
 
 
 

 
 
 

 
 

The Design and Synthesis of  Transition Metal Complexes Supported 
by Non-innocent Ligand Scaffolds for Small Molecule Activation 

 
 
 
 
 
 

Thesis by 
Kyle Tadashi Horak 

 
 

In Partial Fulfillment of the Requirements  
for the Degree of Doctor of Philosophy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CALIFORNIA INSTITUTE OF TECHNOLOGY 
Division of Chemistry and Chemical Engineering 

Pasadena, California 
2016 

(Defended on February 4th, 2016) 



 
 

ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 2016 
Kyle Tadashi Horak 
All Rights Reserved  



 
 

iii 

 
 
 
 
 
 
 

To Mom and Dad, 

and my younger brother Erik 

 

 

 

“All’s well that ends better.” 

 

-J.R.R. Tolkien, The Lord of the Rings 

 

 

“Ah yes… I was wondering what would break first… your spirit, or your body?” 

 

-Bane, The Dark Knight Rises 

 

 



 
 

iv 

ACKNOWLEDGMENTS 

Much like the concluding remarks of a presentation, it appears that all that remains 

for me to do is acknowledge the numerous people that have mentored, supported, and 

inspired me to arrive at where I am today. Looking back at the past six years, I feel that 

I have come a long way as a scientist and I believe this to be largely attributable to the 

invaluable interactions and experiences that I have accumulated over my time here. My 

time in graduate school has certainly had its ups and downs as projects started and 

ended (sometimes crashing and burning in a spectacular fashion), and as friends were 

found and then would graduate. However, if you were to add up all those moments 

and interactions, both good and bad, the result would be a net positive and rewarding 

experience. I am grateful for the opportunity to study at the truly unique scientific 

environment that is the California Institute of Technology. 

The first person whose acknowledgement should not go unmentioned would have 

to be without a doubt my principle advisor Prof. Theodor Agapie. At this point it 

sounds like a cliché thing to say to me, but I sincerely thank you for taking a chance by 

accepting me into your group as a person from a strictly biochemistry background who 

had never even used a Schlenk line or done a vacuum transfer. Perhaps more 

importantly, thank you for giving me an excellent good graduate student mentor to 

teach me the ropes, a practice which both strengthens the group dynamic and is also 

instrumental in preserving the group’s standards of chemical rigor. Under your 

supervision in the group, both in the lab and in meetings, I have learned an incredible 

amount the discipline of synthetic inorganic chemistry. Thank you for also giving me 

the intellectual freedom to manage my projects (and even come up with some of my 

own) and be creative from day one, something I feel is central to being a scientific 

researcher rather than a laboratory technician. You have trained me to be a hard worker 

and a problem solver, qualities that I am sure will serve me well in the future. I wish 

you the best of luck in the future, and look forward to thumbing through the group’s 

publications for years to come so I can watch how the research of the group continues 

to evolve and diversify. 

I must also thank the members of my thesis committee, Prof. Jonas Peters, Prof. 

Dennis Dougherty, and most recently Prof. Harry Gray, who have provided crucial 

insight into my research and various scientific proposals over the years. Collectively, all 



 
 

v 

of you have always challenged me to think about the bigger picture with my science 

and ideas, reminding me that while it is easier to keep one’s head down and tinker and 

tweak systems it is important to look up and explore the concepts in a broader context 

and ask their relevance to fundamental challenge at hand. I thank Prof. John Bercaw 

for giving me the free reign to run many Toepler pump experiments on his awesome 

high-vacuum line. I must also extend a special thanks to Prof. Jonas Peters for allowing 

me to use his group’s Mössbauer and ATIR instruments. 

A substantial acknowledgement must be given to my family as they have provided 

unconditional support throughout my entire time here at Caltech. Whenever graduate 

school would get me down my family was there to cheer me up. I could always rely on 

them to welcome me back to Vermont for the holidays with my winter jacket (yes 

California weather has made me soft!) and hug at the airport. They have always 

encouraged me to excel and pursue the study of subjects I find interesting. My 

grandfather and dad were both chemists, and were highly instrumental in inspiring me 

to pursue a Ph. D. in chemistry. Thank you for teaching me to never stop asking 

questions and seek out those individuals with the answers or insight required to tackle 

life’s challenges. Thanks mom for always keeping my spirits up and maintaining a 

heated Words with Friends competition going whenever I need a distraction from 

work. Erik, I wish you best of luck your own graduate studies and I expect to hear 

about your research in the future. It’s always good to see you again (usually) for the 

holidays, although sometimes our chemistry talk can get on Kayla’s nerves (Kayla, 

thanks for dealing with the two of us brothers together!). I also need to thank my LA 

aunts, Denise and Alice, who have always helped make California feel like a home away 

from home. Thanks for inviting me over for holiday feasts, and making sure that I left 

with plenty of leftovers (soooo much turkey!). 

