contributed to this journey ï through mentorship, collaboration, 

friendship, or personal support ï I offer my sincere gratitude. This dissertation reflects not 

only my own efforts but also the collective influence of those who helped me reach this 

point. Thank you. 



vii 

 

Abstract of Dissertation 

 

 

Design and Application of Layered Double Hydroxide  

Catalysts for Tandem Transformations 

 

The principles of green chemistry have increasingly guided the development of 

more sustainable and efficient chemical processes. Among these principles, catalysis plays 

a pivotal role by enabling enhanced reactivity and selectivity while minimizing waste and 

energy input. This work focuses on the design and application of heterogeneous catalysts, 

specifically palladium (Pd) supported hydrotalcites (HTs), as multifunctional platforms for 

both high-value synthetic transformations and the valorization of renewable feedstocks. 

We present a reliable one-step synthetic protocol for preparing Pd-supported 

hydrotalcite (Pd/HT) catalysts, utilizing an inexpensive and robust layered double 

hydroxide (LDH) material. In contrast to conventional commercial supports, hydrotalcites 

offer exceptional structural and electronic tunability through the controlled substitution of 

divalent and trivalent metal dopants. These materials also feature both acidic and basic 

active sites and can act as non-innocent supports, directly influencing catalytic behavior. 

This unique combination of properties provides enhanced control over reactivity and 

selectivity while maintaining excellent thermal and chemical stability. 

A comprehensive suite of characterization techniques was employed to investigate 

catalyst composition, metal dispersion, oxidation states, and thermal properties. These 

analyses allowed for the establishment of clear structure-activity relationships across a 

diverse catalyst library. Correlating these properties with reactivity trends reveals the 

influence of support composition on key catalytic transformations, including but not 
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limited to dehydrogenation, hydrogenation, decarbonylation, aldol condensation, and 

hydrogenolysis.  

Building on these mechanistic insights, Pd/HT catalysts have been shown to 

effectively promote multi-step reaction sequences within a single vessel. By enabling 

tandem or cascade transformations without the need for intermediate isolation, these 

systems reduce the number of reaction and purification steps, decrease material 

consumption, and minimize waste, supporting the advancement of more sustainable 

synthetic methodologies. This one-pot approach to complex molecule construction 

represents a strategic shift in reaction planning and synthesis, particularly in the context of 

biomass upgrading and circular chemical manufacturing. 

Overall, this dissertation illustrates how rational catalyst design, guided by detailed 

characterization, experimental validation, and computational modeling, can lead to 

efficient, scalable, and green chemical processes. The findings set the stage for further 

development of modular heterogeneous catalyst systems tailored for integrated and 

sustainable synthesis. 

Chapter 1 provides an overview of green and sustainable chemistry, including its 

historical development, key challenges, and emerging opportunities. Fundamental 

principles commonly applied in this work are presented, along with metrics used to 

evaluate and compare the sustainability of chemical processes. The chapter also introduces 

the general structural and functional features of hydrotalcites, establishing their relevance 

as tunable, multifunctional catalyst supports. 

Chapter 2 outlines the synthetic procedure for the base hydrotalcite material and 

describes the incorporation of alternative metal dopants into its layered structure. A range 
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of characterization techniques is introduced, each selected for its ability to provide specific 

insights into structural, compositional, and electronic properties. The rationale behind each 

method is discussed, highlighting the type of information it contributes to understanding 

the catalyst system. 

Chapter 3 investigates the catalytic performance of Pd/HT materials in the 

decarbonylation of aryl aldehydes. A diverse library of metal-doped Pd/HT catalysts is 

examined to evaluate how dopant identity influences decarbonylation activity. The most 

active catalysts are then tested with a variety of electronically diverse aryl aldehydes to 

assess the impact of substituent effects on reactivity. A host of computational parameters 

are calculated to help elucidate mechanistic insights and how substrate electronics effect 

activity. Additionally, it is demonstrated that benzylic alcohols can undergo selective 

dehydrogenation followed by decarbonylation, highlighting the potential for expanding the 

substrate scope to include alternative starting materials. 

Chapter 4 builds upon the aldehyde decarbonylation studies by exploring the 

activity of Pd/HT catalysts for the decarbonylation of thioesters, a transformation that 

remains largely unexplored in the context of heterogeneous catalysis. The influence of 

dopant metals is systematically evaluated, and the most active catalysts are further 

examined through an extended substrate scope. Differences in reactivity between 

symmetric and asymmetric thioesters are analyzed, providing insight into structural effects. 

Thermodynamic enthalpies of decarbonylation are calculated and correlated with 

experimental data to support mechanistic interpretations. Additionally, the performance of 

Pd/HTs is compared to that of traditional commercial supports. These studies demonstrate 
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that high conversion and selectivity can be achieved across a broad range of thioester 

substrates. 

Chapter 5 focuses on the depolymerization of lignocellulosic biopolymers, with 

particular emphasis on lignin. As a proof of concept, lignin model compounds are 

employed to study key transformations, including transfer hydrogenolysis using a 

renewable hydrogen-donating solvent, as well as decarbonylation. These simplified models 

enable mechanistic insight into the performance of Pd/HT catalysts for lignin valorization. 

The chapter also investigates catalyst recyclability and provides an in-depth analysis of the 

role of copper as a dopant, highlighting its influence on activity and selectivity. 

Chapter 6 builds on insights gained from model compound studies by employing 

Pd/CuHT in a tandem process designed to both extract lignin from the cellulosic fraction 

of whole biomass and carry out its subsequent depolymerization within a single vessel. 

This integrated approach enables the direct production of valuable phenolic monomeric 

platform chemicals, demonstrating the potential of Pd/CuHT for streamlined biomass 

valorization. In addition, this chapter addresses some of the challenges associated with 

complex multi-component systems and the difficulty of achieving high selectivity towards 

desired products 

Chapter 7 explores a multi-step process for upgrading primary alcohols into energy-

dense hydrocarbons suitable as drop-in fuel substitutes. This integrated strategy draws on 

findings from previous chapters, as it requires a sequence of key transformationsð

dehydrogenation, aldol condensation, decarbonylation, and rehydrogenationðall carried 

out using a single catalyst in a one-pot system. The discussion highlights the importance 

of multifunctional active sites on the catalyst, which are essential for enabling such a 



xi 

 

complex transformation. Particular attention is given to the role of dopant metals in 

influencing each individual reaction step. By elucidating structureïactivity relationships, 

the process is fine-tuned to maximize selectivity and efficiency at each stage. 

Chapter 8 outlines key challenges encountered in this work, while also emphasizing 

the significant opportunities they present. These insights are framed within the broader goal 

of expanding current methodologies to new chemical spaces. As industries increasingly 

prioritize sustainability, the demand for efficient and cost-effective processes grows. The 

adoption of flow and continuous systems, paired with durable solid-state catalysts, offers 

a promising path forward. Moreover, the integration of computational chemistry and data-

driven tools is becoming essential for rational catalyst design and process optimization. 

The interplay between experimental strategies and predictive modeling highlights a 

powerful route for advancing sustainable catalysis. 

 

 

 

 

 

 

 

 

 

 

 



xii 

 

Table of Contents 

 
 
Dedication  ........................................................................................................................ iv 

Acknowledgements ............................................................................................................v 

Abstract of Dissertation .................................................................................................. vii 

List of Figures  .............................................................................................................. xviii 

List of Tables ................................................................................................................ xxvii 

List of Schemes  ..............................................................................................................xxx 

CHAPTER 1 

Introduction 

1.1 Current state of chemistry in our society .......................................................................1 

1.2 Green Chemistry ............................................................................................................2 

1.3 What makes a process more sustainable ........................................................................5 

1.4 Design for circularity .....................................................................................................8 

1.5. Implementing The 12 Green Principles ......................................................................10 

1.6 Catalysis as a driving force for sustainability ..............................................................13 

1.6.1 Heterogenous vs. homogenous catalysis .............................................................15 

1.6.2 Supported catalysts .............................................................................................16 

1.6.3 Opportunities with supported catalysts ...............................................................17 

1.6.4 Hydrotalcites as a tunable support for active palladium species ........................21 

1.7 Dissertation aims ..........................................................................................................23 

1.8 References ....................................................................................................................23 

 



xiii 

 

CHAPTER 2 

Catalyst Synthesis and Characterization 

2.1 Introduction ..................................................................................................................30 

2.2 The role of palladium and hydrotalcite support ...........................................................31 

2.3 Hydrotalcite synthesis ..................................................................................................34 

2.4 Characterization Methods ............................................................................................37 

2.4.1 Fourier transform infrared spectroscopy (FTIR) ................................................37 

2.4.2 Inductively coupled plasma ï optical emission spectroscopy (ICP-OES)..........39 

2.4.3 Powder X-Ray diffraction (PXRD) ....................................................................41 

2.4.4 Thermogravimetric analysis (TGA) ....................................................................43 

2.4.5 N2 Porosimetry (BET and BJH Analysis) ...........................................................45 

2.4.6 Transmission Electron Microscopy (TEM) ........................................................48 

2.4.7 X-Ray photoelectron spectroscopy (XPS) ..........................................................51 

2.5 Conclusion ...................................................................................................................54 

2.6 References ....................................................................................................................55 

CHAPTER 3 

Aryl Aldehyde Decarbonylation via Palladium Supported Hydrotalcites and the 

Electronic Effects of Substituents on Catalytic Activity  

3.1 Introduction ..................................................................................................................59 

3.2 Experimental procedure ...............................................................................................66 

3.2.1 Catalyst synthesis ................................................................................................66 

3.2.2 General aldehyde decarbonylation reactions ......................................................68 

3.2.3 Benzylic alcohol tandem dehydrogenation/decarbonylation reactions ...............68 



xiv 

 

3.2.4 Computational methods ......................................................................................69 

3.3 Characterization ...........................................................................................................71 

3.4 Results and discussion .................................................................................................74 

3.4.1 Catalyst characterization .....................................................................................74 

3.4.2 Catalytic aldehyde decarbonylation ....................................................................89 

3.4.3 Optimization of reaction conditions..................................................................100 

3.4.4 Catalyst recyclability ........................................................................................106 

3.4.5 Substrate scope..................................................................................................108 

3.4.6 Computational data ........................................................................................... 114 

3.5 Conclusion .................................................................................................................122 

3.6 References ..................................................................................................................123 

CHAPTER 4 

Thioester Decarbonylation via Heterogenous Palladium Supported Hydrotalcites ï 

Electronic Effects of Substituents                                                       

4.1 Introduction ................................................................................................................131 

4.2 Experimental procedure .............................................................................................138 

4.2.1 Catalyst synthesis ..............................................................................................138 

4.2.2 Thioester model compound synthesis ...............................................................140 

4.2.3 Thioester decarbonylation reactions .................................................................140 

4.2.4 Enthalpy of decarbonylation calculations .........................................................141 

4.3 Characterization .........................................................................................................141 

4.4 Results and discussion ...............................................................................................144 

4.4.1 Catalyst characterization ...................................................................................144 



xv 

 

4.4.2 Catalytic thioester decarbonylation ...................................................................154 

4.4.3 Enthalpy of decarbonylation computational results ..........................................168 

4.4.4 Asymmetric metathesis .....................................................................................176 

4.4.5 Support effects on decarbonylation and metathesis ..........................................180 

4.4.6 Time course (kinetic profile) and heterogenous verification ............................182 

4.4.7 Scale up ï gram scale synthesis ........................................................................183 

4.5 Conclusion .................................................................................................................184 

4.6 References ..................................................................................................................186 

CHAPTER 5 

Selective Depolymerization of Lignin Model Compounds via  a Tandem Catalytic 

Process using Palladium Doped Hydrotalcites                                            

5.1 Introduction ................................................................................................................192 

5.2 Experimental procedure .............................................................................................198 

5.2.1 Catalyst synthesis ..............................................................................................198 

5.2.2 Synthesis of lignin model compounds ..............................................................201 

5.2.3 Transfer hydrogenolysis of model compounds .................................................203 

5.3 Characterization .........................................................................................................204 

5.4 Results and discussion ...............................................................................................207 

5.4.1 Catalyst characterization ...................................................................................207 

5.4.2 Catalytic transfer hydrogenolysis of model compounds ...................................219 

5.4.3 On the role of copper ........................................................................................235 

5.4.4 Catalyst recycling..............................................................................................236 

5.5 Conclusion .................................................................................................................241 



xvi 

 

5.6 References ..................................................................................................................242 

CHAPTER 6 

Tandem Removal and Depolymerization of Lignin from Whole Pine Biomass via 

Reductive Catalytic Fractionation                                                                        

6.1 Introduction ................................................................................................................250 

6.2 Experimental procedure .............................................................................................261 

6.2.1 Catalyst synthesis ..............................................................................................261 

6.2.2 Whole pine wood sawdust reductive catalytic fractionation ............................262 

6.2.3 Biomass charcaterization ..................................................................................263 

6.2.4 Experimentally determined monomer yield for whole biomass reactions........266 

6.3 Characterization .........................................................................................................266 

6.4 Results and discussion ...............................................................................................269 

6.4.1 Catalyst characterization ...................................................................................269 

6.4.2 Reductive catalytic fractionation of whole pine biomass with Pd/CuHT .........282 

6.4.3 On the role of copper and ethanol hydrogen transfer .......................................298 

6.5 Conclusion .................................................................................................................299 

6.6 References ..................................................................................................................300 

CHAPTER 7 

One-Pot Transformation of Renewable Alcohols to Long-Chain Hydrocarbons via a 

Multifunctional Palladium Supported Hydrotalcite Catalyst 

7.1 Introduction ................................................................................................................308 

7.2 Experimental procedure .............................................................................................317 

7.2.1 Catalyst synthesis ..............................................................................................317 



xvii 

 

7.2.2 Deoxygenative alcohol coupling reactions .......................................................318 

7.3 Characterization .........................................................................................................319 

7.4 Results and discussion ...............................................................................................322 

7.4.1 Catalyst characterization ...................................................................................322 

7.4.2 Deoxygenative alcohol coupling of 1-heptanol ................................................330 

7.4.3 Oxygen content for sustainable aviation fuels ..................................................341 

7.5 Conclusion .................................................................................................................344 

7.6 References ..................................................................................................................346 

CHAPTER 8 

Conclusions and Future Directions  

8.1 Conclusions ................................................................................................................351 

8.2 Future Directions .......................................................................................................353 

8.2.1 Advanced Characterizations ..............................................................................353 

8.2.2 Decarbonylative Suzuki Coupling ....................................................................355 

8.2.3 Decarbonylative Nitrile Aldol Condensation ....................................................356 

8.2.4 Tandem aldol condensation/1,4 conjugate addition/decarbonylation ...............358 

8.3 References ..................................................................................................................361 

 

 

Appendix A4 ...................................................................................................................362 

Appendix A5 ...................................................................................................................396 

 

 



xviii 

 

List of Figures 

 

 

Figure 1.1. Principles of Green Chemistry as defined by Anastas and Warner ..................4 

Figure 1.2. List and definition of common green chemistry metrics ..................................7 

Figure 1.3. (a) Schematic depicting the outline of a circular economy and major principles 

involved in such a cycle, (b) Depiction showing the flow of both bond making and bond 

breaking processes and how this contributes to a circular economy ...................................9 

Figure 1.4. Schematic illustrating a selection of chemical transformations enabled by 

supported catalysts .............................................................................................................20 

Figure 2.1. Schematic of a continuous flow co-precipitation method for the synthesis of 

both parent and metal modified hydrotalcites. ...................................................................37 

Figure 2.2. Fourier transform infrared spectroscopy spectrum of parent HT ...................39 

Figure 2.3. PXRD pattern of naturally occurring HT .......................................................43 

Figure 2.4. TGA and differential TGA thermogram of unmodified HT ...........................44 

Figure 2.5. (a) Nitrogen adsorption-desorption isotherm of HT and (b) BJH pore size 

distributions of HT .............................................................................................................48 

Figure 2.6. Transmission electron micrographs of an illustrative Pd/HT sample at various 

scales: (a) 50 nm, (b) 20 nm, and (c) 5nm showing lattice spacing corresponding to a 

metallic Pd (0) phase ..........................................................................................................51 

Figure 2.7. Illustrative Pd 3d XPS spectrum of one Pd/HT sample ..................................54 

Figure 3.1. Examples of decarbonylative defunctionalization in synthesis using 

homogenous catlysis. (a) Straightforward decarbonylation to afford arylethanes, (b)  

Tandem dehydrogenation/decarbonylation, late stage defunctionalization, and (c) 

dehydroformylation (decarbonylation/dehydrogenation) to afford alkenes ......................59 



xix 

 

Figure 3.2. Proposed mechanism for the catalytic decarbonylation of aldehydes using 

precious metal-based palladium catalysts ..........................................................................60 

Figure 3.3. Decarbonylative C-C coupling strategies taking advantage of the aldehyde 

moiety for the decarbonylation step. (a). Ŭ-functionalization, (b) Suzuki and Heck 

coupling, and (c) decarbonylative Aldol condensation ......................................................61 

Figure 3.4. Commercially available pharmaceuticals that could be synthesized more 

efficiently via decarbonylative processes ..........................................................................62 

Figure 3.5. PXRD patterns of HT, Pd/HT, and Pd/ZnHT with corresponding reflections..78 

Figure 3.6. FTIR spectra of HT, Pd/HT, and Pd/ZnHT with corresponding bands ..........79 

Figure 3.7. Thermal gravimetric analysis thermograms and corresponding differential 

thermograms for HT, Pd/HT, and Pd/ZnHT ......................................................................81 

Figure 3.8.  (a) BET nitrogen adsorption/desorption isotherm plot and (b) BJH pore size 

distribution for Pd/ZnHT ...................................................................................................83 

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 ................................................86 

Figure 3.10. TEM images of Pd/ZnHT at (a) 200 nm scale, (b) 100 nm scale, (c-d) 50 nm 

scale, (e) 20 nm scale, and (f) Pd nanoparticle size distribution ........................................87 

Figure 3.11. Product distribution for the reaction of p-anisyl alcohol (3a) with Pd/ZnHT in 

both THF and EtOH. ..........................................................................................................96 

Figure 3.12. Plot of dehydrogenation activity (Table 3.4) vs. decarbonylation activity 

(Table 3.3) for unmodified HT, Pd supported HT (Pd/HT), and several metal modified 

palladium supported HTs (Pd/MHTs) ................................................................................98 



xx 

 

Figure 3.13. Reaction parameter optimization results investigating the effects of (a) 

solvent, (b) catalyst loading, (c) substrate concentration, and (d) temperature. ..............106 

Figure 3.14. Recyclability data for the decarbonylation of 1a ........................................107 

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

aldehydes.......................................................................................................................... 110 

Figure 3.16. Proposed pathway for the double decarbonylation of terephthaldehyde (1i) 

thru benzaldehyde (2i/1b) to benzene 2b ......................................................................... 111 

Figure 3.17.  Possible pathways for the multistep transformation of 1-cyclohexene-1-

carboxaldehyde (1o) to benzene (2b) through a combination of decarbonylation and 

dehydrogenation ............................................................................................................... 112 

Figure 3.18. Possible pathways for the transformation of 5-(hydroxymethyl)furfural (1r)  

to furan (2q) through a combination of decarbonylation and dehydrogenation .............. 113 

Figure 3.19. Relationship between CO-H bond dissociation energy and CO-H vibrational 

frequency.......................................................................................................................... 117 

Figure 3.20. Relationship between calculated atomic charges of aldehyde hydrogen 

(Mulliken, NBO, QTAIM) and vibrational frequency of aldehyde CO-H ...................... 118 

Figure 3.21. Relationship between the electrophilic susceptibility represented by Fukui 

parameter f(+) and decarbonylation yield ........................................................................121 

Figure 4.1. Commercially available drugs with thioether (sulfide) moiety ....................132 

Figure 4.2. Proposed mechanism for the intramolecular decarbonylation of thioesters to 

thioethers ..........................................................................................................................133 

Figure 4.3. Relevant work related to thioester decarbonylation. ....................................134 



xxi 

 

Figure 4.4. Proposed mechanism for the decarbonylation of thioesters to thioethers 

(sulfides). .........................................................................................................................138 

Figure 4.5. PXRD patterns of MgFeHT and Pd/MgFeHT ..............................................147 

Figure 4.6. FT-IR spectra of MgFeHT and Pd/MgFeHT ................................................148 

Figure 4.7. Thermogravimetric analysis (TGA) and differential thermal gravimetry (DTG) 

profiles of MgFeHT and Pd/MgFeHT .............................................................................151 

Figure 4.8. Transmission electron microscopy images of (a) MgFeHT and (b) Pd/MgFeHT 

with corresponding surface Pd nanoparticle size distribution (bottom right corner). ......153 

Figure 4.9. Particle size distribution histogram of Pd/MgFeHT. ....................................153 

Figure 4.10. Correlation between Hammett sigma parameters and the calculated enthalpy 

of decarbonylation for para-substituted symmetric thioesters .........................................171 

Figure 4.11. Correlation between decarbonylation yield and the enthalpy of 

decarbonylation for all para- singly substituted symmetrical thioesters. .........................172 

Figure 4.12. Correlation between decarbonylation yield and the enthalpy of 

decarbonylation for all para- or naphthyl singly substituted thiol ring functionalized 

unsymmetrical thioesters. ................................................................................................173 

Figure 4.13. Correlation between decarbonylation yield and the enthalpy of 

decarbonylation for all para- or naphthyl singly substituted carbonyl side functionalized 

unsymmetrical thioesters. ................................................................................................175 

Figure 4.14. Correlation between the ratio of desired product to side products vs. enthalpy 

of decarbonylation for carbonyl side functionalized asymmetric thioesters ...................180 

Figure 4.15. Kinetic profile and the effect on the removal of PdMgFeHT on the 

deacrbonylation of 1f .......................................................................................................183 



xxii 

 

Figure 4.16. Gram scale symmetrical thioester decarbonylation ....................................184 

Figure 5.1. Model compounds L-1 ï L-5, depicting the general structure for Ŭ-O-4, ɓ-O-4 

and 4-O-5 motifs. .............................................................................................................198 

Figure 5.2. PXRD pattern of base HT and PdM/HTs: HT, Pd/HT, Pd/FeHT, Pd/CoHT,  

Pd/NiHT, Pd/CuHT, and Pd/ZnHT ..................................................................................209 

Figure 5.3. PXRD patterns of (a) Pd/Al2O3 and Al2O3 and (b) Pd/MgO and MgO ........ 211 

Figure 5.4. FT-IR of parent HT, non-palladium metal modified HTs, and palladium metal 

modified hydrotalcites: (a) HT, FeHT, and CuHT. (b) Pd-HT, Pd/FeHT, Pd/CoHT,  

Pd/NiHT,  Pd/CuHT, and Pd/ZnHT .................................................................................212 

Figure 5.5. Thermogravimetric analysis (TGA) and differential thermal gravimetry (DTG) 

profiles of Pd/MHT catalysts ...........................................................................................215 

Figure 5.6. (a) Pd 3d XPs spectra of Pd/HTs (B-G), Pd-MgO, and Pd-Al2O3, and (b) Pd
x+ 

speciation distribution for corresponding catalysts..........................................................216 

Figure 5.7. TEM images of PdM/HT catalysts with corresponding surface Pd nanoparticle 

size distribution (bottom right corner). 100nm scale images of (a) Pd/HT, (b) Pd/FeHT, (c) 

