
PALLADIUM-CATALYZED ASYMMETRIC ALLYLIC ALKYLATION: INSIGHTS,

APPLICATION TOWARD CYCLOPENTANOID AND CYCLOHEPTANOID

MOLECULES, AND THE TOTAL SYNTHESIS OF SEVERAL

DAUCANE SESQUITERPENES

Thesis by

Nathan Bruce Bennett

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2013

(Defended June 7, 2013)



ii

© 2013

Nathan Bruce Bennett

All Rights Reserved



iii

To my wife,
Chanel, and
my son, Eli



iv

ACKNOWLEDGEMENTS

Brian frequently refers to the graduate school experience as “a marathon and not a

sprint.”  While this sentiment expresses the exhaustive nature of the effort that

necessitates pacing oneself, the metaphor also suggests a reward is achieved upon

completion of the task.  Ultimately, my graduate experience has been immensely

rewarding, and one of the greatest aspects of that is finally seeing my last five years of

work condensed into this volume.  Gratefully, the “race” that encompasses this pursuit

was not run alone and I have many to thank for inspiring, encouraging, and helping me to

attain my doctorate.

First, I would like to thank Brian Stoltz for being my advisor.  When I was

accepted to Caltech, Brian allowed me to begin my research early, before classes started

in the fall.  This arrangement was made with the understanding that I may ultimately join

another lab.  I have always been very grateful to him for supporting me as I adjusted to

graduate life over that summer, since I know this time was more beneficial for me than

for him.  Close to the end of my graduate experience, Brian also arranged postgraduate

funding for me before my postdoc was set to begin.  I really appreciate how he has helped

me provide for my family.

In the lab, Brian has granted a fair amount of flexibility on my projects,

encouraging me to focus on the problems I found exciting and to even explore reactions

outside of my main pursuits.  This freedom has allowed me to try a variety of

transformations and learn multiple techniques.  In these efforts, Brian has provided

numerous ideas on how to overcome difficult obstacles, and I quickly learned that the

reactions he suggests almost always work and usually helped me get past the problem I



v
was facing.  I also enjoyed the time I spent in his office crafting my research into the

outline of a paper, working side by side as everything came together.

Brian is also an excellent instructor.  I have had the privilege to not only take a

class from him, but have also served as his teaching assistant while he lectured the

undergraduate organic series.  He teaches his courses with great depth and clarity, and I

know his students appreciate him.

My committee members have also been very helpful during my time at Caltech.

Professor Sarah Reisman began teaching at Caltech at the start of my program, and we

incidentally had our sons around the same time.  From a number of experiences, I have

come to think of Sarah as a friend.  She has been especially supportive over the last few

months and has served as somewhat of a surrogate advisor while Brian has been away.

Sarah has offered a lot of advice on my most recent research, and I am particularly

appreciative of her insight into samarium diiodide reductions.  Most importantly, I am

very grateful for her willingness to have acted as my committee chairman.

Professor Linda Hsieh-Wilson is kind and has provided helpful suggestions at my

yearly committee meetings.  In my third year meeting, she gave me some of the best

advice that I have received while at Caltech with regards to the direction of my project.

Dr. Scott Virgil has an expansive knowledge of chemistry and will find an answer

to any question you have.  In addition to serving on my committee, Scott has assisted me

in the laboratory on numerous occasions.  The high-throughput screen that is discussed in

Chapter 1 of my thesis would not have been realized without him.  I would also like to

thank Scott for his help with a difficult hydrogenation I had in my daucane sesquiterpene

project.  His wife, Silva, has also been extremely kind to my family and me.  We had a



vi
wonderful time at their home one evening and enjoy seeing her at department and holiday

parties.  They are warm and generous people that I am so happy to have come to know.

I ambushed Professor Greg Fu to ask him to be the final member of my

committee while he was visiting from MIT for a recruiting weekend prior to his move to

Caltech.  He had never met me before, but did not hesitate to accept.  I am grateful for the

time he has taken to offer advice on my research, proposals, and a publication we were

preparing for submission.

While at Caltech, I have been blessed to work with numerous graduate students

and postdocs.  When I began my graduate studies, we were located in the Crellin building

and my first baymate was Jenn Stockdill.  As I was a young and inexperienced graduate

student, Jenn taught me a lot of laboratory techniques and helped me set up my first LDA

reaction; I have since run many.  I credit Jenn for introducing me to “Wait, Wait Don’t

Tell Me” and Billy Joel, both of which I now listen to frequently.  Jenn is currently a

professor at Wayne State University and I wish her the best.

With our move to the Schlinger laboratory, I shared a hood with Allen Hong.