During my time here I have overlapped with many students. I can only hope that I 

haven’t missed too many of you here. I first want to thank Sandy Suseno, my graduate 

student mentor and my best friend. Thank you so much for training me, and turning 

me into the synthetic inorganic chemist that I am today. You kept me sane throughout 

my time at Caltech, and definitely taught me to be more patient with my chemistry and 

coworkers. Thank you for always being supportive and understanding of me despite 

my numerous quirks and strange sense of humor. I am looking forward to continuing 



 
 

vi 

to spend time with you up at Intel in the future, even though I didn’t quite graduate as 

soon as you wanted me to. 

I have had the privilege to overlap with a large number of talented graduate students 

during my time in the Agapie group. Thank you for generally being a helpful and 

hardworking group of individuals that collectively have taught me a lot about laboratory 

techniques and box etiquette. Emily Tsui, thanks for asking tough questions and not 

letting people’s (myself included) crazy theories get out of hand. I learned a lot about 

how to present and think about science from you, and your suggestions for my 

chemistry have always proved insightful. Madalyn Radlauer, thanks for being our 

group’s first and best safety officer. You were always willing to take the time teach me 

and your seemingly endless positivity around the lab was awesome. Sibo Lin, thanks 

for helping me wrap my head around the whole concept of DFT calculations, and also 

putting up with my general entropy in the box. Paul Kelley, I am not sure I ever quite 

understood you, but I am actually thankful I didn’t since your antics brought a little 

much needed randomness to my daily routine which certainly kept things interesting. 

Thanks Davide Lionetti and Joshua Buss for accommodating my need to frequently get 

drinks at the Athenaeum, Lucky Baldwin’s, the Blind Donkey, or wherever to 

decompress after a hard day’s work, bad experiment, or just because it was Tuesday. 

Davide, I am glad I met someone with such a compatible sense of humor, music, and 

interests as myself. I have learned an academic ton scientifically-speaking from 

conversations with you and we got to have a lot fun going to the U2 concert and playing 

soccer together. I hope that you enjoy your new postdoc goes well, and you are able to 

inspire and teach new group of graduate students. Jacob Kanady, thanks for keeping 

me in line and stopping me from complaining too much about things. Which brings 

me to Mr. Guy Edouard and Justin “The Bear” Henthorn. As the two people in the 

Agapie group also graduating my year, it is safe to say that I have overlapped with these 

individuals more than anyone else in the group. Thanks Guy for your impressions and 

jokes. Your positivity and sense of humor definitely kept the group morale up more 

than you know in dark times. I look forward to seeing you up in Hillsboro when we 

both start working at Intel. Justin, well you always were a force for anarchy and 

managed to surprise me at every turn with what Caltech was willing to let you do. 

However, you have also proved to be one of the most generally knowledgeable people 



 
 

vii 

in the group, and have often provided synthetic advice for making both my ligands and 

metal complexes. I think we shared many ideas and approaches as both of our 

hydroquinone/catechol-based ligand platforms shared many similarities. I wish you the 

best of luck in Germany (you lucky dog!), and hope to hear about your great scientific 

accomplishments in the future. Joshua Buss, thanks for organizing soccer and being 

synthetic force to be reckoned with the group. Like Davide, I have learned a lot through 

conversations with you, and I wish you best of luck with your chemistry in the future. 

Keep the group’s original standards alive and never stop asking the tough questions (or 

making compounds with obscure chemical shifts by NMR)! Marcus, HB, and Jessica, 

soon all you will be the senior graduate students in the group, and I hope you will teach 

the newer students how we do things in the Agapie group. Marcus. One job: keep Buss 

in line (and on his toes). That is all. HB, I hope you get the dangler in a rational and 

reproducible manner hopefully without self-assembly. Jessica, try not to work too late 

and good luck with your continued efforts on team polymerization. To Chris Reed (you 

work with Marcus to keep Buss in line), Nate Hirscher, and Ryan Ribson (may he return 

with a bionic knee), I didn’t overlap with all of you that much but I wish all of you the 

best luck with your projects and candidacy moving forward. To Charlie Arnett and 

Jeremy Tran (the heir apparent of Chapter 5), the newest members of the cluster 

subgroup, good luck with your respective projects. Aim high and work hard. 

I have also worked with a number of postdocs throughout my time here. Prof. Dave 

Herbert, thanks for being a source of great insight into my projects while I was on team 

phosphine. You always had references handy regardless of what my question was. Prof. 

Po-heng Lin, thanks for good times and laughs we had together, and that super helpful 

crash course in SQUID. To the more recent post-docs, Graham de Ruiter, Zhiji Han, 

Siti Riduan, Aimee Bryan, Gyeongshin Choi, and Alejo Lifshitz, I wish you the best of 

luck in your continued research, future jobs, and job searches. 