Pd/CoHT, (d) Pd/NiHT, (e) Pd/CuHT, and (f) Pd/ZnHT .................................................218 

Figure 5.8. Particle size distribution histograms of PdM/HTs. Particle size (diameter) was 

determined through analysis of TEM images using ImageJ software .............................219 

Figure 5.9. Bright-field TEM images of (a) 3% Pd/Al2O3, and (b) 3% Pd/MgO ..........219 

Figure 5.10. Comparative yield of transfer hydrogenolysis products from L-1, L-2 and L-

3a catalyzed by Pd/MHTs. ...............................................................................................228 



xxiii 

 

Figure 5.11. (a) Reaction scheme for transfer hydrogenolysis of L-3b; and influence of (b) 

catalyst loading, (c) reaction temperature and (d) time on conversion and product 

selectivity .........................................................................................................................230 

Figure 5.12. Recyclability of Pd/CuHT (F) for the transfer hydrogenolysis of 2-phenoxy-

1-phenethanol (L-3a) .......................................................................................................238 

Figure 5.13. FT-IR spectra comparing fresh Pd/CuHT and Pd-CuHT after 5 reaction cycles

..........................................................................................................................................239 

Figure 5.14. PXRD patterns comparing fresh Pd/CuHT and Pd/CuHT after 5 reaction 

cycles................................................................................................................................239 

Figure 5.15. Thermal gravimetric analysis (TGA) and differential thermal gravimetry 

(DTG) for fresh Pd/CuHT and Pd/CuHT after 5 reaction cycles ....................................240 

Figure 5.16. TEM image of (a) fresh Pd/CuHT and (b) Pd nanoparticle size distribution of 

fresh 5 wt% PdCu/HT; (c) TEM image of used Pd/CuHT after five reaction cycles for the 

TH of L-3a and (d) Pd nanoparticle size distribution of used Pd/CuHT .........................240 

Figure 6.1. (a) Proposed structure of lignin highlighting some of the most common 

linkages between monolignols. (b) Table providing the relative abundance of different 

linkages in lignin depending on the source of biomass. (c) Bond dissociation energies for 

common lignin linkages ...................................................................................................252 

Figure 6.2. Flow diagram of common cellulose pulping methods and the general structure 

of resulting lignin .............................................................................................................254 

Figure 6.3. (a) Pathway for common undesirable depolymerization pathways resulting in 

reactive intermediates prone to recondensation and new C-C bonds. (b) Proposed pathway 



xxiv 

 

for this work, limiting the number of reactive intermediates. Reactive moieties circled in 

red ....................................................................................................................................257 

Figure 6.4. General outline of a reductive catalytic fractionation process ......................261 

Figure 6.5. PXRD pattern of Pd/CuHT with corresponding reflections labeled ............272 

Figure 6.6. FT-IR of Pd/CuHT with peak correlations ...................................................273 

Figure 6.7. TGA and DTG for Pd/CuHT ........................................................................274 

Figure 6.8. (a) Pore size distribution of Pd/CuHT determined through BJH analysis. (b) N2 

adsorption/desportion isotherm of Pd/CuHT which is used for BET analysis ................276 

Figure 6.9. (a) X-Ray photoelectron spectroscopy spectrum correpsonding to the Pd 3d 

(3/2 and 5/2) binding energies for Pd/CuHT. (b) Pdx speciation distributions for Pd/CuHT 

determined from XPS spectrum. ......................................................................................278 

Figure 6.10. TEM micrographs of Pd/CuHT at (a-b) 200 nm scale, (c) 50 nm scale, and (d-

e) 20 nm scale. (f) Pd nanoparticle size distribution based on diameter ..........................280 

Figure 6.11. (a) High resolution TEM image (5nm scale) of a single Pd nanoparticle on 

Pd/CuHT. (b) Color scale vs. distance between each atomic layer..................................281 

Figure 6.12. Schematic depicting the RCF process and corresponding mass balance ...286 

Figure 6.13. (a) 1H NMR and (b) 13C NMR spectrum of the major compound in lignin oil 

isolated via column chromatography after RCF of whole pine biomass using Pd/CuHT as 

catalyst .............................................................................................................................288 

Figure 6.14. GC-MS trace of isolated fractions 20 and 21 from column chromatography 

of lignin oil with corresponding mass spectrum verifying the presence of hydroconiferyl 

alcohol (HA) ....................................................................................................................289 



xxv 

 

Figure 6.15. (a) 1H NMR and (b) 13C NMR spectrum of minor isolates from the lignin 

fraction after RCF of whole pine biomass using Pd/CuHT as catalyst. ...........................290 

Figure 6.16. Identification and yield determination of monomers, dimers, and longer chain 

compounds from the breakdown of lignin .......................................................................292 

Figure 7.1. PXRD patterns for HT, Pd/HT, Pd/FeHT, and Pd/MgFeHT ........................325 

Figure 7.2. TGA and DTG thermograms of HT, Pd/HT, Pd/FeHT, and Pd/MgFeHT ....326 

Figure 7.3. (a) Pd 3d XPs spectra of (a) Pd/MgO, (b) Pd/Al2O3, (c) Pd/HT, and (d) 

Pd/FeHT. (e) Pd speciation distribution for catalysts shown in a-d in addition to Pd/NiHT, 

Pd/CuHT, and Pd/ZnHT ...................................................................................................330 

Figure 7.4. Product yield and selectivity for deoxygenative olefination of 1-heptanol over 

supported Pd catalysts and their corresponding supports in the absence of Pd. ..............332 

Figure 7.5. Product yield and selectivity for deoxygenative olefination of 1-heptanol over 

supported Pd/MHT catalysts ............................................................................................335 

Figure 7.6. Ternary plot of catalytic activity for the three-step deoxygenative olefination 

of alcohols ........................................................................................................................338 

Figure 7.7. (a) GC-FID spectrum for the deoxygenative coupling of 1-heptanol at increased 

temperature. (b) Product yields and distribution corresponding to the spectrum shown in 

Figure 7.7a .......................................................................................................................340 

Figure 7.8 Product distribution for the optimized deoxygenative coupling of 1-heptanol 

with Pd/MgFeHT .............................................................................................................343 

Figure 8.1. Example atomic resolution energy dispersive X-ray spectroscopy for elemental 

mapping............................................................................................................................354 



xxvi 

 

Figure 8.2. Decarbonylative Suzuki coupling using aldehydes as the electrophilic partner 

and Pd/MHT as the catalytic species. ..............................................................................356 

Figure 8.3. Proposed route for the decarbonylative coupling between an enolizable 

aldehyde (nucleophile) and a nitrile (electrophile). .........................................................358 

Figure 8.4. (a) General pathway for the tandem aldol condensation followed by 1,4-

conjugate addition with appropriate nucleophiles. The resulting structure can be 

decarbonylated to give non carbonyl containing compounds.  (b) Specific example for the 

aldol condensation between phenylacetaldehyde and benzaldehyde followed by the 1,4 

conjugate addition of lithium diethyl cuprate. The resulting structure is decarbonylated to 

provide 1,2-diphenylbutane. ............................................................................................360 

 

 



1 

 

CHAPTER 1 

Introduction 

1.1 Current state of chemistry in our society 

Chemical processes have played a critical role in civilizations even before the word 

ñchemistryò was established as a major field in the scientific community.1 Now more than 

ever, the word chemistry can elicit two very different responses. Positively, chemistry has 

provided lifesaving medicines, clean water, renewable energy sources, and new materials 

which only touches on the benefits. Negatively, a portion of the population views chemistry 

as an industry which is quick to pollute and/or take advantage of people. Although the 

pharmaceutical industry often draws the most attention in this regard, the real-world 

environmental impact is far more significantly driven by the commodity chemicals, 

pesticide, and plastics industries. 2, 3 Realistically, as is true with most situations, there can 

be truth to both sides. Simply put, it would be difficult to imagine a world without the 

benefits of chemical transformations, but there is vast room for improvement to minimize 

environmental impact. 

Over the past fifty years, the manufacture, use, and disposal of chemicals has drastically 

increased, introducing more than 150,000 new chemicals and chemical mixtures to the 

environment.2 New chemicals are constantly being developed; the USA produces an 

average of 1500 new chemicals per year.4 It is estimated that the scale of chemical release 

has reached 220 billion tons per year and the impact of those chemicals has been detected 

in every corner of the planet, even in the most uninhabited areas.5 Industrial chemicals, 

including plastics and known carcinogens, are now found in the blood and tissue of all 
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populations.6-8 Even though there is increased awareness, the true effects at this scale-up 

stage are unknown9.  

Many chemicals initially considered safe and beneficial have later been identified as 

pollutants or toxic substances. This reflects a disconnect between recognizing a chemical's 

benefits and fully understanding its potential harm, leading to a recurring cycle: production 

and widespread use, followed by the discovery of risks (often resulting in bans or 

restrictions), and subsequently, an urgent search for replacement chemicals, many of which 

bring additional adverse effects. While much of the focus has been placed on individual 

chemicals, this perspective is too narrow, overlooking the broader context of entire 

chemical processes. To achieve a truly sustainable industry, a more comprehensive, 

systems-based approach is essential.10  

 

1.2 Green Chemistry 

Green chemistry  is the design of chemical products, processes, and technologies that 

reduce or eliminate the use and generation of hazardous substances.11 Unlike conventional 

chemistry, which often focuses on performance and yields without explicitly considering 

environmental impact, green chemistry integrates sustainability as a core principle. 

Sustainability, as it is related to chemistry, is an overarching ideology being described as 

the development and application of chemicals, chemical processes, and products that 

benefit current and future generations without harmful impacts to humans or ecosystems. 

It emphasizes minimizing waste, reducing toxicity, and conserving energy and resources 

across the entire life cycle of chemical processes - from design and synthesis to production 

and disposal.12  The concept of green chemistry emerged in 1991 in response to growing 

concerns about the environmental and health impacts of industrial chemicals and processes. 
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The movement gained momentum through the push for cleaner technologies and regulatory 

initiatives, such as the United States' Pollution Prevention Act of 1990, which emphasized 

prevention over the remediation of chemical waste.13 Paul Anastas, often called the ñfather 

of green chemistry,ò and John Warner formalized the discipline, establishing it as a 

proactive, solution-oriented approach to addressing environmental challenges. Green 

chemistry represents a paradigm shift, recognizing chemistryôs central role in tackling 

global issues such as pollution, resource depletion, and climate change. By driving 

innovation, green chemistry has influenced not only academic research but also industrial 

practices, policy development, and public perceptions of chemistryôs societal impact.14  

In 1998, Anastas and Warner provided a framework for achieving these goals by 

outlining The 12 Principles of Green Chemistry (Figure 1.1)15.  These principles advocate 

for practices, such as atom economy, the use of renewable feedstocks, safer solvents, 

energy efficiency, and design for degradation, among others. Together, they set the stage 

for more sustainable chemistry.16 These principles address both chemical design and the 

development of chemical processes, both of which are critical in developing a sustainable 

future. The adoption of green chemistry has provided significant benefits, including but not 

limited to environmental protection, economic efficiency, health and safety, and 

innovation. Increasingly, industries are recognizing GC as a competitive advantage, 

helping meet regulatory requirements, satisfy consumer demand for sustainable products, 

and contribute to corporate social responsibility goals.17 Despite its numerous benefits, the 

implementation of GC faces several challenges, including technical barriers, scale-up 

issues, limited awareness, and economic trade-offs. To address these challenges, continued 

innovation, interdisciplinary collaboration, and policy support are essential. Green 
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chemistry must evolve alongside emerging fields, such as artificial intelligence, 

automation, and circular economy to tackle the pressing environmental issues of the 21st 

century. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. The 12 principles of Green Chemistry as defined by Anastas and Warner.12 
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In sum, GC represents a transformative approach to chemical research and 

manufacturing by embedding sustainability into the foundation of chemistry. It challenges 

chemists to think beyond traditional boundaries and develop solutions that are efficient, 

safe, and environmentally responsible.18 As the demand for sustainable processes grows, 

green chemistry will continue to play a pivotal role in shaping a cleaner, healthier, and 

more resilient future. 

 

1.3 What makes a process more sustainable? 

Many industrial chemical processes that were developed decades ago remain in 

operation today, not necessarily because they are the most efficient or sustainable, but 

because of the substantial investment required to replace them.19 Such legacy processes 

may rely on hazardous reagents, generate large amounts of waste, consume considerable 

amounts of energy, and rely on nonrenewable feedstocks. These processes were generally 

optimized for economic and technical performance, but often fail to meet broader 

sustainability goals of the organization.20 This is not to say that companies have not made 

efforts to "greenify" their processes. However, many of these efforts fall short by leaning 

toward reactive, rather than proactive, strategies. This fundamental challenge within the 

chemical industry underscores the need for rigorous tools to assess and compare processes, 

enabling more informed and strategic adoption of greener alternatives.  

Green chemistry (GC) metrics provide quantitative, objective measures to evaluate the 

environmental and economic impacts of chemical processes and determine their overall 

"greenness." These metrics assess parameters such as solvent use, waste generation, energy 

consumption, and reaction efficiency, among many other variables, offering a 
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comprehensive framework for improvement. 21, 22 Figure 1.2 highlights and defines some 

of the more common metrics implemented in industry and academia including yield, 

effective mass yield, E-factor, atom economy (AE), reaction mass efficiency (RME), and 

process mass intensity (PMI). By systematically applying these metrics, processes can be 

assessed not only for their performance, but also for their environmental footprint and 

alignment with sustainability goals. This evaluation allows researchers and industry leaders 

to distinguish processes that are inherently greener, safer, and more sustainable, making 

the case for replacing incumbent technologies stronger and more justified. 

 These metrics are not without their own challenges and limitations, which can 

sometimes hinder comparison between processes. Major hurdles include lack of 

standardization across all disciplines and groups, limited scope of single metrics, data 

availability and accuracy, and balancing trade-offs.23 For example, a process may have high 

atom economy but require toxic solvents and excessive energy or reducing energy 

consumption may require additives that decrease atom economy. Nonetheless, these simple 

metrics are a great first-line assessment for any chemical process. When two processes 

produce the same product, metrics like E-factor, PMI, and energy intensity can highlight 

which process is more resource-efficient and generates less waste. Metrics can also identify 

areas where incumbent processes fall short, especially for areas like solvent usage or energy 

consumption. For more detailed analyses, a full lifecycle assessment (LCA) can 

complement GC metrics to evaluate economic and environmental impacts of a process 

from raw material to product disposal.24 LCA is a systematic, quantitative method used to 

evaluate the environmental impacts associated with a chemical product or process across 

its entire life cycle. This includes every stage from raw material extraction to end-of-life, 
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commonly described as ñcradle to grave.ò Although green chemistry metrics and LCAs are 

effective frameworks for assessing chemical processes, translating the findings into 

targeted improvements is critical for realizing broader environmental benefits and 

developing more sustainable process designs. 

 

Figure 1.2. List and definition of common green chemistry metrics.25 
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1.4 Design for circularity 

Traditional methodologies follow a linear economy characterized by a ñtake-make-

disposeò approach, which lacks consideration for keeping materials and products in 

circulation for as long as possible. In contrast, a circular economy is a transformative model 

aimed at minimizing waste while maximizing reuse, recycling, and recovery of resources. 

Applied to chemical processes, this approach requires rethinking the production, use, and 

disposal of chemicals and materials to enhance sustainability and reduce environmental 

impact.10, 26, 27 

While similar to recycling, the circular economy is a more comprehensive and 

proactive system, intentionally designed to be regenerative and restorative. Its primary goal 

is to decouple economic growth from resource consumption and environmental 

degradation. Rather than following a linear model of extracting finite resources, producing 

materials, and generating waste, a circular economy seeks to: (1) eliminate waste and 

pollution through thoughtful design, (2) extend the lifespan of products and materials, and 

(3) regenerate natural systems by prioritizing renewable feedstocks and minimizing 

environmental harmΦ10 In chemical processes, this means maximizing efficiency, reusing 

raw materials, and ensuring that end-of-life products and waste streams are reintegrated 

into production cycles. The generalized cycle can be seen in Figure 1.3a. 

 The benefits of adopting a circular economy in chemical processes are significant. 

Resource conservation is achieved by reducing raw material extraction and promoting 

recycling. Environmental impacts, including greenhouse gas emissions and pollution, are 

minimized, helping to mitigate climate impacts. Economically, waste valorization creates 

new revenue streams, reduces production costs, and enhances competitiveness. A circular 
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approach also supports long-term sustainability, ensuring resource availability for future 

generations while meeting evolving regulatory and societal demands. 

To implement a circular economy, industries must adopt these principles and 

develop new technologies. Replacing fossil-based feedstocks with renewable alternatives, 

such as biomass or captured CO , is critical. Tools like LCAs and green chemistry metrics 

help identify opportunities to improve sustainability, while partnerships across industries 

facilitate the creation of symbiotic relationships for resource sharing.24 Investment in 

innovation, supportive government policies, and the promotion of circular business models 

are vital for transitioning to a truly circular chemical industry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. (a) Schematic depicting the outline of a circular economy and major principles 

involved in such a cycle. (b) Depiction showing the flow of both bond making and bond 

breaking processes and how this contributes to a circular economy.28, 29  
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The circular economy represents a promising pathway to curb resource depletion, 

waste generation, and environmental impact of chemical processes. While challenges such 

as technological limitations, economic feasibility, and infrastructure development remain, 

the benefits of transitioning to a circular economy make it an essential goal for the future 

of chemical industries. 

 

1.5 Implementing The 12 Green Chemistry Principles 

To develop processes that are economical, efficient, and sustainable within a 

circular economy, this work highlights key components of the Green Chemistry principles. 

While all principles are essential for achieving a sustainable future, certain principles may 

hold greater significance from a macroeconomic perspective. The concepts highlighted 

below are of major focus in this dissertation. 

 

Renewable feedstocks 

Implementing biomass-derived feedstocks for chemical processes is a pivotal step 

toward developing a circular economy. Biomass offers a renewable and sustainable 

alternative to traditional fossil-based resources.30, 31 In the long term, the use of renewables 

is one of the most critical principles for the pursuit of sustainability.  Biomass, derived from 

agricultural residues, forestry waste, or non-food crops, can serve as a feedstock for 

producing platform chemicals, fuels, and materials, enabling a closed-loop system where 

waste streams are valorized into valuable products.32, 33 Although not a given, one of the 

key benefits of biomass-derived feedstocks is their potential to reduce greenhouse gas 
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emissions and dependence on finite fossil resources, aligning chemical processes with 

sustainability goals.  

However, challenges remain, including variability in feedstock composition and 

supply, which require development of processes that can handle multiple feedstocks 

efficiently. The need for substantial investment in infrastructure to process and convert 

biomass, coupled with the development of robust catalytic and separation technologies, 

presents further hurdles to scaling these processes.31, 34 Competing demands for land use 

(e.g., food versus fuel) and ensuring economic viability through LCAs and techno-

economic analyses (TEA) are also critical considerations. Overcoming these challenges 

requires innovation, collaboration, and supportive policies to fully realize the potential of 

biomass as a cornerstone of a circular chemical economy.  

 

Product degradation or defunctionalization 

Traditional chemical processes emphasize the efficient formation of new bonds to 

synthesize complex products, but the ability to selectively break bonds through degradation 

and defunctionalization is equally essential to developing processes for a circular economy 

(Figure 1.3b). Effective bond-breaking strategies enable the conversion of end-of-life 

products back into their fundamental building blocks or intermediates, which can then re-

enter the production cycle. This approach reduces the reliance on virgin feedstocks, 

minimizes waste, and closes the material loop. Important examples include the 

depolymerization of lignin to supply value added platform chemicals or the selective 

cleavage of polymeric plastics which can provide valuable monomeric units and more 

importantly keeps non degradable materials out of the environment.35, 36 However, to fully 
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harness this potential, degradation processes must be selective, energy-efficient, and 

environmentally benign. By focusing on both bond formation and degradation, chemical 

processes can achieve greater resource efficiency, where materials are continually 

regenerated without compromising environmental or economic goals. Throughout this 

work, we employ both bond-forming and bond-breaking strategies in an effort to create a 

closed loop system. 

 

Microwave heating 

Microwave heating is an alternative to conventional heating that uses 

electromagnetic radiation in the microwave frequency range to generate heat within a 

material. Conventional heating relies on thermal conductivity and often requires long times 

to reach equilibrium throughout a material. In contrast, microwave heating relies on dipole 

rotation, where polar molecules continually attempt to align with the rapidly oscillating 

electric field of the microwave. This forced rotational motion leads to efficient energy 

transfer and rapid heating. Although several factors influence the dipole rotation coupling 

efficiency, any species with a permanent dipole (solvent and/or substrate) will participate 

in this mechanism of energy transfer.37, 38  

This method offers several advantages, including rapid and uniform heating, 

reduced energy consumption, and the ability to precisely target materials with specific 

dielectric properties, minimizing energy waste39. Microwave heating can afford up to a 

95% increase in energy efficiency over conventional methods40. However, challenges exist, 

such as the high initial cost of microwave reactors, limited scalability for industrial 

applications, and material-specific heating requirements, which may not be compatible 
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with all chemical processes39. Despite these limitations, the integration of microwave 

heating into chemical synthesis and processing represents a promising step toward greener 

and more sustainable chemical practices. For this work, using microwave heating is 

implemented whenever possible, however in some cases it is just not feasible. When 

conventional heating methods are necessary, other green chemistry principles are 

strategically applied to offset the associated energy demands. 

 

Solvent-free and safe solvent selection 

Solvents are generally the most abundant component of a chemical process, often 

accounting for up to 80% of the mass in industrial chemical reactions41, 42. Therefore, 

eliminating solvents or substituting them with non-toxic, non-hazardous alternatives offers 

significant environmental and economic benefits. Solvent-free reactions reduce waste 

generation, removal steps, and eliminate the need for costly solvent disposal. Additionally, 

they simplify reaction setups, decrease processing time, and lower costs associated with 

solvent procurement and handling. When solvents are necessary, employing greener 

options such as water, renewable short chain alcohols, or bio-based solvents reduces 

toxicity to humans and ecosystems while enhancing safety.43 

 

1.6 Catalysis as a driving force for sustainability  

Catalysis is the process by which a substance, known as a catalyst, accelerates a 

chemical reaction by providing an alternative mechanistic path with a lower activation 

energy and is regenerated at the end of each catalytic cycle. According to classical chemical 

kinetics and the Arrhenius relationship (Equation 1.1), catalysts enhance reaction rates by 
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lowering the activation energy (Ea) while leaving the overall thermodynamics between 

reactants and products unchanged.44 

 

Ὧ ὃ Ὡz                                   Equation 1.1 

k = rate constant (units dependent on reactionôs order, 1st order: s-1) 

A = pre-exponential factor (same units as rate constant) 

Ea = activation energy (J/mol) 

R = gas constant (8.314 J/molĿK) 

T = temperature (K) 

 

By lowering this barrier, a catalytic pathway allows molecules to reach the transition 

state more easily, resulting in a higher reaction rate at a given temperature. Consequently, 

reactions can proceed more rapidly at lower temperatures when a suitable catalyst is 

present. Catalysts play a pivotal role in modern chemistry, enabling reactions to proceed 

under milder conditions, increasing reaction rates, and improving product selectivity.45 

Within the framework of green chemistry, catalysis is one of the most essential principles, 

as it enables the integration of multiple green chemistry concepts. Catalytic processes often 

enhance atom economy by directing reactions toward pathways that minimize byproducts 

and maximize the efficient use of starting materials. Furthermore, because catalysts are 

required only in small quantities compared to stoichiometric reagents, they significantly 

reduce waste generation. This dissertation focuses on the design and application of 

catalysts, emphasizing their critical role in advancing sustainable chemical processes and 

innovations. 

 

 



15 

 

1.6.1 Heterogenous vs homogenous catalysis 

While there are many types of catalysts, the two major classes are homogenous and 

heterogenous. The key difference between the two  lies in their phase relative to the 

reaction: heterogeneous catalysts exist in a different phase (typically solid) from the 

reactants, while homogeneous catalysts are in the same phase (usually liquid).46, 47  

Homogeneous catalysts are typically well-defined molecular species. A common 

class of homogeneous catalysts is transition metal complexes, where a central metal atom 

or ion is coordinated to organic or inorganic ligands.48 For example, many organometallic 

catalysts are synthesized by reacting metal salts with donor ligands (such as phosphines or 

amines) to form stable complexes. These ligands influence the reactivity and selectivity of 

the catalyst, often tuning reactivity properties with a combination of electronic and steric 

effects. Homogenous systems tend to have high activity and selectivity and the mechanisms 

by which they operate are much easier to study because of their well-defined molecular 

structure and sometimes observable transition states.48-52 However, there are economical 

and sustainability implications associated with their use. Many homogenous systems rely 

on precious metals and complex ligands which not only require intricate set ups for 

synthesis and storage but their removal from reaction mixtures and recyclability capability 

is prohibitive towards industrial use. In short, although these types of catalysts can be 

highly active and selective, they are expensive, difficult to produce, and difficult to recover 

and purify making them more single use even though they arenôt consumed during the 

process. 

Heterogeneous catalysts are typically solid materials, often composed of pure 

metals, metal oxides, carbon, or clays. Many of these materials occur naturally, making 



16 

 

them a cost-effective option. One of their key advantages is ease of separation and 

reusability, as solid catalysts can be readily removed from reaction mixtures via simple 

filtration. They also exhibit excellent thermal and mechanical stability,53 allowing them to 

withstand harsh reaction conditions that might degrade other catalysts. Additionally, their 

solid-state nature makes them well-suited for industrial-scale processes, such as fixed-bed 

reactors, where continuous operation is essential.   

However, heterogeneous catalysis also presents challenges. A common limitation 

is lower activity and selectivity compared to homogeneous catalysts, often due to mass 

transfer constraints or restricted access to active sites.54-56 Designing heterogeneous 

catalysts with uniform active site dispersion and high specificity can be complex, requiring 

advanced synthesis techniques.57 Despite these challenges, heterogeneous catalysis 

remains indispensable for sustainable and green chemical processes, offering a practical 

path toward efficiency, scalability, and environmental responsibility.  

 

1.6.2 Supported catalysts  

In the past few decades, the applications of catalysis have increased drastically, 

where 30% of the global GDP is reliant on catalytic processes and 90% of those are based 

on heterogenous systems.58, 59 Due the integral role of catalysis in the economy and demand 

for growth, the need for cheap and robust catalytic materials has been on the rise. 

Considering the benefits and challenges of both homogenous and heterogenous catalysts, 

research and development in a subcategory of heterogenous systems has soared. Supported 

catalysts are a type of heterogenous catalyst that incorporates some of the benefits of 

homogenous systems.60 There are different classes of supported catalysts, but simply, they 
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are materials consisting of well-defined active species (organometallic complexes, single 

atoms, or nanoparticle clusters), which are immobilized on the surface of a support 

(alumina, carbon, silica, metal oxides, or clays).61, 62  

 The role of the support is not just passive, it can also contribute to catalytic activity, 

stability, and selectivity by influencing the electronic and structural properties of the active 

sites. Supported catalysts offer several benefits, including enhanced dispersion of active 

sites due to the high surface area of the support, improved thermal and mechanical stability 

under industrial conditions, and the ability to tailor activity and selectivity through 

modifications of the support.63 Their ease of recovery and reuse reduces waste, while their 

versatility makes them valuable in diverse applications like hydrogenation64, 65 oxidation,66, 

67 and catalytic cracking.68, 69 However, they face challenges such as deactivation from 

fouling, sintering, and poisoning, complex synthesis processes to achieve uniform 

dispersion of active species, and potential mass transfer limitations due to diffusion 

constraints.53 Additionally, finding supports that are chemically and thermally compatible 

with active species and reaction conditions can be difficult. Despite these challenges, 

supported catalysts remain indispensable in industry, with ongoing research aimed at 

overcoming limitations and enhancing their performance 

 

1.6.3 Opportunities with supported catalysts 

The increasing focus on sustainability and green chemistry has spurred research 

into developing more efficient and durable supported catalysts, with an emphasis on earth-

abundant, non-toxic materials to replace expensive and rare noble metals. Advances in 

nanotechnology, surface science, and computational modeling have also enabled a deeper 
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understanding of the interactions between active sites and supports, leading to more 

rational catalyst design70, 71. Nonetheless, there is still a lack of understanding of the support 

effect on active sites where opportunities exist to further elucidate important structure-

activity relationships.  

Traditionally, catalyst supports were considered inert, serving only to stabilize the 

active species. However, studies have shown that immobilizing active species on different 

supports can lead to varied catalytic outcomes. Further investigation has revealed that 

supports influence the shape, size, surface mobility, and electronic environment of the 

active species, ultimately affecting catalytic activity.72 

Despite this understanding, designing supported catalysts with precisely tailored 

reactivity remains a challenge. Advancing the knowledge of support roles requires 

exploring supportïactive site interactions at the atomic level. Modern characterization 

techniques, such as in situ spectroscopy73 and electron microscopy,74 enable researchers to 

study these interactions under real reaction conditions. Additionally, computational 

modeling provides insights into the electronic and structural interplay between supports 

and active species.70 These advancements pave the way for designing next-generation 

supported catalysts with enhanced efficiency, stability, and environmental sustainability, 

offering significant benefits for industrial applications. 

In this dissertation, we explore the role of the support and the effects of different 

materials on the activity of palladium nanoparticles.  We focus on palladium as the active 

species as it has desirable catalytic properties and can be applied to a host of different 

chemical transformations. We also recognize that palladium is a noble metal, but the minute 
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amount of metal needed for catalyst preparation and the ability to recycle supported 

catalysts makes its use economically feasible and less environmentally impactful. 

Unlike homogenous systems which have a singular, well defined active site, 

heterogenous systems often feature a distribution of active sites with varying chemical 

environments. This arises from differences in crystallinity, particle size, and surface 

defects. On the surface of supported catalysts, the interaction between the active phase and 

support material can further diversify the types of active sites.75 For example, the support 

may modify the electronic properties of the metal, creating regions of varying reactivity. 

While this may seem like a pitfall, there also lies a major opportunity. Traditional chemical 

routes focus on a single transformation followed by purification to obtain the desired 

product. In many instances, multiple iterations are required, leading to time-intensive and 

costly processes. Alternatively, a single multifunctional catalyst capable of performing 

multiple transformations within a single reaction vessel eliminates the need for introducing 

new catalysts or reagents at each step, while also bypassing the necessity for multiple 

purification stages. A few of the possible chemical transformations that can be facilitated 

by supported catalysts are outlined in Figure 4.  
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Figure 1.4. Schematic illustrating a selection of chemical transformations enabled by 

supported catalysts. While single-step transformations are essential, these can be 

advanced further by integrating multiple steps into cascade pathways.  

 

 

We take advantage of this multifunctionality by using supported catalysts to drive 

tandem chemical transformations. These catalysts are intentionally designed to possess 

multiple active sites or functionalities, enabling them to catalyze distinct chemistries in a 

controlled and complementary manner. Achieving high selectivity for each step in a tandem 

reaction is particularly difficult, as these catalysts may favor competing pathways, resulting 

in byproduct formation.76 Additionally, reaction conditions that vary between steps can 

make it challenging to design a single catalyst that performs effectively under all required 

conditions. For tandem transformations, the reaction conditions optimal for one mechanism 

may hinder another, often resulting in the need for compromised parameters. Overcoming 

these challenges relies on a rational catalyst design, which necessitates a complete 

understanding of the role of the support and having the ability to precisely control material 

synthesis. Advanced characterization techniques increase the ability to understand 
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structure-activity relationships and allow further insight into the driving forces of 

competing mechanisms. While later chapters focus on tandem processes, our approach 

begins with single transformations that contribute to multi-step workflows. Isolating and 

optimizing single transformations is beneficial in two manners: (1) it allows us to pinpoint 

which active species is optimal for a given transformation, and (2) allows us to understand 

the optimized reaction conditions for each step. This information will inform process 

design for multistep transformations which may necessitate dynamic parameter ranges to 

accommodate optimal conditions at different stages. 

 

1.6.4 Hydrotalcites as a tunable support for active palladium species 

Many support materials have been implemented as a support for active palladium 

species (e.g., Al2O3, MgO, C, SiO2). These supports have been extensively studied for a 

multitude of reactions and they are classified as having primarily acidic (Al2O3) or basic 

(MgO) character. They also lack facile tunability of both electronic and/ or acid/base 

properties. More recently, an underexplored clay like material was identified to have a 

tunable structure which could influence Pd reactivity. Hydrotalcite (HTs), is a naturally 

occurring doubled layered hydroxide clay consisting of layers of anionic molecules 

sandwiched between cationic sheets. Naturally occurring HT is comprised of Mg2+ and 

Al3+ octahedral hydroxides in the cationic sheet with carbonate anions and water in the 

anionic layer: Mg6Al2CO3(OH)16Ŀ4(H2O).
77 The general structure of HT can be seen in 

Table 2.1. Synthetic HTs can be tuned by changing the (i) M2+/M3+ ratio, (ii) metal doping 

or complete substitution with compatible M2+ (replaces Mg2+) and M3+ (replaces Al3+),78-81 

(iii) the thermal treatment and ageing time during synthesis, and (iv) the interlayer anions.82 



22 

 

The variety and degree of modifications allows for a material with constant morphology 

and structure but various degrees of electronic and acid-base properties.83 Compared to 

first row transition metals, second and third row transition metals (e.g., Pd, Pt, Ru, Rh, Ag, 

Au, etc.)  can exhibit additional functionality. In these species which have larger ionic radii, 

higher oxidation states can integrate into the support structure, forming active metal 

nanoclusters on the support surface. This is distinct from other supports where the 

supported metal typically resides (ñsitsò) on the surface. In our specific case, Pd can be 

incorporated directly into the HT structure, enhancing robustness and reducing the 

likelihood of leaching.  

 HTs are beneficial as they also have the potential to act as non-innocent supports, 

meaning that they cooperatively participate in catalytic cycles in several ways. The support 

properties have quantifiable effects on the active catalytic species, which influences 

activity. Additionally, acid/base sites adjacent to active species can serve as internal 

acids/bases, promoting stabilization of coordinated species and intermediates. 

Hydrotalcites develop a combination of Brßnsted and Lewis acidïbase sites due to the 

mixed-metal brucite layers and the interlayer anions required to balance charge. 

Substitution of Mg2+ with Al3+ creates positive charge in the layers, requiring anions and 

hydroxyls for charge neutrality, which become Brßnsted basic sites. Dehydroxylation or 

defect formation can generate oxygen species that act as strong Lewis bases, while removal 

of coordinated water or hydroxyl groups exposes electron-deficient Mg2+/Al3+ centers that 

behave as Lewis acids. Interlayer water and certain hydroxyl groups can also function as 

weak Brßnsted acids. Thus, acidïbase behavior originates from the interplay between metal 

composition, interlayer chemistry, and structural defects.84, 85 The tunable nature of HTs 
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has resulted in a multitude of practical applications. However, since the role of the support 

is still not fully understood and only a small fraction of possible HT structures have been 

investigated, we propose that many applications remain to be discovered. This dissertation 

aims to address these challenges and employ HTs for both new and existing applications. 

 

1.7 Dissertation aims 

The following work describes our efforts in using catalysis as a foundational tool for 

implementing green principles into chemical processes. Our focus is not only creating new 

catalysts but understanding how their properties correlate with catalytic activity. This 

information can be applied to practical applications. The sections of the dissertation 

include: (i) synthesis and characterization of novel hydrotalcite materials (Chapter 2), (ii) 

understanding structure-activity relationships of hydrotalcites for single step 

transformations (Chapter 3-4), and (iii) implementing hydrotalcite catalysts for practical 

tandem transformations (Chapters 5-7).  
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CHAPTER 2 

Parent and Modified Hydrotalcite Synthesis and Characterization 

2.1 Introduction 

The core objective of this dissertation is the design and investigation of catalytic 

materials that can be applied to practical, efficient and, ideally, tandem chemical  processes 

where more than one chemical transformation is carried out with a single catalyst. These 

materials are intended to enable transformations that not only surpass traditional 

stoichiometric methods but also minimize waste, enhance atom economy, and reduce the 

use of hazardous or toxic reagents. A promising and underexplored class of material is that 

of layered double hydroxides (LDHs), specifically a subset of LDHs called hydrotalcite 

(HT). Our primary focus is on hydrotalcite-supported palladium catalysts, which are cost-

effective, durable, recyclable, and, most importantly, highly tunable. This tunability allows 

these catalysts to exhibit a wide range of reactivity, making them inherently 

multifunctional.  

While employing catalysts for a single transformation is valuable, multifunctional 

catalysts offer the added advantage of facilitating tandem processes or enabling multiple 

reaction steps within a single vessel. In addition to their application potential, this work 

emphasizes understanding the structureïactivity relationships of palladium-modified 

hydrotalcites and the chemical and physical changes induced by metal modifiers. These 

materials are synthesized using an optimized continuous-flow co-precipitation method and 

are subjected to comprehensive characterization. Detailed analysis of their physical and 

chemical properties is essential for elucidating the relationship between structure and 

catalytic activity. However, the interconnected nature of these properties presents a 
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challenge, as modifying one property can influence others. A thorough understanding of 

these interdependencies is crucial for the rational design and optimization of such catalysts. 

This chapter outlines the synthetic procedures and analytical techniques employed 

for catalyst characterization, providing the rationale behind each method. While this 

section introduces general methods used throughout the dissertation, detailed information 

on specific catalysts and their properties is provided in subsequent chapters. 

 

2.2 The Role of Palladium and Hydrotalcite Support 

Hydrotalcite (HT) is a class of anionic clays known as layered double hydroxides 

(LDH) and comprised of cationic sheets where the interlayers are comprised of water and 

anions. LDHs are described by the general equation [M1-x
2+Mx

3+(OH)2]
x+ [An- ]x/n Å mH2O, 

where M2+ and M3+ are divalent and trivalent metal ions and A are anions such CO3
2-, OH-

,Cl-, NO3
-, ClO4

- or SO4
2-.1-3 The structure of LDH is analogous to that of Brucite 

(Mg(OH)2), where magnesium occupies the center of octahedra sites surrounded six 

hydroxide ions. The cationic sheets of HT exist in the same fashion, however they consist 

of both magnesium (Mg2+) and aluminum (Al3+) octahedra in a 3:1 of Mg:Al. Additionally, 

the cationic sheets are separated by an anionic layer consisting of water and carbonate 

anions.4 The formula for naturally occurring HT is given as Mg6Al2CO3(OH)16Ŀ4(H2O).  

Synthetic HTs can be prepared by the isomorphous substitution of MgĮ  and Alį  

with a variety of appropriately sized metal ions.5, 6 While numerous metals have been 

investigated, first-row transition metals are the most commonly used modifiers due to their 

ionic radii,7 which allow for effective substitution. In contrast, second-row transition 
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metals and other larger ions often struggle to isomorphically substitute parent ions (i.e., 

Mg2+, Al3+). 

HTs have been employed across a wide range of applications, including 

heterogeneous catalysis,8 anion exchange,9 adsorption,10 and wastewater treatment.11 As 

solid catalysts, they have been used in transformations such as transesterification12, aldol 

condensation,13, 14 alcohol oxidation,14 and Michael addition.15 Despite these promising 

applications, HTs remain underexplored compared to other supports, presenting 

opportunities for innovation. This work seeks to exploit such opportunities through rational 

design and application of Pd/HT catalysts. 

This tunable composition forms the basis for designing palladium-incorporated HT 

catalysts. Palladium is a highly active and versatile metal, widely employed in catalytic 

transformations including, but not limited to, hydrogenation,16 C-C bond formation,17 

oxidation,18 and isomerization.19 Its electronic configuration between  - featuring a filled d 

orbital and an empty frontier s orbital - facilitates transitions between the stable Pd0 (d10) 

and Pd2+ (d8) oxidation states. The transition between these two oxidation states has a 

relatively low activation barrier which is advantageous for reversibility. 20 These states are 

critical for fundamental organometallic mechanisms, including oxidative addition (Pd0 Ÿ 

Pd2+) and reductive elimination (Pd2+ Ÿ Pd0). Palladiumôs ability to balance oxidation and 

reduction makes it particularly effective for catalytic processes. This behavior can also be 

observed in other d10 configurations such as Ni and Pt. However, Pd is generally considered 

to be more versatile as it can host a multitude of chemistries and exhibits excellent 

functional group tolerance towards an array of electronic influences,20-22 enabling its 

application in complex systems. 
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In homogeneous catalytic systems, palladiumôs activity and selectivity are 

modulated by ligands, which influence its electron-donating and accepting properties. 

Commonly, organometallic Pd complexes employ a variety of ligands including halides, 

phosphines, amines, and N-heterocyclic carbenes to achieve desired catalytic behaviors.23 

In heterogeneous systems, however, the choice of support material plays a key role in 

tuning Pdôs activity.24 HTs, have intrinsic catalytic activity which manifests through the 

presence of Lewis acidic and Bronsted basic sites (no Pd or other supported metal 

necessary). This feature is most beneficial for acid/base mediated transformations 

(chemistries that rely on the donation or acceptance of a proton) such as aldol condensation, 

Friedel-Crafts, and transesterification. They also serve as robust supports for active 

catalytic species, such as Pd. The supported catalysts are denoted as Pd/HTs. 

Synthesis of Pd/HTs involves supporting Pd species via wet impregnation, where 

the metal adheres to the preformed support surface, or co-precipitation, where both the 

support material and the palladium are synthesized simultaneously.25-27 This latter method 

provides a higher degree of metal dispersion within the metal-oxyhydroxide layers and 

stronger support interactions, reducing the likelihood of palladium leaching during 

reactions, and was employed herein. 

In summary, HTs serve as a ñnon-innocentò support for catalytic palladium species 

because they can influence the electronic properties of the supported species and because 

they have intrinsic catalytic sites. The electronic properties of HTs can be fine-tuned 

through modification with first-row transition metals, which ultimately impacts the 

catalytic activity of the supported Pd species. Although Pd is expensive, its high efficiency 
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allows for minimal usage (<5% by mass), and Pd/HT systems are both robust and 

recyclable.28  

 

2.3 Hydrotalcite synthesis 

The synthesis of synthetic hydrotalcite (HT) materials follows a relatively 

straightforward co-precipitation method followed by aging which promotes the growth of 

well-defined crystalline platelets. With the growing interest in HTs over the past decade, 

researchers have encountered significant challenges in achieving reproducibility in both 

the physical and chemical properties of materials across different batches. Traditionally, 

HTs have been synthesized using the batch co-precipitation method,29 where all materials 

are mixed simultaneously. Even small variations in synthesis parameters ï such as pH, 

reactant concentrations, addition rates, aging duration, temperature, and water content 

during aging ï can lead to substantial differences in the final material properties. For 

instance, slight changes in pH were found to significantly influence morphology, pore size, 

and chemical composition,30 while crystal size was highly sensitive to the precipitation 

temperature of the solution.31 

In general, the influence of process conditions on the synthesis of crystalline 

materials remains insufficiently understood, owing to the rapid precipitation kinetics and 

the inherently complex mechanisms governing crystal growth and aggregation. This 

complexity makes it challenging to establish detailed structure-property relationships for 

HTs, which are critical for the rational design of new materials. To address these challenges 

and achieve more reproducible precipitation of crystalline materials, a two-step continuous 

flow method was developed in our lab.27 This method ensures constant pH and uniform 
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precipitation at a consistent rate. Precipitation is followed by an aging phase, during which 

the mixture is heated for a defined period. A key feature of this method is controlling the 

rate of material addition (residence time) to ensure that each drop of the reactant fully 

precipitates before the next is introduced. The continuous flow method has proven critical 

in achieving a narrow distribution of material properties, independent of batch size. All 

parameters (i.e. such as stirring rate, metal salt precursor, base, anionic precursor, 

temperature, concentration, flow rate, washing, and drying) are meticulously controlled. 

While adjusting these parameters may be necessary depending on the desired material 

properties, the primary goal is to produce HTs with reproducible physical and chemical 

characteristics. This consistency is essential for enabling reliable comparisons and 

developing structure-activity relationships. The detailed procedure is outlined as follows. 

Synthesis of Unmodified Hydrotalcite 

Metal nitrate salts were used as the metal precursors, sodium hydroxide was used 

as the base, and sodium carbonate was employed as the source of interlayer anions. A 

control hydrotalcite (HT) sample was synthesized without palladium or metal modifiers 

for comparison. The synthesis followed the continuous flow method previously reported 

by our group.27 

A nitrate salt solution was prepared by dissolving Mg(NO3)2Ŀ6H2O (3.846 g, 0.015 

mol) and Al(NO3)3Ŀ9H2O  (1.876 g, 0.005 mol) in 70 mL of deionized (DI) water. 

Separately, a base solution was prepared by dissolving NaOH (1.599 g, 0.040 mol) and 

Na2CO3 (0.265 g, 0.0025 mol) in 70 mL of DI water. Using a syringe pump and a Y-

connector (see Figure 2.1), the two solutions were simultaneously introduced at room 

temperature into a 500 mL beaker containing 100 mL of DI water. The addition was 
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performed at a rate of 4 mL/min, with the mixture continuously stirred at 200 rpm (Figure 

2.1). Following the addition, the mixture was aged at 65 ÁC for 2 hours and then allowed 

to cool to room temperature. The product was filtered and washed with DI water until the 

filtrate reached a neutral pH. The resulting solid was dried at 110 ÁC for 12 hours, ground 

into a fine powder using a mortar and pestle and stored in a desiccator until needed. 

 

Synthesis of Doped Hydrotalcites 

The synthesis of synthetic hydrotalcites doped with different first row metals 

followed the previously outlined procedure, with modifications made only to the 

composition of the metal salt solution. Each batch consistently includes a total of 0.020 

moles of metals in a 3:1 mole ratio of M2+:M3+ (0.015 mol:0.005 mol). In most cases 

discussed in this thesis, non-palladium modifying metals are incorporated at 15% of the 

total metal content on a mole basis. Palladium, when present, is consistently included at 

5% of the total metal content on a molar basis. For substitutions, modifying divalent metals 

replace an equivalent amount of Mg2+, while trivalent metals replace an equivalent amount 

of Al3+. For example, the metal nitrate salt solution for a hydrotalcite containing 5% Pd and 

15% Cu would consist of Mg(NO3)2Ŀ6H2O (0.011 mol), Al(NO3)3Ŀ9H2O (0.005 mol), 

Cu(NO3)2Ŀ2.5H2O (0.003 mol), and Pd(NO3)2ĿxH2O (0.001 mol). Any deviations from this 

standard composition are detailed in the corresponding chapters. 
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Figure 2.1. Schematic of a continuous flow co-precipitation method for the synthesis of 

both parent and metal modified hydrotalcites. 