I also want to thank people from outside of the Agapie group who have served as 

an invaluable scientific resource (as well as stolen chemicals) for me during my time 

here at Caltech. I would like to thank Jon Rittle and Matthew Chalkley for useful 

discussion about chemistry and for helping me collect all of my Mössbauer data. I 

learned a lot through many discussion with the both and you, and wish you the best of 

luck in the future with your research and academic careers. Josh Wiensch, as the fourth 



 
 

viii 

member of the four graduate students that joined Theo’s group my year, I wish you all 

the best to you in the upcoming year and beyond. To the Sattlers (Wes and Aaron) 

from the Gray and Bercaw groups, respectively, thanks for all the good times and laughs 

over drinks and on the softball field, which brings me to Oliver Shafaat in the Gray 

group. Thanks for running the Cp All-Stars during my time here. I had a blast playing 

softball with the combined Gray/Bercaw/Agapie group team for multiple years. 

Speaking of sports teams, thanks to the pickup soccer crew as a whole. Thanks for 

giving me a great way to get cardio exercise and decompress outside of work. 

One more group of people who need to be acknowledged, since they really keep 

things working around here, are a various facilities staff members I have crossed paths 

throughout my years here. In particular, I would like to thank Larry Henling and Mike 

Takase for usually managing to find the one good crystal in a sea of twinned and, to 

quote Larry here, “ugly” crystals. X-ray crystallography was a huge component of every 

single one of my thesis chapters, so thanks to both of you for running an excellent 

facility and making my thesis possible. I also need to thank David VanderVelde for 

running an amazing NMR facility during my time here at Caltech. While I only recently 

started coming to you for advice and help with assigning some NMRs of my nickel 

complexes, I have realized that I should have been coming to you with my NMR 

questions a lot sooner. Thank you Mona Shahgholi for keeping the Mass Spec facility 

running smoothly despite all of cluster samples the Agapie group has to run. My thanks 

to Rick Gerhart for fixing my glassware (especially J-young tubes and the Schlenk line 

occasionally) quickly, and being willing to try Davide and my homebrewed beer. Thank 

you to Agnes Tong for keeping me on schedule. Joe Drew,thanks for always being 

helpful with pretty much whatever questions of repairs I needed to get done around 

the lab. And finally thanks to our floor’s custodian, José, who has never failed to be 

friendly and say good morning to me every day. 

Thanks again to everyone who has helped me complete the body of work contained 

within my thesis. I am glad to have been part of the Caltech community. And with that, 

on to the science. 

 



 
 

ix 

Published Content 

Parts of this thesis have been adapted from published articles co-written by the 

author and articles that are currently in preparation. 

 

The following article was reproduced in part with permission from the Royal Society 

of Chemistry: 

“Arene non-innocence in dinuclear complexes of Fe, Co, and Ni supported by a 

para-terphenyl diphosphine” Horak, K. T.; Velian, A.; Day, M. W.; Agapie, T. Chem. 

Commun., 2014, 50, 4427-4429. URL: http://pubs.rsc.org/en/Content 

/ArticleLanding/2014/CC/c4cc00838c#!divAbstract 

 

The following article was reproduced in part with permission from the American 

Chemical Society: 

“Trinuclear Nickel Complexes with Metal–Arene Interactions Supported by Tris- 

and Bis(phosphinoaryl)benzene Frameworks” Suseno, S.; Horak, K. T.; Day, M. W.; 

Agapie, T. Organometallics, 2013, 32, 6883-6886. URL: 

http://pubs.acs.org/doi/abs/10.1021 /om400976x 

“Heterometallic Effects in Trinuclear Complexes Supported by p-Terphenyl 

Diphosphine Ligands” Horak, K. T.; Lin, S.; Rittle, J.; Agapie, T. Organometallics, 2015, 

34, 4429-4432. URL: http://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00579 

“Tuning of Metal Complex Electronics and Reactivity by Remote Lewis Acid 

Binding to π-Coordinated Pyridine Diphosphine Ligands” Horak, K. T.; VanderVelde, 

D. G.; Agapie, T. Organometallics, 2015, 34, 4753-4765. URL: 

http://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00562 

 



 
 

x 

RESPECTIVE CONTRIBUTIONS 

Parts of the work described in this thesis are the result of collaborative efforts, 

without which these studies would not have been possible. Specific notes are included 

for compounds synthesized by other researchers and spectroscopic characterization 

carried out by our collaborators. 

 

In Chapter 2, the initial synthesis and characterization of complex 11 was carried 

out by Dr. Alexandra Velian. The late Dr. Michael W. Day was responsible for refining 

the solid-state structure of complex 11. Density functional theory calculations were run 

by Dr. Sibo Lin. Mössbauer data were collected and simulated in collaboration with Dr. 