 

 

2.4 Characterization Methods 

2.4.1 Fourier Transform Infrared Spectroscopy  

The various bond types in hydrotalcites (HTs) can be identified using Fourier 

Transform Infrared Spectroscopy (FTIR). Chemical bonds absorb light at characteristic 

frequencies within the infrared spectrum, allowing for the identification of specific bond 

types. When a sample is exposed to infrared light, certain wavelengths are absorbed 

depending on the bonds present, while others pass through. The resulting data, expressed 

as percent transmittance (%T) versus wavenumber (cm ĭ), generates a characteristic FTIR 

spectrum. 

Syringe 1 

Syringe 2 

NaOH + Na2CO3  

Al(NO3)3 + Mg(NO3)2 + M(NO3)x 

(aq)cvcv 

M2+/M3+:  ~3 

[M]: ~15 mol % 

[Pd2+]: ~5 mol %  

Pd/MHT 

M = Cu2+, Fe3+, Co2+, 

Ni2+, Zn2+, Cr3+  

Aging at T = 65 ÁC 

Time = 2h 
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In HT materials, FTIR spectroscopy is used to verify the presence and relative ratios 

of hydroxyl groups (3200ï3600 cm-1, O-H stretch, broad), water molecules (1600ï1700 

cm-1, H-O-H bend), and carbonate groups (1325ï1375 cm-1, v3 asymmetric stretch)(Figure 

2.2), which should remain relatively consistent across various modified HTs as these are 

part of the fundamental molecular formula. Metal-Oxygen bonds may be identified at the 

low end of the FTIR spectrum; however, they are not usually scrutinized for HTs. FTIR 

analysis ensures that the general features and overall HT structure has been successfully 

formed and that no impurities or unexpected functionalities are present. While FTIR 

provides a rapid initial assessment of bonding and composition, additional analytical 

techniques are required to achieve a deeper understanding of the material's structural and 

chemical properties. 

Preparation of samples for this method is simple as the dried material is powderized 

using a mortar and pestle. Powders are then placed directly on the attenuated total reflection 

(ATR) stage as fine powder in the absence of any additives or binders. Samples were 

analyzed from 800-4000 cm-1 at 1cm-1 intervals. 
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Figure 2.2. Fourier transform infrared spectroscopy spectrum of parent HT. 

 

2.4.2 Inductively Coupled Plasma ï Optical Emission Spectroscopy (ICP-OES) 

A critical feature of palladium-supported hydrotalcite (HT) catalysts is the amount 

and ratio of metals incorporated. Inductively coupled plasma - optical emission 

spectroscopy (ICP-OES) was used to determine the elemental composition of these 

materials. This technique works by exciting atoms in a high-temperature plasma, causing 

them to emit light at characteristic wavelengths. The intensity of these emissions is 

measured by a detector, enabling the quantification of multiple elements simultaneously. 

By comparing the emission intensity to a calibration curve for each metal, the concentration 

of each element in a sample can be accurately determined (examples shown in Table 2.1). 

This process verifies that the intended metal quantities are incorporated during synthesis, 
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ensuring reproducibility and providing insight into how metal content influences catalytic 

performance. 

For hydrotalcites, the optimal metal ratio is typically M2+:M3+ = 3.0, which can also 

be confirmed through ICP-OES. When palladium is incorporated into modified HTs, 

maintaining a consistent Pd percentage across different samples is crucial. For example, 

comparing a Cu-modified HT and a Zn-modified HT for catalytic activity would be 

inconclusive if one sample contains 3% Pd while the other has 5%, as differences in 

performance could stem from the varying Pd content, rather than the metal modifier itself. 

Elemental compositions of modified HTs are generally highly reproducible, with 

values typically within 5% of the molar nominal synthesis target. Deviations are often 

attributable to differences in ionic radii between the parent and modifying cations. Larger 

modifying metals can pose challenges for incorporation into the structure, while palladium, 

due to its relatively large size, does not integrate well in the double hydroxide layers and 

thus is often quantitated slightly below its nominal value. Nonetheless, Pd loadings of 4ï

5% can be consistently achieved across samples. Although ICP-OES provides quantitative 

and qualitative data on elemental composition, it does not provide insights on spatial 

orientation, chemical environment, or crystal packing. These structural features require 

additional analytical techniques to fully elucidate. 

Samples were prepared by dissolving 100.0 mg of HT material in 1-2 mL 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 precursors 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 
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containing the same amount of nitric acid used to dissolve the HT samples. All samples 

were analyzed in triplicate, and the averaged intensities were applied to the calibration 

curves to determine the percent metal composition.  

 

Table 2.1. Elemental analysis of HT and Pd/HT determined via ICP-OES. 

 

Sample 

Elemental mole compositiona,c, % 

M2+/M3+ 
Mg2+ Al 3+ M2+ or M 3+ Pd2+ 

HT 75.12 24.88 - - 3.02 

Pd/HT  70.18 25.42 - 4.40 2.93 

aICP-AES; bmol% as fraction of all metals present (Mg, Al, Pd) 

 

 

2.4.3 Powder X-Ray Diffraction  

Powder X-ray Diffraction (PXRD) is an analytical tool used to assess the purity of 

bulk crystalline materials. PXRD works by irradiating a powdered sample with X-rays 

resulting in characteristic diffraction at specific angles, 2ɗ. This pattern is a result of the X-

rays reflecting off the regularly spaced atomic planes A characteristic PXRD pattern is 

plotted as peak intensity vs. diffraction angle (2ɗ). These diffraction patterns correspond to 
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the presence of specific crystalline phases. These phases in tandem with the lack of phases 

caused by impurities can aid in elucidation of the purity of the sample. The PXRD pattern 

of naturally-occurring HT (Figure 2.3) is characterized by reflections at (003)(2ɗ = 11.7Á), 

(006)(2ɗ = 23.3Á), (009)(2ɗ = 34.9Á), (015)(2ɗ = 38.2Á), and (018)(46.5Á).32 PXRD can be 

used to verify that the LDH structure is maintained even after modification with other 

metals.  

While the reflections can provide a general verification of a HT phase, their relative 

intensity, width, and shift from patterns of unmodified HT provides further insight about 

the crystal structure of modified HTs. The (003), (006), (009) reflections of the HT are 

sensitive to the interlayer spacing (crystallographic parameter c), while the (110) and (113) 

reflections are related to the average metal-metal distance within the cation layers 

(crystallographic parameter a). Crystallite size can also be determined using the Scherrer 

equation, which is based on the full peak width at half max (FWHM) at a given 2ɗ (assume 

uniform crystallite shape and an idealized collection of randomly oriented small crystallites 

, an ideal powder).33 PXRD in tandem with ICP-OES provides a gage of the structural 

differences among modified HTs compared to the naturally occurring counterpart. 

HT materials were powdered using a mortar and pestle and then analyzed as is 

without further modification. The powders (approximately 10-20 mg) were placed on a 

zero background sample holder. Analysis was from 2ɗ = 3-65Á with a step size of 0.02Á, 

and an angular spin rate of 5 rpm.  
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Figure 2.3. PXRD pattern of naturally occurring HT. 

 

2.4.4 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to evaluate a material's thermal 

stability, decomposition behavior, and overall composition. This method measures the 

weight change of a sample as it is heated at a controlled rate, resulting in a thermogram 

that plots percent mass versus temperature (Figure 2.4). While the thermogram provides 

an overview of the decomposition profile, the derivative plot of mass percent versus 

temperature offers a more precise identification of temperatures associated with sharp mass 

loss. This detailed analysis enables the identification of processes, such as evaporation, 

decomposition, and oxidation, making TGA a useful tool for characterizing polymers, 

ceramics, and layered materials, such as HTs. 

Herein TGA was used to assess the thermal stability of the HTs and elucidate how 

structural modifications, such as the incorporation of first-row transition metals and 

palladium, impact its thermal behavior. The decomposition profile of unmodified HT is 
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characterized by three major processes: (i) the loss of physisorbed water (~100 ÁC), (ii) the 

loss of interlayer water (220 - 240 ÁC), and (iii) dehydroxylation along with the loss of 

interlayer carbonate anions (375 - 425 ÁC). Prolonged heating above 400 - 450 ÁC causes 

the layered structure of HT to collapse, yielding a mixed-metal oxide which are material 

of interest for high-temperature catalytic processes due to its higher stability.34 

The analysis of thermal stability provides foundational insights into HT's structural 

characteristics. To further characterize the material, surface porosimetry offers valuable 

complementary data by elucidating surface area and pore size distribution, which are 

critical for evaluating processes based on surface adsorption. 

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 heated from 25-800 ÁC at a 20 ÁC/min ramp rate under air atmosphere. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 TGA and differential TGA thermogram of unmodified HT. 
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2.4.5 N2 Porosimetry (Brunauer/Emmett/Teller and Barrett/Joyner/Halenda 

Analysis) 

For heterogenous catalysis, and other surface mediated chemistry, surface area 

plays a vital role as it directly impacts the number of potential active sites. Additionally, 

pore size and pore volume are equally important, as they dictate the diffusion of reactants 

and products within the catalyst's structure. Tailoring pore size can enable selective 

adsorption of substrates based on size, improving catalytic efficiency.35, 36 Even if a 

material exhibits desirable properties, limited substrate access to these sites can severely 

diminish activity. 

Nitrogen (N2) porosimetry, coupled with mathematical modeling, is a widely 

employed technique to determine surface area, pore size, and pore volume. During 

analysis, a solid sample is exposed to nitrogen gas at liquid nitrogen temperatures (~77 K), 

causing N2 to adsorb onto the materialôs surface. The pressure is then reduced driving the 

equilibrium towards desorption.  The resulting adsorption/desorption profile is used to 

generate an isotherm (Figure 2.5a) which is a plot of the amount of nitrogen adsorbed 

versus the relative pressure of the gas. This isotherm provides insights into the material's 

surface properties mentioned above (Table 2.2) 

Brunauer-Emmett-Teller (BET) theory is implemented to determine the surface 

area of the material.37 The theory assumes multilayer adsorption onto the surface, 

compared to the Langmuir model (assumes only one layer can form). This difference is 

crucial because BET accounts for gas molecules adsorbing on top of other adsorbed 

molecules, providing a more accurate model for determining the total surface area of 

porous materials, especially those with high surface area. Assumptions include: (1) 

adsorption occurs in multiple layers, (2) gas molecules interact with adjacent layers, but 



46 

 

not with molecules in the same layer, and (3) the adsorption enthalpy for the first layer is 

constant and higher than the second and subsequent layers, which have a constant enthalpy 

equal to liquefaction. BET theory is particularly effective for mesoporous materials and 

relies on the linear portion of the isotherm to derive key parameters such as monolayer 

volume and specific surface area.38 For pore size and pore volume, the Barrett-Joyner-

Halenda (BJH) method is applied.39, 40 BJH analysis interprets the adsorption and 

desorption data to determine the pore size distribution, focusing on mesopores (2ï50 nm) 

and macropores (>50 nm). It is based on the principles of capillary condensation and the 

Kelvin equation,41 which relate pore radius to the relative pressure at which adsorption or 

desorption occurs. It assumes: (1) pores are cylindrical, (2) pore structure does not change 

during the adsorption/desorption process, and (3) all pores have been filled at the highest 

relative pressure. This method results in the determination of pore volume and diameter 

which can be used to generate a pore size distribution plot. For both BET and BJH methods, 

the assumptions outlined may have their limitations. However, for the purpose of this 

dissertation, all samples were subjected to the same analysis, thus, the relative values are 

more informative than absolute values for specific surface area, pore volume, and pore 

diameter. 

Hydrotalcites (HTs) are generally considered mesoporous materials with relatively 

high surface areas, largely due to their layered structure. However, the exact surface area 

and pore size distribution can vary significantly between HT samples due to differences in 

synthesis parameters. Modifications of HTs, such as incorporating first-row transition 

metals or supporting later transition metals (such as palladium), can further influence 

crystal structure, pore characteristics, and overall textural properties. These changes not 



47 

 

only affect the accessibility of active sites but also impact the material's suitability for 

specific catalytic applications. Understanding how surface area and pore size relates to 

catalytic activity is essential for designing HTs with predictable activity.  

Prior to analysis, samples were degassed under vacuum at 150 ÁC for 12 h to 

remove adsorbed moisture and volatile species. Nitrogen adsorptionïdesorption isotherms 

were collected at 77 K using a surface area and porosity analyzer. The specific surface area 

was calculated using the BET method over the relative pressure range of 0.05ï0.30 as this 

is considered the linear range of the isotherm (BET plot, not adsorption plot) where the 

first complete monolayer is formed. Additionally, at higher relative pressures, more 

complex multilayer adsorption and capillary condensation occurs, which the basic BET 

model does not accurately describe. Pore size distribution and cumulative pore volume 

were determined by applying the BJH model to the desorption branch of the isotherm. 

 

 

Table 2.2. Surface properties of parent and metal modified supports. 

Sample 
SBet

a  

(m2/g) 

BJH Pore Volumeb  

(cm3/g) 

Pore Widthb 

(nm) 

HT (A)  148 0.26 3.6 

aBET determined for relative pressures p/p0 = 0.05-0.25; bDetermined using the BJH 

method applied to the desorption branch of the isotherm.  
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Figure 2.5. (a) Nitrogen adsorption-desorption isotherm of HT and (b) BJH pore size 

distributions of HT. 

 

 

2.4.6 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a versatile and powerful technique that 

provides insight into the morphology and structure of materials at high resolution even 

down to the atomic scale under proper conditions. Unlike optical microscopy, which is 

limited by the wavelength of visible light, TEM achieves much higher resolution by 

utilizing a beam of electrons. This beam is accelerated through a vacuum, focused with 

electromagnetic lenses, and passed through an ultrathin sample (<200 nm). The transmitted 

electrons interact with the sampleôs structure trough both elastic and inelastic scattering, 

altering both the direction and energy of the electrons. The electrons are captured on a 

detector to produce detailed images at high resolution. TEM also offers various imaging 

modes, such as bright field (unscattered electrons making dense areas appear dark against 

a bright background), dark field (scattered electrons making these areas bright against a  

dark background), and diffraction, which enable flexibility in examining different aspects 
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of a sampleôs properties. Despite its advantages, TEM has limitations, including the 

requirement for extremely thin samples, operation in a high-vacuum environment, and the 

high cost and expertise necessary for effective use. Nevertheless, when used alongside 

other characterization methods, TEM can validate and complement findings from other 

techniques. 

For HTs, TEM is particularly useful for assessing morphology. TEM images of HTs 

typically reveal flat, plate-like layers stacked in a characteristic fashion (Figure 2.6a), 

consistent with a layered double hydroxide (LDH) structure. Ensuring this layered structure 

is preserved when modifying parent HT is crucial. TEM can also corroborate results from 

PXRD by providing direct visualization of features such as interlayer spacing between 

cationic sheets. 

TEM is especially valuable for studying palladium-modified HTs, where palladium 

often forms nanoparticle clusters on the surface (Figure 2.6b). While techniques like ICP-

OES can quantify the palladium content and PXRD can confirm that palladium is well-

dispersed (indicated by the absence of detectable Pd phases larger than ~5 nm), neither 

provides information on the spatial distribution or detailed morphology of Pd species. TEM 

fills this gap by directly visualizing the dispersion and size of palladium nanoparticles. 

Smaller, more well-dispersed nanoparticles typically result in more accessible active sites, 

as larger clusters reduce surface area availability for catalysis. High-resolution TEM 

imaging also allows for direct measurement of lattice spacings (Figure 2.6c), enabling the 

identification of specific crystalline Pd species, which is crucial for understanding 

structure-function relationships. While the oxidation state can be elucidated though 

determination of lattice spacing and correlating it to known Pd phase distances (metallic 
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Pd (111) = ~0.227nm = Pd0, PdO (110) = ~0.211 nm = Pd2+, etc.), this technique is 

rudimentary for such a determination and only provides insight about a single location. X-

ray photoelectron spectroscopy (XPS) can complement TEM by providing chemical and 

electronic information about Pd speciation from a global perspective, helping to confirm 

findings from TEM. Together, these techniques offer a comprehensive understanding of the 

dispersion, morphology, and chemical nature of palladium in modified HTs. 

TEM sample preparation for heterogeneous catalysts involves methods to create 

electron-transparent sections suitable for high-resolution imaging. For HTs, samples can 

be ground into a fine powder using a standard mortar and pestle, as larger particles are too 

thick for electrons to pass through to the detector (Increased electron attenuation reduces 

the transmittance and number of electrons reaching the detector resulting in dark images 

and low contrast). The powdered material is 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 of the suspension is deposited onto a TEM grid for analysis. The excess 

water is removed and the grid dried in an oven (1-2 hrs.). The particle size (diameter) of 

Pd nanoparticles and the corresponding d-spacing were determined from TEM images 

using ImageJ software. 
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Figure 2.6. Transmission electron micrographs of an illustrative Pd/HT sample at various 

scales: (a) 50 nm, (b) 20 nm, and (c) 5 nm showing lattice spacing corresponding to a 

metallic Pd(0) phase.  

   

2.4.7 X-Ray Photoelectron Spectroscopy 

The surface-mediated chemistry of heterogeneous systems makes X-ray 

photoelectron spectroscopy (XPS) a valuable analytical tool. XPS is a surface-sensitive 

technique that relies on X-rays to probe a material's surface. When a beam of X-rays strikes 

the sample, electrons are ejected via the photoelectric effect. Both core and valence 

electrons can be ejected during this process. These ejected electrons are analyzed via an 

energy analyzer where the identified kinetic energy, in conjunction with the known value 

for the kinetic energy of the indicent X-rays can determine binding energies. By comparing 

the binding energies to known reference values, XPS enables the identification of surface 

elements and their relative abundances. Additionally, the precise measurement of binding 

energies provides insights into the chemical bonding environment of the elements, 

allowing differentiation between oxidation states of the same element. The resulting 

spectrum, a plot of intensity versus binding energy (BE), serves as a characteristic 

fingerprint of the surface composition. 

a b c 
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XPS is well suited for analyzing the outermost few nanometers of a material, which 

is based on the ejected photoelectronôs mean free path, the take-off angle (angle at which 

the ejected photoelectrons are collected relative to the sample surface), and the kinetic 

energy of ejected photoelectrons. Nontheless, this analytical method is ideal for 

investigating surface phenomena such as adsorption and surface-mediated reactions. While 

XPS can be employed to identify support metals, in this study, its primary application has 

been the analysis of palladium (Pd) speciation and the relative abundances of its various 

oxidation states. The primary oxidation states of Pd are characterized by distinct Pd 3d5/2 

doublets (due to spin orbit splitting): Pd2+ (binding energy of 336.7 eV), metallic Pd0 (335.4 

eV), and Pd4+ (338.5 eV) (Figure 2.7). The presence and relative proportions of these 

oxidation states can significantly influence the type of chemistry catalyzed by Pd. 

Examining Pd speciation across various metal-modified HTs can provide valuable 

insights into which oxidation states are responsible for specific catalytic behaviors. 

Conversely, if Pd speciation remains consistent across modified HTs while catalytic 

activity varies, it suggests that other factors, such as surface structure, electronic effects, or 

interactions with the support, play a pivotal role in shaping Pd's catalytic performance. A 

key challenge in correlating this static analysis to catalytic activity lies in the dynamic 

nature of catalysis. During the catalytic cycle, active species often undergo transitions 

between oxidation states, making it difficult to capture a comprehensive picture of their 

roles based solely on static snapshots. Gaining a deeper understanding of these oxidation 

state transitions throughout the catalytic cycle would offer critical insights into the 

mechanisms driving the chemistry and identify the active species responsible for the 

observed activity. Thus, we hope to implement in situ XPS studies to capture these critical 
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features. Moreover, advanced X-ray spectroscopies can reveal the local effects of 

modifying metals on Pd, such as electronic perturbations or structural changes, further 

elucidating the nuances of the catalytic process.42-45 For example, X-ray absorption near-

edge structure (XANES) can help elucidate the binding geometry and the oxidation state 

and extended X-ray absorption fine structure (EXAFS) gives information about the types 

and numbers of atoms in coordination a specific atom and their inter-atomic distances. 

These insights are essential for developing a comprehensive understanding of catalytic 

properties and enabling the rational design of catalysts with predictable activity and 

enhanced performance. 

Analysis was completed with powderized samples via mortar and pestle without 

further manipulation. X-ray photoelectron spectroscopy (XPS) measurements were 

conducted on a Thermo K-alpha spectrometer fitted with a charge neutralizer and a 

monochromated Al KŬ X-ray source. High resolution scans were recorded with a pass 

energy, (specific energy that is set for which electrons need to, at minimum, possess in 

order to be allowed through to the detector) of 50 eV. Processing of spectra was performed 

using CASA-XPS 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 full-width 

half maxima. Surface compositions were determined by applying response factors from the 

Schofield library to correct spectral areas 
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Figure 2.7. Illustrative Pd 3d XPS spectrum of one Pd/HT sample. 

 

2.5 Conclusion 

The characterizations described are applied to every synthesized catalyst, though 

they do not represent an exhaustive list. Additional methods are employed when needed to 

uncover specific insights. Understanding the mechanisms of heterogeneous catalysts has 

historically been more challenging than homogeneous systems. Homogeneous catalysts 

exist as discrete, uniform entities that are representative of the entire system, allowing for 

clearer identification of reaction mechanisms. This enables the investigation of elementary 

steps in the catalytic cycle more feasibly, using techniques like intermediate isolation and 

isotope labeling to pinpoint the rate-limiting step. 
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In contrast, heterogeneous systems lack uniformity, and a single discrete active site 

is rarely responsible for the observed activity. Variations across the catalyst surface make 

it difficult to confidently determine specific mechanisms. This is evident in the reduced 

selectivity of many heterogeneous catalysts, including HTs, which can facilitate multiple 

distinct reaction pathways. The cooperative interactions between the support material, the 

active species, and the surface itself can either enhance or hinder catalytic performance. 

While the multifunctionality of HTs presents challenges, it also offers 

opportunities. With precise tuning, it is possible to leverage this multifunctionality for 

tandem catalytic processes. By addressing the interdependence of catalyst properties, we 

can design systems that efficiently facilitate multiple steps of a reaction without 

compromising selectivity. The characterizations outlined allow us to make the connections 

of structure-activity relationship. Catalyst characterization is indispensable for unraveling 

the complexities of heterogeneous catalytic mechanisms. By bridging structural and 

functional insights with experimental evidence, we can identify the key properties that 

govern the catalytic cycle/s. This comprehensive understanding not only deepens our 

knowledge of how heterogeneous catalysts operate but also enables the rational design of 

materials with predictable and optimized performance. Ultimately, these efforts are critical 

for advancing the development of next-generation catalysts tailored for specific 

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 carbonïcarbon bonds.2 This transformation is particularly useful for 

modifying carbonyl-containing substrates like aldehydes, allowing the conversion of 

formyl groups into aryl or alkyl products (Figure 3.1).  

 

 

Figure 3.1. Examples of decarbonylative defunctionalization in synthesis using 

homogenous catalysis. (a) Straightforward decarbonylation to afford arylethanes,3 (b)  

Tandem dehydrogenation/decarbonylation, late stage defunctionalization,4 and (c) 

dehydroformylation (decarbonylation/dehydrogenation) to afford alkenes.5 

 

(a) 

(b) 

(c) 
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Beyond its synthetic versatility, decarbonylation also offers practical advantages, such as 

the deoxygenation of biomass-derived compounds to improve energy density or convert 

them into value-added platform chemicals.6, 7 Additionally, it enables late-stage 

defunctionalization, facilitating more streamlined and atom-economical routes.8 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. 

 

 

 

 

 

 

 

 

Figure 3.2. a.) Calculated bond dissociation energy for common aldehydes. b.) Proposed 

mechanism for the catalytic decarbonylation of aldehydes using precious metal-based 

palladium catalysts. 

 

The presumed catalytic cycle for decarbonylation involves oxidative addition of 

acyl C-H to an electrophilic metal center and CO deinsertion to form a metal alkyl complex, 

followed by R-H reductive elimination to form the decarbonylation product (Figure 3.2).2, 

9 However, the metal alkyl intermediate can be intercepted by a nucleophile to afford a 

coupling product instead. Importantly, the carbonyl group can serve as a ñtracelessò 

functional handle, allowing for strategic bond construction followed by removal of CO. 

Aldehyde C-H Bond 

Dissociation Energy: 

R = alkyl; 89 kcal/mol1 

R = phenyl: 91 kcal/mol 

a.) b.) 
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This concept opens doors to innovative tandem processes, such as Ŭ-functionalizationï

decarbonylation10, 11 (Figure 3.3a), decarbonylative aldol condensations12 (Figure 3.3b), 

and cross-coupling reactions like the Heck13, 14 and Suzuki15, 16 couplings (Figure 3.3c). 

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 synthesis (Figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Decarbonylative C-C coupling strategies taking advantage of the aldehyde 

moiety for the decarbonylation step. (a). Ŭ-functionalization, (b) Suzuki and Heck 

coupling, and (c) decarbonylative Aldol condensation. 

(a.) Ŭ-Functionalization of Carbonyl Compounds 

(b.)  Suzuki and Heck Decarbonylative C-C Coupling 

(c.)  Decarbonylative Aldol Coupling 



62 

 

Early research on decarbonylation focused on homogeneous catalysis due to the 

high activity and selectivity of such catalysts, particularly in cleaving and forming CïH 

and CïC bonds. In the 1960s, Tsuji and Ohno pioneered aldehyde decarbonylation using 

Wilkinsonôs catalyst (RhCl(PPh ) ) with benzaldehyde to generate benzene, though their 

approach was stoichiometric rather than catalytic, required high temperatures (>200 ÁC), 

and long times (40+ hours).17, 18 Over the following decades, palladium and iridium-based 

catalytic systems derived from Pd(OAc)2
19 and [IrCl(COD)]2,

20 [COD= 1,5-

cyclooctadiene] were reported with improved efficiency (reflux in toluene for 2 hours) 

reaching near quantitative yields (93%). Later developments introduced palladium 

phosphine complexes, which offered enhanced reactivity for an array of electronically 

diverse aldehyde substrates, which had either not been explored at all with the previous 

systems or simply incompatible.21 However, these systems often require extensive fine-

tuning, as electronic and steric differences between substrates can significantly affect 

outcomes.9 Additionally, homogeneous catalysts face practical drawbacks, including high 

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

 

 

 

 

 

 

 

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 processes.22, 23  Palladium-based heterogeneous systems have 

become especially prominent,24-26 largely due to the widespread availability of commercial 

Pd catalysts. Pd on charcoal27 was among the earliest solid catalysts reported for aldehyde 

decarbonylation, though activity varied depending on the charcoal source. Other supports, 

such as silica and alumina,9 demonstrated some efficacy, albeit often requiring prolonged 

reaction times (up to 24 hours) or high temperatures (>175 ÁC). Systematic optimization of 

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 brucite-like layers of divalent and trivalent metal hydroxides, 

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 first-row transition metals (e.g. CuĮ , Feį , ZnĮ , CoĮ , NiĮ , and Crį ) either 

partially or in full. 

This tunability is key: by carefully selecting substituent metals, one can modulate 

the supportôs acid/base balance,28 redox behavior,29 and catalytic potential,30 all without 

significantly altering its morphology.31 Additionally, tuning facilitates the stabilization of 

highly dispersed metal ions in the HT matrix. In particular, HTs offer a balance of basic 

(OĮ ) and acidic (Alį ) sites,32 along with high thermal stability and structural flexibility.33, 

34 These properties support the dispersion of active palladium species and stabilize them 
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against leaching and agglomeration.35, 36 The latter makes HTs particularly suited to 

providing the metal-support interactions that are crucial for promoting decarbonylation.37 

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 palladium.1, 7, 13, 38-41,42 To this 

end, we have developed a diverse library of Pd catalysts supported on metal-modified 

hydrotalcites (HTs). Applying these materials across a range of chemical transformations 

has provided valuable insight into the structureïactivity relationships between 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 transformations. Through 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 sustainable catalytic processes. 

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 reactions.1, 5, 10, 13, 15, 36  While decarbonylation alone is a powerful transformation, 

HT-based catalysts have also demonstrated the dehydrogenation alcohols (including 

benzylic alcohols for this case) under similar conditions.43-46 This dual functionality 

enables one-pot 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 workflows but also improve atom economy, reduce 

waste, and simplify overall operations.47, 48 
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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 achieving 

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 

both transformations efficiently under mild conditions.49, 50 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-free 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 electronic nature of substituents on the aryl ring. Electron-donating and electron-

withdrawing groups modulate the electrophilicity of the carbonyl carbon and the bond 

dissociation energy (BDE) of the aldehyde CïH bond, impacting the initial oxidative 

addition to the Pd center.51 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 also explore the catalystôs multifunctionality, 

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 structureïactivity relationship and the 

potential for rational optimization of Pd-based 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 relevant for Chapter 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 method52. Briefly, a nitrate salt solution 

was prepared by dissolving Mg(NO3)2·6H2O (3.846 g, 0.015 mol) and Al(NO3)3·9H2O 

(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) and Na2CO3 (0.265 g, 0.0025 mol) dissolved in 70 

mL of DI water. Using a syringe pump equipped with a Y-connector, 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 addition, the mixture was aged at 65 oC 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 3:1 M2+/M3+ ratio. The nitrate salt solution was prepared by 

dissolving Mg(NO3)2·6H2O (3.590 g, 0.014 mol), Al(NO3)3·9H2O (1.876 g, 0.005 mol), 
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and Pd(NO3)2·xH2O (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 same co-precipitation procedure. They were not formed via wet 

impregnation onto an already formed Pd/HT matrix. For transition metal modified 

Pd/MHTs, the appropriate metal nitrate (ie. Cu(NO3)2 * 2.5 H2O, Fe(NO3)2 * 9 H2O, 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 

metal 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(NO3)2·6H2O (0.011 mol), 

Al(NO3)3·9H2O 6H2O (0.005 mol), Cu(NO3)2 * 2.5 H2O (0.003 mol), and Pd(NO3)2·xH2O 

(0.001 mol). If a +3 metal modifier is used, this replaces that of Al3+. Thus, 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 solution is prepared by 

dissolving Mg(NO3)2·6H2O (3.590 g, 0.014 mol), Fe(NO3)3·9H2O (2.021 g, 0.005 mol), 

and Pd(NO3)2·xH2O (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 added and 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 catalyst was 

separated by filtration. The filtrate was concentrated and analyzed by 1H NMR (CDCl3, 

400 MHz) and GC-FID 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 450. p-Anisyl alcohol substrate (3a) (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 specified time and temperature with a stir rate of 600 rpm 

and a ramp rate where the set temp is reached at the five minute mark. After the indicated 

time, the mixture was diluted with the solvent used and the catalyst was separated by 

filtration. The filtrate was concentrated and analyzed by 1H NMR (CDCl3, 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 Avogadro53 and these were used as the starting point of a geometry 

optimization and frequency calculation using Gaussian 16.54 The B3LYP55 functional with 

def2tzvp basis set56, 57 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 vibrational 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 were obtained using ORCA58-61 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 the ab initio methods described above, geometries were optimized 

and thermodynamic parameters obtained using PM7 (a semi-emperical method).62 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 using both ab initio 

and less expensive semi-empirical 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 
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functional with the def2-tzvp basis set, ensuring a consistency across the classes of 

compounds studied. 

Atomic charges were computed in three ways with two employing orbital-based 

schemes including the Mulliken63 and Natural Population Analysis64 and a third, a volume-

based scheme using AIMAll,65 an implementation of the Quantum Theory of Atoms In 

Molecules.66 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 ñbond enthalpyò was the difference between the 

enthalpies of radical species and the diamagnetic precursors. In general, the results 

especially for aldehyde C-H bond dissociation enthalpies mirrored the computed 

vibrational frequency, nC-H, 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) and semi-empirical 

(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 AIMAll program.67 

Finally, using the same ground state electronic wavefunctions Fukui indices (f(+), f(-), and 

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

calculation based on a method developed by Contreras and coworkers.68 

 

3.3 Characterization Methods 

 

Elemental analysis was carried out with inductively coupled plasma optical 

emission spectroscopy (ICP-OES) on a Shimadzu ICPE-9820 Plasma Atomic Emission 

Spectrometer. Samples were prepared by dissolving 100.0 mg of HT material in 1-2 mL 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 precursors 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 transform ï infrared (FT-IR) spectra were obtained using a Perkin Elmer 

Frontier FT-IR Spectrometer using an attenuated total reflection (ATR) 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 800-4000 cm-1 at 1cm-1 intervals.  

Powder X-Ray Diffraction (PXRD) patterns were obtained using a Rigaku 

MiniFlex II X-Ray diffractometer. HT materials were powdered using a mortar and pestle 

and then analyzed as is without further modification. The powders (approximately 10-20 
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mg) were placed on a zero-background sample holder. Analysis was from 2ɗ = 0-70° with 

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 K-alpha spectrometer fitted with a charge neutralizer and a monochromated Al K 

Ŭ X-ray source. High resolution scans were recorded with a pass energy of 50 eV. 

Processing of spectra was performed using CASA-XPS 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 full-width half maxima. Surface compositions were 

determined by applying 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 camera. Samples 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 of the suspension is deposited onto a TEM grid for analysis. 

The excess water is removed and the grid dried in an oven (1-2 hrs.). Particle size 

(diameter) of Pd nanoparticles was determined through analysis of TEM images using 

ImageJ software.  

Nitrogen porosimetry was performed on a Micrometric TriStar surface analyzer at 

77 K. Samples were degassed under vacuum at 150 oC for 12 h prior to analysis. Surface 

areas were determined using the Brauner-Emmett-Teller (BET) method69, with pore sizes 

and volumes calculated using the Barrett-Joyner-Halenda (BJH)70 method applied to 

desorption isotherms.  
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Thermogravometric analysis (TGA) was performed on a Perkin Elmer 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 heated from 25-800 °C at a 20 °C/min ramp rate under nitrogen 

atmosphere. 

Nuclear magnetic resonance (NMR) spectra were recorded on an Agilent 400 MHz 

spectrometer. 1H NMR spectra were obtained using approximatey 10 mg of sample using 

a CDCl3 solvent. Samples were subjected to 32 scans and a reference point as the residual 

CDCl3 peak at 7.26 ppm (s) was used. 13C 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 chromatography-mass spectrometry (GC-MS) chromatograms were recorded 

on a Shimadzu QP-2010 GC System using a column with a DB-5 stationary 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 °C), 

ionization (EI mode ar 70 eV), full scan (mass range: 50-500 m/z). 

Gas chromatography ï flame ionization detection (GC-FID) chromatograms were 

recorded on an Agilent 6890N GC System using a column with a DB-5 stationary phase 

(30m x 0.25 mm i.d. x 0.25 um). Method: injection volume (1 uL) injection temperature 

(250 °C), carrier gas (He), carrier gas flow rate (14 mL/min), H2 flow 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 palladium-supported, metal-modified hydrotalcites (Pd/MHT) were 

synthesized via a co-precipitation method reported from our group subsequently subjected 

to thorough characterization. A range of first-row 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 structureï

activity relationships, elucidating structural and electronic features favorable for this 

transformation.  

 The parent hydrotalcite (HT) contains no modifying metals or palladium, serving 

as a baseline material. All Pd-containing 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 iron. Although all catalysts were extensively characterized, the primary focus 

here will 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 in Chapter 5. 

 Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) 

confirmed high reproducibility in catalyst synthesis, with elemental compositions deviating 
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by less than 5% from nominal values. The MĮ :Mį  ratio generally decreases upon 

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 are typically 

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

Pd, can lead to lattice defects and vacancies, lowering this ratio. Additionally, Pdôs 

relatively large ionic radius likely reduces its incorporation efficiency, causing partial loss 

during synthesis and contributing further to the observed decrease in MĮ :Mį  ratio. 

Nevertheless, these deviations remain within acceptable limits, as hydrotalcites can 

maintain their structural integrity across a MĮ :Mį  ratio range of 2ï4 without 

fundamentally altering their material properties.71 

 

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

aICP-AES; bmol% as fraction of all metals present (Mg, Al, Pd); cPXRD; a is average 

cation-cation distance; c is three times the distance from the center of one brucite-like layer 

to the next layer; L is the average crystallite size from peak width analysis using the 

Scherrer equation. 

 

Powder X-ray 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 shown in Figure 3.5. While such 

Sample 

Ionic 

radius of 

3rd /4th 

metal 

Molar contenta,b, % 

M
2+

/M
3+

 

Crystallographic 

parametersc 

Mg
2+

 Al
3+

 M
2+ 

or M
3+

 Pd
2+

 a / Å c / Å L / nm 

HT  - 75.12 24.88 - - 3.02 3.06 23.31 10.4 

Pd/HT - 70.18 25.43 - 4.40 2.93 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 
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crystallinity is expected for the unmodified parent HT, both Pd/HT and Pd/ZnHT also 

exhibited well-defined 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 2ɗ = 40.5Á (111), 46.7Á (200), and 67.5Á (220), and for PdO at 2ɗ = 33.7Á (101), 

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 formed detectable crystalline 

aggregates. This implies that Pd is likely present either as sub-5 nm nanoparticles (as this 

limit makes peak broadening so severe it canôt be distinguished from background noise72)  

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 makes lattice substitution even 

less favorable than for first-row 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 detail below.  

To further elucidate the structural effects of metal modification, the lattice 

parameters a and c were analyzed. The c parameter, sensitive to the (003), (006), and (009) 

peaks, corresponds to the interlayer spacing between the brucite-like sheets, while the a 

parameter, derived from the (110) and (113) reflections, relates to the average cationï

cation distance within the layers (Table 3.1). The parent HT exhibited an average metalï
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metal distance (a) of 3.06 Å and an interlayer spacing (c) of 23.31 Å, in agreement with 

literature values.73 Pd/HT and Pd/ZnHT showed lattice parameters of 3.05 Å / 23.36 Å and 

3.06 Å / 23.29 Å, 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., MgĮ  or Alį ). In some cases, larger ions may introduce 

minor structural voids or defects, resulting in slightly expanded interlayer distances. These 

effects are generally minimal (often under 0.05 ¡) and donôt constitute major fundamental 

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 conclusion. The parent 

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 (15 mol%). 
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Figure 3.5. PXRD spectra of HT, Pd/HT, and Pd/ZnHT with corresponding reflections. 

 

Fourier-transform infrared (FTIR) spectroscopy of the Pd/HT and Pd/ZnHT 

samples confirmed the preservation of the hydrotalcite phase, as evidenced by 

characteristic vibrational bands (Figure 3.6). These include strong absorptions associated 

with carbonate anions in the range of 1350-1370 cm ĭ, bending vibrations of interlayer 

water near 1600-1700 cm ĭ, and a broad stretching band between 3200-3700 cm ĭ 

corresponding to surface hydroxyl groups. These spectral features closely match those 

observed in the unmodified 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.  

 

 

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),74 albeit with minor shifts in transition temperatures reflecting changes in thermal 

stability. Representative TGA curves for HT, Pd/HT, and Pd/ZnHT are presented in Figure 

3.7. Three distinct endothermic transitions were observed: (i) around 100 ÁC, 

corresponding to the loss of physisorbed water; (ii) between 200ï250 ÁC, attributed to the 
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removal of interlayer water located between the cationic sheets; and (iii) between 375ï

400 ÁC, associated with dehydroxylation and the release of interlayer carbonate anions.75 

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 consistently at ~100 ÁC across all catalysts, is 

expected due to the nature of surface-bound water, which remains largely unaffected by 

compositional modifications. In contrast, the second and third transitions exhibit subtle but 

noteworthy shifts. The second transition appears at 210 ÁC for HT, 224 ÁC for Pd/HT, and 

220 ÁC for Pd/ZnHT, while the third transition occurs at 382 ÁC, 408 ÁC, and 393 ÁC for 

the same series, respectively. These variations suggest that Pd incorporation enhances 

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 unmodified HT 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, potentially reducing 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 in 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, and Pd/ZnHT. 

 

Surface areas and pore size distributions of all metal-modified Pd/MHT catalysts 

were characterized using nitrogen adsorptionïdesorption isotherms, with surface areas 

calculated via the BrunauerïEmmettïTeller (BET) method31 and pore size distributions 

determined using the BarrettïJoynerïHalenda (BJH) model.69 Results for the selected 

catalysts are shown in Table 3.2. The unmodified HT exhibited a surface area of 148 mĮ/g, 

while Pd/HT showed a reduced surface area of 53 mĮ/g. Interestingly, Pd/ZnHT exhibited 

a significantly higher surface area of 155 mĮ/g. These trends are consistent with previous 

studies on a wide range of modified HT-based catalysts,1, 13, 36, 74 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 cause of this behavior 

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 the 2ï50 nm range. HT, Pd/HT and Pd/ZnHT all 

showed a type IV isotherm in addition to a H3 type hysteresis (Pd/ZnHT: Figure 3.8) 

which is common to mesoporous materials with plate like, flakey, or layered materials.76 

The results are thus consistent with a hydrotalcite structure. Unmodified HT exhibits a pore 

volume of 0.26 cmį/g and an average pore width of 3.6 nm. Upon Pd incorporation 

(Pd/HT), the average pore width increases, while the pore volume decreases, potentially 

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 Pd-induced pore constriction, possibly by altering the structural 

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 displays a much higher 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, these physical 

characteristics are likely secondary to the materialôs electronic structure and acidïbase 

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 
SBet

a  

(m2/g) 

BJH Pore Volumeb  

(cm3/g) 

Pore Widthb 

(nm) 

HT 148 0.26 3.6 

Pd/HT 53 0.13 6.6 

Pd/ZnHT 155 0.54 11.7 

aBET determined for relative pressures p/p0 = 0.05-0.25; bDetermined using the BJH 

method applied to the desorption branch of the isotherm.  

 

 

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 the Pd-containing catalysts 

revealed the presence of multiple palladium species. High-resolution Pd 3d spectra for all 

Pd-modified samples were dominated by a characteristic doublet with a Pd 3d /  binding 

energy (BE) of 336.7 eV and a spinïorbit splitting of 5.3 eV, corresponding to PdĮ  in PdO 

(Figure 3.9a and 3.9b, blue line). A secondary, weaker doublet at 335.4 eV was also 
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observed, indicative of metallic Pd (Figure 3.9a and 3.9b, red line). Notably, a third, very 

weak doublet at 338.5 eV was detected in the Pd/ZnHT sample (Figure 3.9b, yellow line), 

which we have previously attributed to Pd  species incorporated at low concentrations into 

the cationic layers of the hydrotalcite structure. Previous analysis on several other modified 

catalysts have shown the presence of Pd4+ in most cases.1, 36  

Among all metal-modified HT catalysts studied, Pd/ZnHT exhibited the highest 

relative content of Pd4+, suggesting a greater degree of Pd intercalation into the cationic 

layers rather than surface deposition. In contrast, Pd/HT displayed no detectable Pd , 

indicating that Pd incorporation in this sample is confined to surface-bound 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 Pd4+ (Chapter 5, Figure 5.6), whereas Pd/MgO (another catalyst 

exhibiting strong basicity) did contain Pd4+. These observations point to a potential 

correlation between surface basicity and the stabilization of higher-valent Pd species, 

particularly Pd4+. It is plausible that strongly basic environments facilitate the incorporation 

of Pd4+ into the layered structure by stabilizing its oxidation state through electrostatic 

interactions with nearby anionic species.77 

Despite these variations in Pd4+ content, the overall Pd surface speciation was 

relatively consistent across catalysts. In all cases, Pd2+ remained the predominant phase, 

accounting for approximately 70ï80% of the total palladium, followed by a modest fraction 

of metallic Pd (10ï20%), and a minor component of Pd4+ (<10%), likely situated in 

octahedral coordination with six oxygen anions within the hydrotalcite layers. These 
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findings were corroborated by Pd K-edge X-ray absorption near-edge spectroscopy 

(XANES), where least-squares fitting confirmed Pd2+ in oxide clusters or nanoparticles as 

the dominant palladium species (Chapter 5, Figure 5.7). 

The morphology of selected catalysts was examined using transmission electron 

microscopy (TEM). All metal-modified HTs retained the characteristic layered structure 

of HT, consisting of stacked, flat, plate-like crystallites indicative of brucite-like layers 

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

magnifications are shown in Figure 3.10. At low magnification (200 nm scale, Figure 

3.10a), feather-like 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, plate-like particles. Although this agglomerated 

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

the expected HT morphology (Figure 3.10b). 

At higher magnifications (50 nm scale), Pd nanoparticles become increasingly 

distinguishable. Figure 3.10c highlights the layered structure of the HT matrix, while 

Figure 3.10d clearly shows dark, spherical features corresponding to Pd nanoparticles. 

Figure 3.10e highlights these nanoparticles and depicts overlapping crystallite junctions. 

These nanoparticles appear well dispersed across the surface, with an average diameter of 

2.54 nm and a standard deviation of 0.333 nm, reaching a maximum observed size of 

approximately 3.3 nm. The corresponding particle size distribution is presented in Figure 

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 Pd-modified HT systems have shown that, at loadings above 

1 wt%, both PdO (Pd2+) and metallic Pd0 nanoparticles are typically present.1, 7 However, 

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 provided in Chapter 

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

 

 

 

 

 

 

 

 

 

 

 

 

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 scale, (c-d) 50 nm 

scale, (e) 20 nm scale, and (f) Pd nanoparticle size distribution. 
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Comprehensive characterization supports a model in which Pd-modified 

hydrotalcites (Pd/MHTs) contain a heterogeneous distribution of palladium species. These 

include atomically dispersed Pd4+ ions embedded within the cationic layers of the HT 

structure (for a majority of modified Pd/MHTs but not all cases), small clusters or low 

nuclearity PdĮ  species either integrated into the layered matrix surface or existing as PdO 

dispersed across the surface, and metallic Pd0 nanoparticles situated externally. The 

coexistence of these species suggests the involvement of multiple Pd states in catalytic 

cycles, with some cycles potentially initiating with Pd2+ species that undergo in situ 

reduction to Pd0. 

Although direct, real-time verification of these transformations (such as in situ 

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, particularly the 

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 

dispersion measurements and may obscure the true extent of catalytically active sites. As 

a result, using Pd mass alone to assess performance likely underrepresents the catalystôs 

actual activity, given that not all Pd sites may be equally accessible or reactive under certain 

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, using p-anisaldehyde (1a) as a model substrate under 

the reaction conditions outlined in Table 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/aluminum-based catalysts facilitating decarbonylation in 

the liquid phase. In contrast, all Pd-containing catalysts demonstrated catalytic activity, 

producing the expected decarbonylation product, anisole (2a).  