Jonathan Rittle from the Peters group. 

 

In Chapter 4, the 2D NMR assignments for complex 6Ni, 7Ni, and 8Ni were 

completed with the assistance of Dr. David VanderVelde. 

 

In Chapter 5, Mössbauer data were collected and simulated in collaboration with 

Matthew Chalkley from the Peters group with additional help provided by Niklas 

Thompson (Peters Group) and Chris Reed (Agapie Group). 

 

 



 
 

xi 

ABSTRACT 

This dissertation focuses on the incorporation of non-innocent or multifunctional 

moieties into different ligand scaffolds to support one or multiple metal centers in close 

proximity. Chapter 2 focuses on the initial efforts to synthesize hetero- or homometallic 

tri- or dinuclear metal carbonyl complexes supported by para-terphenyl diphosphine 

ligands. A series of [M2M’(CO)4]-type clusters (M = Ni, Pd; M’ = Fe, Co) could be 

accessed and used to relate the metal composition to the properties of the complexes. 

During these studies it was also found that non-innocent behavior was observed in 

dinuclear Fe complexes that result from changes in oxidation state of the cluster. These 

studies led to efforts to rationally incorporate central arene moieties capable managing 

both protons and electrons during small molecule activation. 

Chapter 3 discusses the synthesis of metal complexes supported by a novel para-

terphenyl diphosphine ligand containing a non-innocent 1,4-hydroquinone moiety as 

the central arene. A Pd0-hydroquinone complex was found to mediate the activation of 

a variety of small molecules to form the corresponding Pd0-quinone complexes in a 

formal two proton / two electron transformation. Mechanistic investigations of 

dioxygen activation revealed a metal-first activation process followed by subsequent 

proton and electron transfer from the ligand. These studies revealed the capacity of the 

central arene substituent to serve as a reservoir for a formal equivalent of dihydrogen, 

although the stability of the M-quinone compounds prevented access to the PdII-

quinone oxidation state, thus hindering of small molecule transformations requiring 

more than two electrons per equivalent of metal complex. 

Chapter 4 discusses the synthesis of metal complexes supported by a ligand 

containing a 3,5-substituted pyridine moiety as the linker separating the phenylene 
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phosphine donors. Nickel and palladium complexes supported by this ligand were 

found to tolerate a wide variety of pyridine nitrogen-coordinated electrophiles which 

were found to alter central pyridine electronics, and therefore metal-pyridine π-system 

interactions, substantially. Furthermore, nickel complexes supported by this ligand were 

found to activate H–B and H–Si bonds and formally hydroborate and hydrosilylate the 

central pyridine ring. These systems highlight the potential use of pyridine π-system-

coordinated metal complexes to reversibly store reducing equivalents within the ligand 

framework in a manner akin to the previously discussed 1,4-hydroquinone diphosphine 

ligand scaffold. 

Chapter 5 departs from the phosphine-based chemistry and instead focuses on the 

incorporation of hydrogen bonding networks into the secondary coordination sphere 

of [Fe4(μ4-O)]-type clusters supported by various pyrazolate ligands. The aim of this 

project is to stabilize reactive oxygenic species, such as oxos, to study their spectroscopy 

and reactivity in the context of complicated multimetallic clusters. Herein is reported 

this synthesis and electrochemical and Mössbauer characterization of a series of 

chloride clusters have been synthesized using parent pyrazolate and a 3-aminophenyl 

substituted pyrazolate ligand. Efforts to rationally access hydroxo and oxo clusters from 

these chloride precursors represents ongoing work that will continue in the group. 

Appendix A discusses attempts to access [Fe3Ni]-type clusters as models of the 

enzymatic active site of [NiFe] carbon monoxide dehydrogenase. Efforts to construct 

tetranuclear clusters with an interstitial sulfide proved unsuccessful, although a (μ3-S) 

ligand could be installed through non-oxidative routes into triiron clusters. While 

[Fe3Ni(μ4-O)]-type clusters could be assembled, accessing an open heterobimetallic 

edge site proved challenging, thus prohibiting efforts to study chemical 
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transformations, such as hydroxide attack onto carbon monoxide or carbon dioxide 

coordination, relevant to the native enzyme. Appendix B discusses the attempts to 

synthesize models of the full H-cluster of [FeFe]-hydrogenase using a bioinorganic 

approach. A synthetic peptide containing three cysteine donors was successfully 

synthesized and found to chelate a preformed synthetic [Fe4S4] cluster. However, 

efforts to incorporate the diiron subsite model complex proved challenging as the 

planned thioester exchange reaction was found to non-selectively acetylate the peptide 

backbone, thus preventing the construction of the full six-iron cluster. 
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