Pd/HT serves as a baseline catalyst, highlighting the effect of palladium on an 

unmodified hydrotalcite support, achieving a yield of 69% (Table 3.3, entry 2). 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/NiHT (34%), 

and Pd/FeHT (55%) exhibited lower activity compared to Pd/HT. In contrast, Pd/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 of Pd-supported hydrotalcites and 

the importance of understanding these effects.  
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Table 3.3 Catalyst screen for the decarbonylation of p-

anisaldehyde (1a) with several transition metal doped Pd-

hydrotalcites 

 

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: Substrate (p-anisaldehyde, 0.22 mmol, 30.0 mg), 

catalyst (2.5 mol % in reference to Pd, 11.7 mg), THF (2.0 mL), 

microwave heating, 400 rpm, 150 ęC, 3h.  

 

 

Tandem Dehydrogenation/Decarbonylation  

To emphasize the multifunctional nature of hydrotalcite-based catalysts and further 

distinguish their individual reactivity, we employed p-anisyl alcohol (3a) as a model 

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

anisole (2a), via an initial dehydrogenation step followed by decarbonylation (proposed 

mechanism shown in Scheme 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 of 3a, 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 of the intermediate aldehyde (1a) was not observed in the 

original decarbonylation screen. Therefore, even in the presence of residual hydrogen 

generated during dehydrogenation, 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 product (1a). This finding 

underscores the potential of non-precious 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 both dehydrogenation and 

decarbonylation, though to varying extents. Notably, the incorporation of an additional 

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 

(2a) 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 basic sites (Figure 3.9d). 

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 decarbonylation and 

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 of p-anisyl 

alcohol (3a) 

 

Entry  Catalyst Conversion (%) 
Yield (%)  

1a 2a 4a 

1 HT 30 30 0 0 

2 Pd/HT 60 26 32 2 

3 Pd/FeHT 98 25 60 14 

4 Pd/NiHT 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: Substrate (p-anisyl alcohol, 0.22 mmol, 30.4 mg), catalyst (2.5 mol % in reference 

to Pd, 11.7 mg), THF (2.0 mL), microwave heating, 400 rpm, 150 ęC, 5h. 

*Dehydrogenation yield is calculated as the sum of 1a and 2a. 

 

 

An unexpected byproduct, a toluene derivative (4a), was observed, likely formed 

via a hydrogenolysis-type pathway. While these catalysts have previously exhibited 

hydrogenolysis activity, it has predominantly been associated with ether moieties.36 



94 

 

However, recent literature suggests that the CðO bond in primary alcohols can undergo a 

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

where a hydrogen equivalent concertedly cleaves the CïOH bond of 3a (Scheme 3.2a), or 

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

generate a carbocation, and subsequent hydride addition (Scheme 3.2b).78 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 this transformation are Pd/FeHT 

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

Alį  in the support). In contrast, the other catalysts contain +2 metal modifiers (substituting 

MgĮ ). The presence of +3 metal ions appears to significantly influence the Lewis acidity 

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

the hydride addition to the carbocation, leading to the formation of 4a.79, 80 Conversely, 

catalysts modified with +2 metals produce only negligible amounts of 4a, indicating that 

Alį  is less likely to promote this pathway. 

To further investigate the role of Pd/FeHT and Pd/MgFeHT in the formation of 4a, 

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

pathway was responsible. These catalysts are capable of ethanol dehydrogenation,36, 81 

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 approximately one-third for both catalysts, yet selectivity 

toward 4a doubled (selectivity to 4a in THF: ~15%; in EtOH: ~33%).  
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Scheme 3.2. Proposed pathways for the hydrogenolysis of benzylic alcohols. (a) Direct 

hydrogenolysis, a H2 equivalent concertedly cleaves the C-OH bond forming Ar -CH3 

and H2O. (b) Partial hydrogenation (alcohol protonation) ï dehydration (carbocation 

formation) ï re-hydrogenation (hydride addition). 

 

          

*Adapted from Cheng et. al78 

 

The reduced overall conversion may be attributed to the inherently lower 

dehydrogenation activity in ethanol or the reversibility of the aldehyde (1a) hydrogenation 

step, which could lead to reformation of the alcohol (3a). The increased hydrogen 

availability not only facilitates hydrogenation but also enhances the prevalence of 

hydrogenolysis to 4a. This solvent-dependent behavior underscores the complexity of the 

catalytic system, demonstrating that activity is influenced not only by the intrinsic 

properties 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 suppresses 4a 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.  

 

 

Figure 3.11. Product distribution for the reaction of p-anisyl alcohol (3a) 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 p-methoxytoluene (4a). Conditions: Substrate (p-anisyl alcohol, 

0.22 mmol, 30.4 mg), catalyst (2.5 mol % in reference to Pd, 26.6 mg), THF (2.0 mL), 

microwave heating, 400 rpm, 150 ęC, 5h. 

 

 

To summarize the activity of this group of catalysts, both dehydrogenation and 

decarbonylation yields can be observed simultaneously (Figure 3.12). Overall, 

dehydrogenation activity is less affected by metal modifiers, where all but Pd/ZnHT and 

Pd/HT have very similar activity. Pd isnôt necessary for dehydrogenation (although it 

increases activity), and the support itself behaves catalytically for this transformation. 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, thereby influencing critical 

steps in the decarbonylation pathway. Specifically, the ease of oxidative addition of the 

aldehyde CïH bond, the subsequent elimination of CO from the acylïmetal intermediate, 

or both. The incorporation of first-row transition metals, which possess 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 the ability of Pd to engage in 

backbonding interactions, particularly in reference to CO (de-insertion from acyl and how 

tightly the metal center then holds onto CO).82, 83 As 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 activity (Table 3.4) vs. decarbonylation activity 

(Table 3.3) for unmodified HT, Pd supported HT (Pd/HT), and several metal modified 

palladium supported HTs (Pd/MHTs). The plot outlines how metal modifiers effect 

different transformations to different extents. 

 

 

Dehydrogenation activity: Pd vs. non-Pd 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 in Table 3.4 further illustrates how product selectivity can be deliberately tuned 

through rational catalyst design. As demonstrated, the presence of Pd enables the tandem 

dehydrogenationïdecarbonylation transformation from 3a to 2a. However, if 1a were the 

desired product, Pd would instead be detrimental, as it would drive the reaction beyond the 

intended endpoint. Given that base HT can independently facilitate dehydrogenation, 

examining the remaining metal-modified 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 Pd-containing counterparts would help clarify the extent 

to which Pd enhances catalytic activity relative to its Pd-free analogs. Table 3.5 presents 

the yields for the dehydrogenation of 1a, comparing both Pd-containing and Pd-free 

catalysts.  

While all Pd-based catalysts have already demonstrated dehydrogenation activity, 

the data further confirms that Pd-free variants also facilitate this transformation. Focusing 

on non-palladium catalysts, NiHT demonstrates comparable activity to the parent HT, 

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 between Pd-containing and Pd-free catalysts 

was calculated. These ratios range from 1.93 for base HT to 5.04 for CoHT, indicating that 

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 average, Pd-free HTs exhibit roughly half 

the dehydrogenation activity of their Pd-containing counterparts. However, since 

selectivity remains consistent across both sets, Pd may not be essential when only a single 

dehydrogenation step is required. Instead, extending the reaction time should yield 

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

metal modified hydrotalcites. 

 

Entry  Catalyst 
Dehydrogenation Yield (%) 

Pd:Non-Pd  
Non Pd Pd Doped 

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: Substrate (p-anisyl alcohol, 0.22 mmol, 30.4 mg), catalyst (2.5 mol % in 

reference to Pd, 11.7 mg; non-Pd: 11.7 mg), THF (2.0 mL), microwave heating, 400 rpm, 

150 ęC, 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, 

solvent selection is particularly crucial in heterogeneous catalysis, as different solvents can 

lead to drastically different outcomes. 

To assess the impact of solvent choice on the decarbonylation of 1a, a solvent 

screen was conducted using a polar protic solvent (ethanol), a polar aprotic solvent (THF), 
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and a non-polar solvent (toluene) (Figure 3.13a). Ethanol yielded a moderate 30% 

conversion to 2a but exhibited poor selectivity (<50%) due to significant hydrogenation to 

3a. This loss in selectivity can be attributed to ethanolôs ability to generate additional 

hydrogen through dehydrogenation, thereby promoting unwanted hydrogenation 

pathways. Additionally, ethanol may reduce active catalytic sites, further influencing 

reaction 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 limitation may stem from tolueneôs lack of oxygen-containing 

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 of 2a. 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 efficiency 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 time scale 

was intentionally shortened to prevent the reaction from reaching completion at any 

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



102 

 

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%, this data 

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 90 minutes. 

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 feasibly proceed 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 

quantitative conversion, albeit over longer reaction times, whereas 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. However, while this loading was 

chosen for this study, there does not appear to be a single intrinsically ñcorrectò value, 

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 reaction of 1a 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 mmol 1a in 2.0 mL solvent) serving as a reference point. 

The data (Figure 3.13c) 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 maximum 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 small deviations 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 concentrations, improved 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 mmol) of 1a is dissolved in only 1.5 mL of THF, resulting in a 

highly viscous mixture that hinders efficient mixing. Additionally, the altered solvent-to-

substrate ratio may disrupt proper solvent coordination, further impacting reaction 

performance. Therefore, we chose 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 adequately optimized, 

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 side reactions, 

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 of 125ï150 °C.7 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 range of 100ï175 °C (Figure 3.13d) 

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% of 2a, though 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 yield further 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 implementation. Notably, 

even at 150 °C, quantitative yields with full selectivity can be achieved within 3ï4 hours, 
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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 conditionsðTHF as the 

solvent, a 2.5 mol% catalyst loading, a substrate concentration of 0.25 M, and a reaction 

temperature of 150 °Cðprovide the best balance of activity, selectivity, and efficiency for 

the decarbonylation of 1a using Pd/ZnHT. These conditions maximize yield while 

minimizing side reactions, solvent use, and energy input, making them well-suited for 

further studies. Moving forward, these parameters will be employed as they appear to be 

optimally tuned for this catalyst-substrate 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 decarbonylation of 1a, a recyclability study 

was conducted using Pd/ZnHT under 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, a small 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 of 2a). 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 presented in Figure 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 ICP-OES confirmed minimal loss of Zn and Pd (<5% by mass) post-

reaction compared to the as-prepared catalyst (Table 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 revealed no retention of organic 

residues that could potentially block active sites within micropores. A more detailed 

discussion on characterization of used Pd/MHTs is provided in Chapter 6.  This durability 

further reduces the efficiency of an already atom-efficient reaction, as the catalyst can be 

reused multiple times, eliminating its contribution to process mass intensity calculations. 

On larger scales, solvent recovery would further enhance efficiency and sustainability. 

 

 

 

 

 

 

 

 

 

Figure 3.14. Recyclability data for the decarbonylation of 1a. 
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Table 3.6 Molar composition comparison of as prepared Pd/ZnHT and after 

ten cycles of decarbonylation reactions   

Sample 
Molar composition (%) 

M2+/M3+ 
Mg2+ Al 3+ Zn2+ Pd2+ 

Pd/ZnHT 53.15 27.01 15.62 4.22 2.70 

Pd/ZnHT after 10 

reaction cycles 
53.66 27.33 14.96 4.06 2.66 

Reaction Conditions: Substrate (p-anisaldehyde, 0.50 mmol, 68.0 mg), catalyst (2.5 mol 

% in reference to Pd, 26.6 mg), THF (2.0 mL), microwave heating, 400 rpm, 150 ęC. 
 

 

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 (Figure 3.15) While the majority of the set consists of para-functionalized 

benzaldehydes, it also includes disubstituted benzaldehydes, non-aromatic cyclic 

aldehydes, furan-derived aldehydes, and Ŭ,ɓ-unsaturated aldehydes. The para-substituted 

aldehydes offer direct insight into the influence of electronic effects on decarbonylation, 

while the broader substrate selection provides a more comprehensive understanding of the 

reactionôs scope and applicability. 

The model compound 2a, used for initial catalyst screening and optimization 

studies, contains strong electron-donating functionalities (-OMe) and is well tolerated, 

yielding 98% decarbonylation. Electron-neutral compounds (2b, 2p) exhibit moderate 

yields (47ï58%) with full selectivity. Weak electron-withdrawing groups (2d, 2e, 2f) 

provide moderate to low yields (10ï42%), with halogen-containing substrates posing a 

known challenge for Pd-based catalysts due to the potential for competing CïX oxidative 
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addition. Similarly, weak electron-donating groups (2c) 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 near-quantitative yields. 

Strong electron-withdrawing groups (2g) are well tolerated, affording a 91% yield 

of the desired decarbonylation product. Moderate electron-withdrawing groups (2h, 2i) 

also perform well, yielding 94% and 92%, respectively. Notably, 1i (terephthaldehyde) 

contains two aldehyde moieties, both of which can undergo decarbonylation (Figure 3.16). 

The first step generates 2i (equivalent to 1b, benzaldehyde), which can undergo further 

decarbonylation to produce 2b (benzene). This process results in an 83% yield of 2i and 

9% of 2b, which aligns with previous findings that 1b undergoes only moderate 

decarbonylation. Moderate electron-donating groups (2j) demonstrate high activity, 

yielding nearly quantitative conversion (99%). 

 In contrast, ortho-positioned weak electron-donating functionalities (2k) 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 electron-donating groups (2l, 2m) perform comparably to their monosubstituted 

counterparts (2a, 2j), producing near-quantitative yields (96%, 97%). 
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a Benzene (2b) yield. Two aldehydes are present. First decarbonylation gives benzaldehyde (1b) which can undergo 

further decarbonylation to benzene (2b). 
b Benzene (2b) yield. Starting compound dehydrogenated (2x) to form benzaldehyde (1b) which can undergo 

decarbonylation to form benzene. Decarbonylation can also occur first followed by dehydrogenation (x2) 
c Fufural (1q) 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: Substrate (p-anisaldehyde, 0.50 mmol), catalyst (2.5 mol % in 

reference to Pd, 26.6 mg), THF (2.0 mL), microwave heating, 400 rpm, 150 ęC, 3h. 
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Figure 3.16. Proposed pathway for the double decarbonylation of terephthaldehyde (1i) 

thru benzaldehyde (2i/1b) to benzene 2b. 

 

 

Non-aromatic cyclic aldehydes that are electron-neutral (2n, 2o) yield moderate 

conversions, though 2o displays unique reactivity. 2n, structurally similar to 2b, results in 

a comparable yield of 42%. However, 2o, 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. First, 1o 

undergoes direct decarbonylation, producing the desired decarbonylation product 2o 

(35%). Additionally, 2o can undergo two successive dehydrogenation steps to generate 2b 

(benzene) (Figure 3.17). Alternatively, 1o may undergo dehydrogenation first, yielding 1b 

(benzaldehyde), which then decarbonylates to form 2b (yield of 2b: 25%)(Figure 3.17). 

The presence of 1b, 2b, and 2o suggests that both decarbonylation and dehydrogenation of 

1o occur under these conditions. However, it is challenging to determine whether 2b forms 

primarily through decarbonylation of 1b or dehydrogenation of 2o. 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 of 1-cyclohexene-1-

carboxaldehyde (1o) to benzene (2b) through a combination of decarbonylation and 

dehydrogenation. 

 

Furan-derived five-membered aromatic systems (2q, 2r) were also investigated due 

to their relevance in biomass-derived chemical streams.7, 84-86 Catalytic decarbonylation 

offers an atom-economical deoxygenation strategy, enabling the production of either more 

energy-dense fuel components or valuable platform chemicals. The unfunctionalized 

furaldehyde substrate (2q) exhibits moderate reactivity, yielding 32% of the desired 

decarbonylation product with full selectivity. The hydroxymethyl-functionalized analogue 

(2r) introduces additional complexity leading to a higher total decarbonylation yield of 

96%. However, the primary decarbonylation product (2r) accounts for 76%, while 1q, 

formed via dehydrogenation of the hydroxy group, constitutes 18%. A minor fraction (1ï

2%) of 1q undergoes further decarbonylation to produce 2q (Figure 3.18). 
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Figure 3.18. Possible pathways for the transformation of 5-(hydroxymethyl)furfural (1r)  

to furan (2q) through a combination of decarbonylation and dehydrogenation. 

 

 

The formation of 1q can proceed via two possible pathways: either 1r undergoes 

initial dehydrogenation followed by decarbonylation, or decarbonylation occurs first, 

followed by dehydrogenation. The observed product distribution suggests that 

decarbonylation to 2r is the preferred initial step, with a portion of 2r subsequently 

undergoing dehydrogenation to yield 1q. Overall, the functionalized substrate compared to 

its unfunctionalized counterpart shows a higher degree of reactivity in line with previously 

established trends.  

Lastly, an Ŭ,ɓ-unsaturated aldehyde (2s) was examined to assess the impact of non-

aromatic ˊ-systems 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 migratory extrusion [(i) CïC cleavage of CïC(O)M), (ii) 

CO-M bond formation, (iii) C-M bond formation], facilitated by resonance effects. The 

electron density at the Ŭ-carbon increases, making it more nucleophilic and promoting 

efficient carbonïmetal bond formation. Notably, the presence of the ˊ-system does not 

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 COïH bond dissociation energies (BDEs), COïH vibrational frequencies, atomic 

charges (via Mulliken, natural bond orbital [NBO], and quantum theory of atoms in 

molecules [QTAIM] analyses), electrophilicity indices (ɖ, ɛ, ɤ), and Fukui functions [f(+), 

f(ï), f(0)] (Table 3.7). Both the BDEs and vibrational frequencies fell within a narrow 

range and showed a strong mutual correlation (Figure 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 relative 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 COïH vibrational frequencies (Figure 3.20). QTAIM 

analysis revealed that the carbonyl carbon is markedly electron-deficient (positive charge 

Ó +1), the carbonyl oxygen is strongly electron-rich (negative charge Ò ï1), and the 

aldehyde hydrogen is close to neutral but slightly electron-deficient. Electron-donating 

groups (EDGs) generally increased electron density at all three positions, while electron-

withdrawing groups (EWGs) decreased it. Notably, para-substituted Cl, Br, and Ac groups 
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(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 reported by Madsen  and An. These 

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. 
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Figure 3.19. Relationship between CO-H bond dissociation energy and CO-H vibrational 

frequency. 

 

Thermodynamic and charge calculations indicate that COïH bond dissociation 

energies (BDEs) lie within a narrow range, suggesting that oxidative addition is unlikely 

to be the rate-determining step. Instead, CO migratory extrusionðrequiring CïC(O)H 

bond cleavage between two sp2-hybridized carbons, one of which is aromatic (Figure 3.20) 

may present the key kinetic barrier.87, 88  While EWGs are generally thought to facilitate 

oxidative addition by increasing carbonyl electrophilicity and weakening the COïH bond, 

this benefit may be secondary. Substrate ability to undergo CïC bond scission during CO 

extrusion appears to more strongly influence reactivity. 
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Figure 3.20. Relationship between calculated atomic charges of aldehyde hydrogen 

(Mulliken, NBO, QTAIM) and vibrational frequency of aldehyde CO-H. 

 

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 CïC(O)H bond, while EDGs can stabilize the arene and promote MïC bond 

formation through 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 theory.89 Analysis of all calculated descriptors 

revealed a correlation between decarbonylation activity and the electrophilic susceptibility 

of the carbonyl carbon, quantified by the Fukui function (Figure 3.21). Fukui indices, fk, 
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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 electrophilic, 

nucleophilic, or radical attacks are most likely to occur. The tendency toward nucleophilic 

attack at an atom is quantified by fk
+ (Equation 3.1), where fk

+ is the difference in electron 

density between the neutral compound and the anion where an electron is added to the 

LUMO. Similarly, fk
- (Equation 3.2) and fk

0 (Equation 3.3) relate electron density (rk(N) 

is the electron density at atom k when the compound has N electrons) differences between 

the anion, neutral and cationic species. 

 

 

fk
+ = rk(N+1) - rk(N)                                     Equation 3.1 

fk
- = rk(N) - rk(N-1)                                      Equation 3.2 

fk
0 = [ rk(N+1) - rk(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, butyrolactone (Table 3.8) is known to be electrophilic at the ester carbon 

but nucleophilic at the ester carbonyl. Accordingly, the Fukui parameters f+ and 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 (highest f+), while the carbonyl oxygen has the 

highest reactivity toward electrophiles (highest 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 bearing sp3-hybridized oxygen substituents (e.g., 

ïOMe, ïOH), deviate. Unlike sp3-hybridized 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 ïOMe and ïOH groups are typically expected to hinder oxidative 

addition by increasing electron density, their resonance stabilization may aid intermediate 

formation.90 However, this does not fully explain observed trends. For example, 5-

hydroxymethylfurfural (5-HMF) shows high decarbonylation activity despite its 

hydroxymethyl group lacking direct resonance with the aromatic ring, in contrast to p-OMe 

and p-OH. This suggests that adsorption via sp3 oxygen lone pairs may play a more 

significant role than resonance in promoting activity. 

 

 

 

 

 

 

 

 

 

Figure 3.21. Relationship between the electrophilic susceptibility represented by Fukui 

parameter f(+) and decarbonylation yield. 
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reactivity from the hydroxymethyl group rather than the ring oxygen. These deviations 

appear to be kinetic rather than thermodynamic in origin, reflecting differences in the 

ability of sp3-hybridized oxygen-containing groups to promote favorable adsorption and 

orientation at the catalyst surface. 

From a thermodynamic standpoint, all substrates fall within a relatively narrow 

energy window. Although oxidative addition of the COïH bond may be slightly favored 

for electron-deficient substrates, the overall reactivity trends observed in the substrate 

scope suggest that bond strength alone does not govern decarbonylation efficiency. 

 

 

3.5 Conclusion 

 

Herein we demonstrate the successful development and application of Pd-doped 

hydrotalcite (Pd/HT) catalysts, particularly Pd/ZnHT, for the selective decarbonylation of 

aryl aldehydes under base-free, microwave-assisted conditions. Through systematic 

structural, spectroscopic, and catalytic characterization, it was shown that the nature of the 

secondary metal dopant in Pd/MHT catalysts significantly influences both decarbonylation 

and tandem dehydrogenationïdecarbonylation 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 COïH bond dissociation energy and vibrational frequency 

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 bearing sp3-hybridized oxygen substituents. The catalystôs 

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 Pd/MHT systems as tunable, sustainable platforms for complex 

catalytic transformations, providing a foundation for future applications in biomass 

upgrading and decarbonylative coupling strategies. 
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CHAPTER 4 

Thioester Decarbonylation via Heterogenous Palladium Supported Hydrotalcites ï 

Electronic Effects of Substituents 

4.1 Introduction 

Sulfur containing compounds are commonplace in the human body which are 

involved in, but not limited to, amino acids, proteins, and vitamins.1-3The thioether moiety 

is one of the most dominant active pharmaceutical ingredients (APIs) in the industry, a 

result of sulfur being more hydrophobic as compared to oxygen ethers.4-7 A number of 

common pharmaceuticals already possess this functionality (Figure 4.1) and thus, its 

implementation to other APIs is of further interest. The most common preparation of 

thioethers is via a Williamson ether like synthesis through which thiols are coupled with 

an alkyl/aryl halide in the presence of base through an SN2 type pathway. While 

straightforward, alkyl/aryl halides can be carcinogenic and hazardous, plus this method 

necessitates the use of stoichiometric base resulting in more waste.8, 9 Further 

methodologies emerged for thioether synthesis when the first reports of cross couplings 

with aryl halides or pseudohalides with thiols were published. However, side products, 

waste, and hazardous materials were still an issue.10 In 1987, Yamamoto reported the first 

example of intramolecular thioester decarbonylation to produce thioethers.11 This route has 

attracted much attention because thioesters can be obtained from carboxylic acids, which 

are easily obtained, inexpensive, and generally non-hazardous; more so resulting in an 

increase in the pool of precursor materials.12 Additionally, this process requires no additives 

and produces CO as the theoretical sole by product. From an atom economy and practicality 

standpoint, intramolecular decarbonylation provides the most direct path to thioethers.  
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Figure 4.1. Commercially available drugs with thioether (sulfide) moiety. 

 

 While carbonyl substrates are ubiquitous in organic chemistry, most 

decarbonylation studies have focused on aldehydes.13, 14 It is generally accepted that 

decarbonylation for other carbonyl substrates (including thioesters) follows the same 

general mechanism as aldehydes (Figure 4.2), however, the mechanistic nuances of other 

carbonyl substrates has made progress in this area difficult. Recently, interest in thioester 

decarbonylation has increased drastically as the need for new synthetic methodologies that 

minimize waste, maximize resource efficiency, and incorporate renewable feedstocks has 

become more pressing. Early studies relied on stoichiometric Rh complexes or high 

catalytic amounts of Pd which were limited in substrate scope.11 In 1991, Wenkert reported 

the first intramolecular decarbonylation using stoichiometric amounts of nickel but needed 

zinc as a reducing agent.15 While this method was applied to 12 substrate examples, full 

conversion or selectivity to thioethers could not be accomplished. Several other examples 

using Rh16, Pd17-20, and Ni15, 21-23 have been published, however, they are all homogenous 

systems and in most cases are air sensitive, require expensive and complex ligands, and/or 

high catalyst loadings. 
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Figure 4.2. Proposed mechanism for the intramolecular decarbonylation of thioesters to 

thioethers. 

 

Heterogenous systems have been reported for other carbonyl compounds, such as 

aldehydes,24, 25 but to our knowledge only one heterogenous system has been reported for 

thioesters. Matsuyama, reported a heterogenous intramolecular decarbonylation of 

thioesters with combinations of individual Pd, Ni, or Rh on CeO2 or HAP.
26 Ni provided 

the highest catalytic activity, Pd provided the best functional group tolerance, and Rh 

provided the highest selectivity for intramolecular decarbonylation. While this was the first 

system for intramolecular thioester decarbonylation, it required high catalyst loading (10 

mol %) and long reaction times (24h).  
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Figure 4.3. Relevant work related to thioester decarbonylation. Heterogenous systems 

done by the same group in same paper.  

 

Herein, we report the first heterogenous Pd supported hydrotalcite catalyzed 

decarbonylation of thioesters. We recently reported Pd/HT catalysts as highly active for the 

atom-economical olefination of carbonyls via aldol-decarbonylative coupling (with CO 

and H2O as the sole by-products)24 and the decarbonylation of biomass derived 

aldehydes.25  Based on the activity observed for such processes, we believed this 

decarbonylative activity could be implemented for thioesters. Layered doubled hydroxides 

Pd/MgFeHT 
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(LDHs) are a class of mixed metal hydroxides possessing tunable acidity and basicity, and 

able to support metals for a multitude of catalytic transformations. Outlined previously, 

LDHs, including hydrotalcites (HTs), are tunable mixed metal hydroxides composed of 

positively charged layers and interlayer anions.27 HTs are especially effective as supports 

for palladium catalysts, offering both Lewis acid and basicity comparable to MgO,28 

making them well-suited for a range of catalytic transformations. 29, 30 One characteristic 

that separates this material is the ability to tune their electronic nature, and thus catalytic 

capabilities, through isomorphic substitution with various transition metals. In short, 2+ 

metals can replace Mg and +3 metals can replace Al from low loadings all the way to total 

replacement. While substitution doesnôt seem to effect the Pd speciation,31 it does effect 

the catalytic capabilities of the whole system. Understanding the structure-activity 

relationship between different metal modifiers is critical in rationally designing catalysts 

with desirable activity. 

High selectivity requires control over the electronic and geometric properties of 

catalytically active species (and their spatial distribution), and mechanistic insight of 

underlying structure-activity relationships, including the role of catalyst supports.32 Efforts 

by our group and others to develop Pd catalysts on active, tunable supports for organic 

synthesis and biomass valorization have exploited cooperativity between strongly 

interacting support matrices and metals to regulate metal speciation, reactivity and 

stability.24, 25, 33-37,38 By leveraging the tunable properties of Pd/HTs, we seek to address the 

critical challenges of existing methods, including limited functional group tolerance and 

environmental inefficiency. Through optimization, we aim to deliver methods that are not 
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only applicable to fine chemical synthesis but also align with the principles of green 

chemistry. 

The proposed reaction is driven by the following hypotheses: (i) intramolecular 

thioester decarbonylation processes that harness CO as traceless handle can provide a 

platform that is selective and atom-economical; and (ii) the activity and selectivity of 

Pd/HTs for thioester decarbonylation can be optimized by tuning the support composition 

and Pd loading, which modulate distribution of cooperative acid-base sites and Pd 

speciation. The understanding of functional tolerance will directly inform substrate scope. 

The diverse array of structurally complex compounds within the industry stands to gain 

from a predictive approach that assesses likely outcomes. This methodology examines a 

wide range of electronically diverse thioesters and their influence on decarbonylation 

activity. Furthermore, in silico techniques can be employed to identify fundamental 

thermodynamic parameters (ie. enthalpy change of decarbonylation), enabling a 

correlation with decarbonylation efficiency.  Should a relationship between 

decarbonylation yield and the enthalpy change of decarbonylation be established, it would 

create a rudimentary predictive model, allowing for the assessment of a substrate's viability 

for decarbonylation without the need for experimental trials. 

The development of our Pd/HT catalyst system for thioester decarbonylation offers 

significant advantages for the pharmaceutical industry, particularly in the context of 

scalable, sustainable synthesis. By leveraging HT as a tunable support, our system aligns 

with best practices in pharmaceutical manufacturing, where efficiency, safety, and 

environmental considerations are paramount. This minimal-waste approach supports 

principles of green chemistry and facilitates adaptation to continuous flow reactors, a 
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critical requirement for large-scale pharmaceutical applications. Beyond decarbonylation, 

decarbonylative coupling reactions39, 40 hold immense potential for expanding the synthetic 

toolkit. These processes leverage CO as a ñtracelessò handle, enabling selective bond 

formation in a manner analogous to well-established coupling reactions like Suzuki-

Miyaura41, 42 and Mizoroki-Heck.43, 44 Initial studies have demonstrated the feasibility of 

decarbonylative couplings using aldehydes,39 but challenges remain in terms of scope, 

catalyst efficiency, and environmental sustainability. Notably, most reported methods 

require high catalyst loadings and employ precious-metal complexes, underscoring the 

need for innovative approaches. 

Here we demonstrate the intramolecular decarbonylation of thioesters using an 

external base free heterogenous Pd system prepared by a continuous flow synthesis 

featuring supports possessing different acid-base character.45, 46 Using a model substrate, a 

library of functionalized thioesters are investigated for decarbonylation to thioethers. 

Experimental results are correlated to computational data, helping elucidate the role of 

substituents on decarbonylation activity. Mechanistic studies, gram scale synthesis, and the 

role of different supports (not HT based) are also investigated. We also note that while 

decarbonylation is the focus of this dissertation, we envision a system that could complete 

both thioesterification (carboxylic acid plus thiol) and successive decarbonylation to form 

thioethers with a single catalyst.  For now, we focus on the decarbonylative coupling but 

aim to use any relatable information to create a greener route from carboxylic acids to 

thioethers with only water and CO as by products (Figure 4.4). 
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Figure 4.4. Proposed mechanism for the decarbonylation of thioesters to thioethers 

(sulfides). 

 

 

 

4.2 Experimental Procedure 

For depiction of continuous flow setup see Chapter 2, Figure 2.1. 

4.2.1 Catalyst synthesis 

HT was synthesized in the absence of any palladium to serve as a control. The 

procedure follows a continuous flow method.47 Briefly, a nitrate salt solution was prepared 

by dissolving Mg(NO3)2Ŀ6H2O (3.846 g, 0.015 mol) and Al(NO3)3Ŀ9H2O (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) and Na2CO3 (0.265 g, 0.0025 mol) dissolved in 70 mL of DI 

water. Using a syringe pump equipped with a Y-connector, 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 addition, the mixture was aged at 65 oC 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 ÁC for 12 h, ground to a powder with a mortar and 

pestle, and stored in a desiccator. 

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 3:1 M2+/M3+ ratio. 
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The nitrate salt solution was prepared by dissolving Mg(NO3)2Ŀ6H2O (3.590 g, 0.014 mol), 

Al(NO3)3Ŀ9H2O (1.876 g, 0.005 mol), and Pd(NO3)2ĿxH2O (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.  

Pd/MHT - Modified catalysts were synthesized through the same co-precipitation 

procedure. They were not formed via wet impregnation onto an already formed Pd/HT 

matrix. For transition metal modified Pd/MHTs, the appropriate metal nitrate (i.e., 

Cu(NO3)2 Å 2.5 H2O, Fe(NO3)2 Å 9 H2O, 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 metal 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(NO3)2 Å 6H2O (0.011 mol), Al(NO3)3 Å 9H2O 6H2O (0.005 mol), Cu(NO3)2 Å 2.5 H2O 

(0.003 mol), and Pd(NO3)2 Å xH2O (0.001 mol). A M+3 modifier isomorphically substitutes 

Al3+. Thus, the total metal nitrate amount still sums to 0.020 mol, keeping a 3:1 ratio 

between sum of M+2 to sum of M+3 metals.    

Pd/MgFeHT 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 solution 

is prepared by dissolving Mg(NO3)2Ŀ6H2O (3.590 g, 0.014 mol), Fe(NO3)3Ŀ9H2O (2.021 g, 

0.005 mol), and Pd(NO3)2ĿxH2O (0.230 g, 0.001 mol) in 70 mL of DI water.  
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4.2.2 Thioester model compound synthesis 

 An oven-dried flask (50 mL) equipped with a stir bar was charged with substituted 

thiophenol derivative (typically, 5.0 mmol, 1.0 equiv), acyl chloride derivative (typically, 

1.0 equiv), and dichloromethane (typically, 0.50 M), placed under a positive pressure of 

argon, and subjected to three evacuation/backfilling cycles under high vacuum. 

Triethylamine (2.0 equiv) was added dropwise to the reaction mixture with vigorous 

stirring at 0 ÁC, and the reaction mixture was stirred for 1 h at room temperature. After the 

indicated time, the reaction mixture was diluted with ethyl acetate (30 mL). The reaction 

mixture was washed with HCl (1 Ĭ 10 mL), brine (1 Ĭ 10 mL), and H2O (1 Ĭ 10 mL), dried, 

and concentrated. The crude product was washed with hexane and filtered. Crude products 

were recrystallized with either ethanol or isopropanol. Purified products were subjected to 

NMR for structural verification and can be viewed in Appendix A4. 

 

4.2.3 Thioester decarbonylation reactions 

Reactions were carried out under microwave conditions using an Anton Parr 

Monowave 450. Thioester substrate (0.25 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 added and 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 catalyst was 

separated by filtration. The filtrate was concentrated and analyzed by 1H NMR (CDCl3, 

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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4.2.4 Enthalpy of decarbonylation calculations 

Thermodynamic enthalpy changes (ȹH) for the decarbonylation reactions of aryl 

thioesters (RCOSRǋ Ÿ RSRǋ + CO) were calculated using semi-empirical methods. Initial 

geometries of all reactants and products were constructed and optimized using Avogadro48 

software (Version 1.20) with default molecular mechanics force fields to generate starting 

structures. These structures were subsequently subjected to geometry optimization and 

frequency calculations using the PM7 semi-empirical method, as implemented in Gaussian 

1649 (Revision C.01). The PM7 method, as described by Stewart50 was chosen for its 

computational efficiency and demonstrated accuracy in predicting thermochemical 

parameters, particularly for related systems such as aryl thioesters. 

All calculations were performed in the gas phase. Thermochemical data were 

extracted from the Gaussian output files, and enthalpy changes (ȹH) were computed as the 

difference in total enthalpies of the products and reactants at 298 K. This approach allows 

for consistent evaluation of relative thermodynamic trends across a series of substrates. 

The results obtained using PM7 were found to be in good agreement with earlier density 

functional theory (DFT) calculations (B3LYP/def2-TZVP), validating the use of this semi-

empirical method for rapid screening of substrate reactivity within this chemical class. 

 

4.3 Characterization Methods 

Elemental analysis was carried out with inductively coupled plasma optical 

emission spectroscopy (ICP-OES) on a Shimadzu ICPE-9820 Plasma Atomic Emission 

Spectrometer. Samples were prepared by dissolving 100.0 mg of HT material in 1-2 mL 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 
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nitrate precursors 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 transform ï infrared (FT-IR) spectra were obtained using a Perkin Elmer 

Frontier FT-IR Spectrometer using an attenuated total reflection (ATR) 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 800-4000 cm-1 at 1cm-1 intervals.  

Powder X-Ray Diffraction (PXRD) patterns were obtained using a Rigaku 

MiniFlex II X-Ray diffractometer. HT materials were powdered using a mortar and pestle 

and then analyzed as is without further modification. The powders (approximately 10-20 

mg) were placed on a zero-background sample holder. Analysis was from 2ɗ = 0-70Á with 

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

 X-ray photoelectron spectroscopy (XPS) measurements were conducted on a 

Thermo K-alpha spectrometer fitted with a charge neutralizer and a monochromated Al K 

Ŭ X-ray source. High resolution scans were recorded with a pass energy of 50 eV. 

Processing of spectra was performed using CASA-XPS 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 full-width half maxima. Surface compositions were 

determined by applying 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 camera. Samples were ground into a fine powder using 
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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 of the suspension is deposited onto a TEM grid for analysis. 

The excess water is removed and the grid dried in an oven (1-2 hrs.). Particle size 

(diameter) of Pd nanoparticles was determined through analysis of TEM images using 

ImageJ software.  

Nitrogen porosimetry was performed on a Micrometric TriStar surface analyzer at 

77 K. Samples were degassed under vacuum at 150 oC for 12 h prior to analysis. Surface 

areas were determined using the Brauner-Emmett-Teller (BET) method51, with pore sizes 

and volumes calculated using the Barrett-Joyner-Halenda (BJH)52 method applied to 

desorption isotherms.  

Thermogravometric analysis (TGA) was performed on a Perkin Elmer 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 heated from 25-800 ÁC at a 20 ÁC/min ramp rate under nitrogen 

atmosphere. 

NMR spectra were recorded on an Agilent 400 MHz spectrometer. 1H NMR spectra 

were obtained using approximatey 10 mg of sample using a CDCl3 solvent. Samples were 

subjected to 32 scans and a reference point as the residual CDCl3 peak at 7.26 ppm (s) was 

used. 13C 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. 

 GC-MS chromatograms were recorded on an Shimadzu QP-2010 GC System 

using a column with a DB-5 stationary phase (30m x 0.25 mm i.d. x 0.25 um). Method: 
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injection volume (1 uL) injection temperature (250 ÁC), Initial oven temperature (50 ÁC) 

held for 2 minutes, ramp rate (10 ÁC/min), final oven temperature (300 ÁC), 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 ÁC), ionization (EI mode ar 70 eV), full 

scan (mass range: 50-500 m/z). 

GC-FID chromatograms were recorded on an Agilent 6890N GC System using a 

column with a DB-5 stationary phase (30m x 0.25 mm i.d. x 0.25 um). Method: injection 

volume (1 uL) injection temperature (250 ÁC), carrier gas (He), carrier gas flow rate (14 

mL/min), H2 flow rate (40 mL/min), air flow rate (450 mL/min), initial oven temperature 

(50 ÁC) held for 2 minutes, ramp rate (20 ÁC/min), final oven temperature (350 ÁC), total 

run time (15 minutes), split ratio (30:1), cut time (3 min), detector temperature (300 ÁC). 

 

4.4 Results and Discussion 

4.4.1 Catalyst Characterization 

Multiple supported Pd catalysts on isomorphically substituted hydrotalcite were 

prepared by a previously reported co-precipitation method and extensively characterized. 

5% Pd/SiO2, 5% Pd/C, 5% Pd/MgO, 5% Pd/Al2O3, and Pd(OAc)2 were purchased as 

commercially available catalysts from Sigma Aldrich and used as is. Pd/MHTs were 

synthesized to: (i) assess their catalytic activity for the decarbonylation of functionalized 

thioesters to thioethers (sulfides); and characterized (ii) establish structure-reactivity 

relationships that identify structural and electronic properties that are ideal for such a 

transformation. Parent hydrotalcite (HT) is void of any modifying metals or Pd. For all Pd 

containing catalysts, a loading of ~5 wt% Pd by metal content was obtained. Pd/HT is only 
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modified with Pd, while Pd/FeHT, Pd/NiHT, Pd/CoHT, Pd/CuHT, and Pd/ZnHT are 

modified with an additional transition metal present at 15 mol % on a metal basis. MgFeHT 

has all the parent aluminum replaced by Fe and Pd/MgFeHT also has aluminum replaced 

by Fe but also possesses Pd. Pd/MgFeHT is the first catalyst in our group to have a parent 

HT metal fully replaced. While all catalysts are discussed to some extent, we highlight that 

of the iron modified HTs in the manuscript as they provided the most desirable properties 

for thioester decarbonylation. Parent HT, Pd/HT, and Pd/FeHT are included in this chapter 

to highlight how increasing Fe content affects activity. Detailed characterization of the 

remaining catalysts are provided primarily in Chapter 5. 

Compositions of all catalysts were highly reproducible with ICP-OES elemental 

analysis showing metal compositions within 5% of nominal values (Table 4.1). Ideally, a 

M2+:M3+ ratio of 3.0 is observed for base HT, however a slight decrease is observed for 

most of the metal modified HTs, which is attributed to increasing ionic radii of +2 

modifying metals compared to Mg2+ or +3 metals compared to Al3+ (resulting in defect 

sites and vacancies at a greater extent for +2 metals as they should exist at three times the 

amount of +3 metals). MgFeHT shows a M2+:M3+ greater than 3.0, which is consistent with 

non Pd containing metal modified HTs (see CuHT and FeHT, Chapter 5, Table 5.2), and 

Pd/MgFeHT shows a slight decrease in ratio, in line with Pd containing species such as 

Pd/FeHT. Pdôs larger size makes it more difficult to be incorporated into the structure most 

likely causing a fraction to be lost during synthesis. Since Pd is counted towards the M+2 

sum, losing a small fraction would decrease the M2+:M3+ ratio. Nonetheless, the deviations 

are generally minimal and donôt inherently change the material structure or properties. 
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Table 4.1. ICP-OES elemental analysis and PXRD crystallographic parameters of 

catalysts. 

Sample 

Elemental mole compositiona,c, % 
M2+/

M3+ 

Crystallographic 

parametersb 

Mg2+ Al 3+ 
M2+ or 

M3+ 
Pd2+ a, Å c, Å 

L, 

nm 

HT 75.12 24.88 - - 3.02 3.06 23.31 10.4 

Pd/HT 70.18 25.42 - 4.40 2.93 3.05 23.07 10.4 

Pd/FeHT 70.34 10.79 14.66 4.21 2.93 3.09 23.31 11.3 

MgFeHT 75.15 - 24.85 - 3.06 3.10 23.62 9.6 

Pd/MgFeHT  70.01 - 25.86 4.13 2.87 3.10 23.51 10.6 

aICP-AES; bmol% as fraction of all metals present (Mg, Al, Pd); cPXRD; a is average 

cation-cation distance; c is three times the distance from the center of one brucite-like layer 

to the next layer; L is the average crystallite size from peak width analysis using the 

Scherrer equation. 

 

All parent and modified HT samples exhibited a single crystalline phase from 

powder X-ray diffraction (XRD), associated with the hydrotalcite phase, characterized by 

(003), (006), (009), (015), (018), (110) and (113) reflections (Figure 4.5). The associated 

hydrotalcite phases verify that modification with transition metals still results in the desired 

structure, even for MgFeHT and Pd/MgFeHT which have had full replacement of parent 

metal Al. Pd or PdO crystalline phases (Pd: 2ɗ = 40.5Á (111), 46.7Á (200), 67.5Á (220); 

PdO: 33.7Á (101), 41.8Á (110), 54.6Á (112), 60.0Á (103), 60.6Á (200)), were absent for all 

Pd modified samples, even at 5 mol% Pd. This result suggests that palladium is present 

either as low-nuclearity species of <2 nm particles, which are either dispersed over the HT 

support or incorporated as dopants within the HT cation layers. MgFeHT and Pd/MgFeHT 

show some underlying amorphous character identified by peak broadening from 2ɗ = 10-
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35. This feature had been observed for previously synthesized Fe containing HTs but seem 

to affect structural or catalytic properties. The (003), (006), (009) reflections of the HT are 

sensitive to the interlayer spacing (crystallographic parameter c), while the (110) and (113) 

reflections are related to the average metal-metal distance within the cation layers 

(crystallographic parameter a). The consistent values of a and c parameters for all doped 

HTs suggest that a common, crystalline HT structure was obtained in each case. 

Crystallographic parameters of MgFeHT and Pd/MgFeHT are consistent with other 

modified HTs but show a slight increase in cation-cation distance (parameter a) and 

interlayer spacing (parameter c). This deviation is most likely the result of an increased 

amount of Fe3+ which possesses an ionic radius of 0.65 ¡ compared to 0.54 ¡ for Al3+. 

Crystallite sizes for MgFeHT (9.6 nm) and Pd/MgFeHT (10.6 nm), determined by applying 

the Scherrer equation, were insensitive to full replacement of a parent metal. Values were 

found to be in line with previously reported metal modified Pd hydrotalcites (10.8 Ñ 0.8 

nm) (Chapter 5, Table 5.2). 

 

Figure 4.5. PXRD spectra of MgFeHT and Pd/MgFeHT. 
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Fourier transform infrared (FTIR) spectra of MgFeHT and Pd/MgFeHT were 

consistent with a hydrotalcite phase, exhibiting characteristic bands for carbonate anions 

(1350-1370 cmī1), interlayer water (Ḑ1600-1700 cmī1), and surface hydroxyl stretching 

depicted as a broad band (3200-3700 cmī1) (Figure 4.6). These results confirm the PXRD 

results, suggesting that complete replacement of parent Al with Fe results in a single 

crystalline hydrotalcite phase. 

 

Figure 4.6. FT-IR spectra of MgFeHT and Pd/MgFeHT. 

 

Surface areas and pore size distributions for all Pd/MHTs were determined by N2 

porosimetry and subsequent application of the BrunauerïEmmettïTeller (BET)51 and 

Barrett, Joyner and Halenda (BJH)52 models, respectively. The results for catalysts HT, 

Pd/HT, Pd/FeHT, MgFeHT, and Pd/MgFeHT are shown in Table 4.2 and the remaining 

catalysts can found in Chapter 5. Bimetallic modified Pd/FeHT and Pd/MgFeHT (242 m2/g 

H2O 

CO32- 

OH- 
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and 299 m2/g) possessed higher surface areas, while single metal modified Pd/HT and 

Pd/MgFeHT (53 m2/g and 119 m2/g) possessed lower surface areas compared to parent HT 

(148 m2.g-1). We infer that the introduction of a second transition metal during the flow 

synthesis promotes the formation of highly dispersed Pd clusters/nanoparticles. Additional 

Pd/MHTs are consistent with this trend monometallic modified catalysts have surface area 

lower than that of A and bimetallic catalysts greater than. In general, surface areas range 

from surface areas range from 53-358 m2/g (Avg.: 182 m2/g, Std.Dev.: 87.6 m2/g (Chapter 

5, Table 5.3). We previously reported that pore volume decreases with increasing Pd 

loading,33 which is consistent with blockage of micropore entrances to interlayer spaces at 

higher loadings.53 However, the effects of transition metal doping on surface area and pore 

size are not fully elucidated, and to date we havenôt identified any clear correlations 

between surface area or pore size and catalytic activity. While higher surface area improves 

access to active sites, the results suggest its influence is less significant than the effects of 

electronic and acidïbase properties.  

Table 4.2. Surface properties of parent and metal modified supports. 

Sample 
SBet

a  

(m2/g) 

BJH Pore Volumeb  

(cm3/g) 

Pore Widthb 

(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 

aBET determined for relative pressures p/p0 = 0.05-0.25; bDetermined using the BJH 

method applied to the desorption branch of the isotherm.  
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Thermogravimetric analysis (TGA) of all Pd/HTs revealed decomposition profiles 

consistent with a parent unmodified HT.54 Three endothermic transitions were observed 

(Figure 4.7): at ~100 ÁC due to the loss of physisorbed water; between 200-250 ÁC due to 

loss of interlayer water; and between 375-400 ÁC due to dehydroxylation and the loss of 

interlayer carbonate anions.27 The last transition is indicative of structure collapse, forming 

a mixed metal oxide. These transitions occur within a relatively narrow temperature range 

for all listed catalysts, however a slightly more pronounced shift (~5-10 ęC) for fully 

replaced MgFeHT and Pd/MgFeHT compared to FeHT and Pd/FeHT is observed, 

suggesting a minor decrease in stability. Overall, the decrease in transition temperature is 

more pronounced for Fe-modified HTs, since Fe is incorporated as a +3 cation. Because 

+3 metals are present at only one-third the amount of +2 metals, doping with 15 mol% of 

all metals replaces a proportionally larger fraction of +3 sites compared to +2 sites. For 

catalysts where the parent metal is fully substituted rather than partially replaced at 15 

mol%, greater structural disorder can be expected due to the deviation in ionic radii 

between the substituting metals and the parent ion. Additionally, a shift to lower 

temperatures is expected for Pd modified HTs relative to Pd-free HTs. This shift is most 

prominent for the high-temperature dehydroxylation/decarbonation, indicating that Pd 

likely destabilizes cation substitution and causes corresponding structural disorder.55 

However, for MgFeHT and Pd/MgFeHT, there is not an evident difference in transition 

temperature. The effect of Pd on the stability of the structure seems to be less pronounced 

as full replacement of Al3+ is reached, already reaching a limit of sorts, for instability.   
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Figure 4.7. Thermogravimetric analysis (TGA) and differential thermal gravimetry 

(DTG) profiles of MgFeHT and Pd/MgFeHT. 

 

The morphology of catalytic samples was imaged by transmission electron 

microscopy (TEM). MgFeHT possesses the characteristic HT structure, consisting of flat 

plate like layers stacked on top of each other indicating the presence of brucite like layers. 

A higher degree of stacking or agglomeration is observed as dark areas in the images 

suggest increased thickness (Figure 4.8a). Pd/MgFeHT also exhibits the characteristic 

structure, but seems to stack to a lesser degree, consistent with other Pd/MHTs (Chapter 

5, Figure 5.8). Uniformly dispersed metal-containing nanoparticles (avg. Pd nanoparticle 

size: 2.96 +/- 0.62 nm, Figure 4.9) was visible for Pd/MgFeHT (Figure 4.8b), consistent 

with the absence of crystalline phases (other than those of the supports) by PXRD. Our 

previous studies of Pd/HT catalysts with nominal Pd loadings spanning 0.1 to 5 wt% 
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revealed the presence of PdO and Pd metal clusters and nanoparticles for loadings >1 

wt%,25 in accordance with what is observed for Pd/MgFeHT. 

While X-ray photoelectron spectroscopy (XPS) data for the newly synthesized 

catalyst, Pd/MgFeHT is not currently available, all other characterization results align with 

our previous studies. Analysis of the surface palladium by  XPS in prior work31 consistently 

indicated the presence of multiple chemical environments (Pd0, Pd2+, and Pd4+) at rather 

consistent ratios, regardless of modifying metal (Chapter 5, Figure 5.6 and 5.7). These 

include Pd2+ as the dominant species (70-80%) existing as PdO agglomerations on the 

catalyst surface, modest amounts of metallic Pd0 (10-20%) as nanoparticles on the surface, 

and trace Pd4+ (<10%) integrated into the cation layers. Pd/MgFeHTôs structural and 

chemical features (i.e. the characterization techniques covered in this chapter) are 

consistent with this established profile, supporting its similarity to previously studied 

systems despite the absence of direct XPS confirmation. Nonetheless, the previously 

established consistency in Pd species distribution suggests that catalytic activity isnôt being 

driven by a given species, but rather the electronic support interactions with Pd and/or 

acid/base properties. Although we lack direct evidence (in situ XPS studies), we postulate 

the reactivity is driven by the proximal sites to Pd and the ability for the support to facilitate 

addition to Pd. Additionally, conventional methods for determining Pd dispersion, such as 

CO chemisorption, could not be employed because CO binds not only to Pd metal but also 

to the solid base of hydrotalcites, complicating accurate dispersion measurements. As a 

result, catalytic activity is quantified based on the total Pd content, aligning with prior 

reports.56-58 This approach may underestimate the actual catalyst performance, as indicated 

by the reported TONs.  
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Overall, these characterizations suggest that Pd/MgFeHT possesses a structure 

consistent with previously reported Pd/MHTs, differing in that parent Al has been fully 

replaced with Fe. These changes most drastically affect the Lewis acidity of the native 

structure and should reasonably stand to provide significant deviation from expected 

performance.59, 60  

 

 

Figure 4.8. Transmission electron microscopy images of (a) MgFeHT and (b) 

Pd/MgFeHT with corresponding surface Pd nanoparticle size distribution (bottom right 

corner). Particle size distribution histogram provided in Figure 4.9. 

 

 

Figure 4.9. Particle size distribution histogram of Pd/MgFeHT. Particle size (diameter) 

was determined through analysis of TEM images using ImageJ software.  

2.96 +/- 0.62 nm 

a b 
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4.4.2 Catalytic thioester decarbonylation  

Catalyst Screen 

The effect of several doped hydrotalcites on the decarbonylation of thioesters was 

investigated using S-phenyl benzenecarbothioate (1a) under the reaction conditions 

outlined in Table 4.3. As expected, no decarbonylation activity is observed for parent 

hydrotalcite (HT) as no literature precedence for decarbonylation with Mg or Al species 

exists (Table 4.3, entry 1). For catalysts which possess Pd (Table 4.3, entries 3-10) the 

decarbonylation product diphenyl disulfide (2a) is observed in yields ranging from 1- 52% 

in 5h. Hydrotalcites doped with Fe have the most beneficial effects. For Pd/FeHT, Fe3+ 

replaces ~60% of parent Al3+, however MgFeHT and Pd/MgFeHT have Al3+ fully replaced 

by Fe3+, providing further benefit. Based on our previous works,25, 31 the assumption was 

that Pd is necessary for decarbonylation. However, MgFeHT (Table 4.3, entry 2), which 

lacks the critical Pd, provides 7% yield of 2a. Although not overly active, the sole 

observation of decarbonylative activity for Pd free HTs is a first for this type of 

transformation. While Pd/MgFeHT provides the highest decarbonylation activity, we plan 

to investigate the capabilities of MgFeHT for decarbonylation further in a separate study. 

These results indicate that Fe3+ substitution is more effective than M2+ metal substitution, 

with increasing Fe3+ content leading to enhanced decarbonylation activity.  Aluminum 

provides Lewis acidity in the HT structure, thus the presence of a different Lewis acid 

suggests this property is critical for high activity. This insight will be discussed in more 

detail below. Building on the exceptional activity of Pd/MgFeHT, subsequent reactions 

were carried out using this catalyst. 
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Table 4.3. General catalyst screen for decarbonylation of 1aa. 

a Reaction conditions: 1a 0.053 g (0.25 mmol), catalyst (Pd containing: 2.5 mol % by Pd, 

13.3 mg. Non-Pd: 13.3 mg), THF (2.0 mL), air atmosphere, microwave heating (ɛW), 150 

ęC, 5h. Yields were determined by GC-FID analysis. 

 

 

 

 

 

 

 

 

Entry Catalyst 
Conversion 

(%) 

Yield (%) 

2a 3a  4a 

1 HT 3 0 3 0 

2 MgFeHT 9 7 2 0 

3 Pd/HT 15 2 13 0 

4 Pd/FeHT 38 37 1 0 

5 Pd/NiHT 4 2 2 0 

6 Pd/CoHT 13 9 4 0 

7 Pd/CuHT 4 2 2 0 

8 Pd/ZnHT 27 21 3 3 

9 Pd/CrHT 4 1 3 0 

10 Pd/MgFeHT 52 52 0 0 



156 

 

Reaction Condition Optimization 

Transformations involving oxidative addition to a Pd center have historically 

observed differences in activity and selectivity dependent on solvent, thus playing a critical 

role.61 The nuances of such effects are still not well understood and divergent behavior can 

be observed for the smallest of changes in substrate (i.e., electronic effect of substituents). 

A rational argument is that the polarity or dielectric constant is the driving force of the 

solvent effect. However, in this case, it is believed that coordinating ability of the solvent 

to Pd metal centers is critical for, at minimum, the first oxidative addition step.62 

Additionally, the use of microwave heating plays a significant role in reaction outcomes. 

The use of closed pressurized vessels allows the use of lower boiling solvents at elevated 

temperatures which arenôt normally considered. More polar solvents generally couple with 

microwaves better, leading to rapid rise in temperature and increased reaction rates. The 

three main dielectric parameters: tangent delta, dielectric constant, and dielectric loss are 

all related to the ability of a solvent to absorb microwave energy and successively provide 

thermal heat transfer.63, 64 Compared to conventional heating, the use of a microwave 

reactor adds an additional consideration to the solvent choice. Comparable literature 

traditionally uses toluene, however, these systems are homogenous in nature and use 

conventional heating.16, 17, 26  
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Table 4.4. Solvent and temperature effects on the decarbonylation of 1a with 

Pd/MgFeHTa. 

 

 

Entry Solvent 

Catalyst 

Loading  

(mol%) 

Temp. 

 (ÁC) 

Conversion 

(%) 

 Yield (%) 

2a 3a 4a 5a Other 

1 EtOH 2.5 150 56 14 21 0 21 0 

2 Toluene 2.5 150 9 4 5 0 0 0 

3 THF 1.0 150 19 18 1 0 0 0 

4 THF 2.5 150 52 52 0 0 0 0 

5 THF 5.0 150 55 53 2 0 0 0 

6 THF 2.5 100 4 4 0 0 0 0 

7 THF 2.5 125 38 37 0 0 0 0 

8 THF 2.5 175 68 48 6 7 0 7 

9 THF 2.5 200 100 61 13 8 0 18 

10b THF 2.5 150 98 97 1 0 0 0 

a Reaction conditions: 0.053 g (0.25 mmol), Pd/MgFeHT (1.0 mol %: 5.3 mg, 2.5 

mol%: 13.3 mg, 5.0 mol %: 26.6 mg), solvent (2.0 mL), air atmosphere, microwave 

heating (ɛW), 5 h. b 15 h. Yields were determined by GC-FID analysis. 

 

Pd complexation is assumed to be the primary hurdle for activity, but the support 

also significantly influences solvent effects. While EtOH and THF can both coordinate 

with the lone pairs on oxygen, EtOH is the only hydrogen donating solvent and can reduce 

Pd from +2 to 0. Literature precedence suggests that a common solvent is not always 
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superior for similar systems and reactivity is based on the ability for both the solvent to 

coordinate to a metal center and the effect this has on the facilitation of substrate to metal 

center.65, 66 For a given system, neither the strongest nor the weakest complexing solvents 

are necessarily optimal; instead, an intermediate level of complexation is often most 

effective, though difficult to predict from simple principles. Thus, we implemented several 

solvents covering the range of common properties considered for solvent choice. Solvents 

included: polar protic (ethanol, Ů: 24.6), polar aprotic (THF, Ů: 7.58), and non-polar 

(toluene, Ů: 2.38).  

Ethanol (Table 4.4, entry 1) provides the highest conversion in 5 hours, however, 

the selectivity towards the decarbonylation product is quite low (~25%). Side products 

include a disulfide (3a) and ethyl benzoate (5a). We propose that the disulfide is formed 

after the initial C-S oxidative addition of the parent thioester to a metal center forming a 

thiolate and acyl derivative. Two equivalents of thiolates on adjacent metal centers can 

interact to form the disulfide. The ethyl benzoate is formed as the acyl portion is intercepted 

by ethanol before carbonyl deinsertion can occur. Regardless of the true mechanism, the 

results with ethanol are inadequate. A non-polar solvent like toluene (Table 4.4, entry 2) 

provides poor conversion and is also not very selective towards the decarbonylation 

product. However, a polar aprotic solvent like THF (Table 4.4, entry 4) provides both high 

conversion and high selectivity towards decarbonylation. This was also observed for 

similar solvents like dioxane, but for the sake of minimizing hazard and cost in addition to 

facilitating solvent removal, THF was chosen for the remainder of the study.  

Next, the catalyst loading was explored at 1.0 , 2.5, and 5.0 mol % in relationship 

to Pd (Table 4.5, entries 3-5). A drastic increase in yield of 2a is observed from 1.0 to 2.5 
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mol %, but increasing this loading further to 5.0 mol % provided insignificant benefits. The 

minimal increase from 2.5 to 5.0 % suggests that there is a kinetic threshold rather than a 

lack of active sites. Thus, a catalyst loading of 2.5 mol % was chosen as the optimal loading. 

Generally, a temperature in the ~150 ÁC range was necessitated for Pd-xHT 

mediated decarbonylative reactions25. Reactions were carried out at temperatures ranging 

from 100-200 ÁC for 5h (Table 4.5, entries 4, 6-9). At 100 ÁC, selectivity is 100% but the 

kinetics are too slow (Yield 2a: 4%). Increasing to 125 ÁC (Yield 2a: 37%) and then 150 

ÁC (Yield 2a: 52%) allows the kinetics to reach a reasonable point without sacrificing 

selectivity. At 175 ÁC (Yield 2a: 48%), selectivity starts to decrease and at 200 ÁC (Yield 

2a: 61%)  the selectivity drops to about 60%. Therefore, a temperature of 145-150 ÁC is 

optimal for both kinetics and selectivity. Lasty, we wanted to extend the time of the reaction 

in an effort to reach full conversion. At the 5-hour mark conversion had reached 52%, so 

the time was increased to 15 hours (Table 4.5, entry 10) allowing conversion to reach 98% 

and the decarbonylation yield to reach 97%. This optimized entry results in a process mass 

intensity (PMI) of 4.45 and at larger scales we can decrease this to 1.50 when solvent to 

substrate ratio can be decreased (Under the assumption that 80% of the catalyst and 80% 

of the solvent can be reused). This value would be acceptable for bulk chemical production, 

however we understand that a full life cycle assessment would be necessary to understand 

true economic viability for such a process. 

 

Symmetric Thioesters  

Building upon the identification of optimal conditions, the scope of electronic 

functionalities was systematically explored. The substrate scope was categorized into three 
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groups: symmetrical thioesters, asymmetric thioesters functionalized exclusively on the 

carbonyl side, and asymmetric thioesters functionalized solely on the thiol side. To 

maximize differentiation in experimental outcomes, thermodynamic parameters were 

correlated with decarbonylation yields. Although achieving quantitative yields for the 

decarbonylation product is the ultimate objective, no single substrate should reach 

complete conversion significantly before the reaction is fully concluded. Notably, each 

substrate demonstrates full selectivity toward decarbonylation, suggesting that extended 

reaction times can drive conversions to completion. General results for the substrate scope 

will be presented first, followed by a detailed discussion of each category. 

The decarbonylation results for symmetrically substituted thioesters are illustrated 

in Scheme 4.1. A diverse array of thioesters was evaluated, including electron-neutral (2a, 

2d, 2l), electron-donating (2b), and electron-withdrawing (2e, 2f) groups. Halogen 

functionalities, such as in 2c and 2h, were well tolerated, with the chloro derivative 

showing no evidence of Ar-X oxidative addition. Bulky (2g) and disubstituted (2k) 

substrates were also accommodated, often exhibiting higher activity. Both ortho- (2i) and 

meta- (2j) substitutions were compatible, although the steric hindrance associated with 

ortho-substitution resulted in slower kinetics. Meta methoxy groups have been associated 

with EWD effects67-69, explaining why 2j shows a higher degree of decarbonylation over 

2i. Electronic and resonance effects of substituents will be discussed in more detail below. 

While high selectivity was observed across all substrates, nitro (2e) and naphthyl (2l) 

groups were notably associated with reduced activity. 
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Scheme 4.1. Substrate scope for the decarbonylation of symmetrical thioesters using 

Pd/MgFeHT catalyst. Conditions:  Substrate (1) (0.25 mmol), Pd/MgFeHT (2.5 mol %), 

THF (2.0 mL), air atmosphere, microwave heating (ɛW), 150 ÁC, 15h. Yields were 

determined by GC-FID analysis. 

 

 

 

Carbonyl Side Functionalized Thioesters 

The decarbonylation of asymmetric thioesters was studied and categorized into two 

groups: (1) thioesters functionalized on the carbonyl ring and (2) thioesters functionalized 

on the thiophenol ring, with the opposing side remaining unfunctionalized. Scheme 4.2 

illustrates the decarbonylation results for thioesters functionalized on the carbonyl ring. 

The findings reveal a broad substrate scope for the carbonyl ring, with less variation in 

activity compared to the symmetric thioesters. High decarbonylation activity was observed 

for electron-withdrawing (2ea, 2fa), electron-neutral (2da, 2la), bulky (2ga, 2na), and 

halogen-containing (2ca, 2ha) substrates, while electron-donating (2ba) substrates 
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demonstrated moderate activity. Although near-complete conversions were achieved in 

most cases, selectivity for the desired asymmetric product proved challenging due to ring 

metathesis and the potential for aryl group switching. These reactions consistently yielded 

three products: the expected asymmetric thioether, the unfunctionalized thioether (2a), and 

the functionalized symmetric thioether (2x). A more detailed discussion on metathesis is 

provided following the section on asymmetric thiophenol-functionalized substrates. 

 

Scheme 4.2. Substrate scope for the decarbonylation of asymmetric thioesters 

functionalized on the carbonyl side while leaving the thiol ring unfunctionalzied. 

Conditions:  Substrate (1) (0.25 mmol), Pd-MgFeHT (2.5 mol %), THF (2.0 mL), air 

atmosphere, microwave heating (ɛW), 150 ÁC, 15h. Yields were determined by GC-FID 

analysis. 
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Thiol Side Functionalized Thioesters 

A similar substrate scope was investigated for asymmetric thioesters functionalized 

exclusively on the thiophenol ring, as illustrated in Scheme 4.3. While several groups that 

were studied for carbonyl-side functionalized substrates exhibited comparable reactivity 

(2da, 2fa, 2ga, 2ha), notable deviations were observed for others. The electron-donating 

methoxy group (2ba) and the slightly electron-withdrawing fluoro group showed enhanced 

reactivity on the thiophenol ring. In contrast, the strongly withdrawing nitro group (2ea) 

and the electron-neutral naphthyl group (2la) demonstrated significantly lower activity. 

This behavior is consistent with their performance in symmetric thioesters but diverges 

from their behavior in carbonyl-side-only functionalization, highlighting the thiophenol 

ring's heightened sensitivity to these substituents. Aliphatic groups (2ma) exhibited 

minimal decarbonylation activity; however, their ability to undergo the transformation 

demonstrates that aliphatic thioester decarbonylation is achievable, despite the limited 

precedent in the literature. The combination of steric effects and the ease of oxidative 

addition likely contributes to the observed low activity. As with the carbonyl-functionalized 

substrates, metathesis occurs across all cases, yielding three products as previously 

outlined. 
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Scheme 4.3. Substrate scope for the decarbonylation of asymmetric thioesters 

functionalized on the thiol side. Pd/MgFeHT catalyst. Conditions:  Substrate (1) (0.25 

mmol), Pd/MgFeHT (2.5 mol %), THF (2.0 mL), air atmosphere, microwave heating (ɛW), 

150 ÁC, 15h. Yields were determined by GC-FID analysis. 
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Methoxy, Fluoro Combinations 

Schemes 2 and 3 depict asymmetric thioesters functionalized on only one ring, 

either the carbonyl or the thiophenol. Scheme 4.4 consolidates all possible methoxy- and 

fluoro-substituted combinations, including substrates previously shown in Schemes 4.1, 

4.2, and 4.3, as well as asymmetric thioesters (1bc and 1cb) functionalized on both rings, 

which yield product 2bc. Overall, methoxy substitution on the carbonyl ring (1ba, 1bc) 

appears to inhibit activity to some extent, whereas methoxy substitution on the thiophenol 

ring (1ab, 1cb) enhances reactivity. For substrate 1b, which has methoxy groups on both 

rings, the data suggest that this substitution on the carbonyl ring plays a more pivotal role 

in determining activity, however, the presence of a methoxy group on the thiol ring does 

enhance activity slightly compared to 1ba and 1bc, supporting the claim that methoxy 

groups increase activity when on the thiophenol ring. Fluoro substitution on the thiophenol 

ring (1ac, 1c) generally boosts activity, although this effect is diminished when paired with 

a methoxy group (1bc), suggesting methoxy groups have a more profound effect. Fluoro 

substitution on the carbonyl ring (1ca, 1cb), while not deactivating, does not offer 

significant benefits either. 
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Scheme 4.4. Substrate scope for the decarbonylation of all para-positioned methoxy and 

fluoro combinations using a Pd/MgFeHT catalyst. Conditions:  Substrate (1) (0.25 mmol), 

Pd-MgFeHT (2.5 mol %), THF (2.0 mL), air atmosphere, microwave heating (ɛW), 150 

ÁC, 15h. Yields were determined by GC-FID analysis. 

 

 

 

 

Electronic Effects 

In our previous study on aldehyde decarbonylation25, we observed that electron-

donating groups (EDGs) hinder decarbonylation, while electron-withdrawing groups 

(EWGs) enhance it. Focusing initially on the carbonyl-side functionalized thioesters 

(Scheme 4.2), these effects closely parallel those seen with aldehyde substrates. 

Substituent effects in this group are consistent with aldehyde behavior: EDGs, such as p-

OMe, are inhibitory, whereas strong EWGs, like p-NO  and p-CF , significantly enhance 

activity. Intermediate substituents generally provide good activity. The beneficial role of 