Allen is a persistent and detail-oriented scientist.  He is always positive, even when things

are not going as expected.  We have worked on several projects together that have

resulted in a number of publications; our joint efforts encompass Chapter 2 of my thesis.

Allen is now a postdoc at UC Irvine with Prof. Chris Vanderwal.  When Brian heard that

we would both be moving to Irvine for our postdocs, he jokingly suggested that we find

some way to continue our collaborative efforts.  I am really grateful for Allen’s

friendship and for all of the projects we have worked on together.



vii
I have had a number of other baymates over the last five years.  Dr. Chris Henry

taught me a lot about laboratory technique and NMR analysis.  He likely looked at every

spectra during my first year and helped me figure out coupling constants on several

occasions.  I am grateful for his friendship in the lab and on the basketball court.  Nat

Sherden taught me so much about the mechanistic aspects of the Tsuji allylation and

Futurama.  Max Loewinger is a good friend with an infectious excitement for chemistry.

Seojung Han is one of the most diligent chemists I have met.  Dr. Wen-Bo (Boger) Liu

was a great collaborator on the allylic alkylation research; our joint work is discussed in

Chapter 1 of my thesis.  I also appreciate all of the things he has proofread for me.

Chris Gilmore and Pam Tadross became great friends to my wife and I.  Chris and

his hoodmate, Dr. Florian Vogt, kept things lively in our bay.  Flo instituted weekly

Queen and ABBA nights, and I credit him for my interest in classic music.  Between the

two, there was always an interesting conversation or podcast coming from their hood.

Although not my baymate, Pam was particularly helpful in sculpting my development as

a chemist.  She read almost everything I wrote before she graduated, and I always

appreciated her straightforward comments and insights.  She will make an excellent

professor one day because she cares about others and works tirelessly to see them

succeed.  I appreciate how Pam and Chris always talked with my wife at group parties

and kept her involved, and how they were so excited for the birth of our son.  We are so

happy they found each other and got married.  It was also great to meet Chris’ parents

upon their move to Pasadena.  They are awesome people, and we’ve enjoyed visiting

with them at their home and various group parties.



viii
Thomas Jensen is one of the best examples of an organic chemist I have seen.  He

set up so many reactions on a daily basis and was extremely diligent at getting things

done.  I remember one day when his hoodmate thought he had run more reactions than

Thomas only to discover Thomas had actually set up a robotic screen that crushed the

hoodmate’s number.  My goal everyday was to strive to be a little more like Thomas.

The research presented in Chapter 1 was performed in conjunction with Doug

Duquette.  While I wrote the paper, Doug finished collecting the laboratory data we

needed.  I was really impressed with how quickly he took care of everything and how fast

we got that paper out.  Doug is a great scientist and I am happy to have worked with him.

I am also grateful to Drs. Jimin Kim, Wen-Bo (Boger) Liu, Alex Marziale, and Doug

Behenna for contributing to these efforts.

Although not discussed in my thesis, I recently began working with Kelvin Bates

on a collaborative project with Professors Paul Wennberg and John Seinfeld where we

are making compounds that are hypothesized to exist in the atmosphere.  Kelvin had no

prior synthesis experience, but he has learned quickly and I know he will do well.

There have been many people in our lab during my time here.  In my year, Alex

Goldberg, Jonny Gordon, and Boram Hong have been great.  Early on, Alex, Jonny, and I

played basketball weekly.  A number of students who preceded me had good advice and

helped in my development including Mike Krout, Kevin Allan, and John Enquist.  I know

that I have inevitably neglected many that I have interacted with, and I greatly apologize

for this.  So many have contributed to my graduate experience, and it has been a great

pleasure to work with my fellow Stoltz group members.



ix
I must also thank several others for editing my proposals and thesis.  Doug

Duquette, Christopher Haley, Dr. Alex Marziale, Nick O’Connor, Gloria Sheng, and

Ximena De Silva Tavares Bongoll each read one of my proposals.  They provided

invaluable perspective on the chemistry I proposed and caught all of the mistakes I made.

I am also extremely grateful to Jeff Holder, Kelly Kim, Katerina Korch, Dr. Wen-Bo

(Boger) Liu, Yiyang Liu, Nick O’Connor, and Beau Pritchett for reading and editing

portions of my thesis.

In addition to the awesome students and postdocs at Caltech, we have the highest

quality of staff.  Agnes Tong is very understanding and really takes the time to listen.

She was always willing to work out teaching assignments and other things to

accommodate my schedule.  Agnes does so much for the department and still finds time

to care about each of the students individually.  This is extremely challenging, but she

juggles it all beautifully.

On the scientific side, Dr. David VanderVelde has helped me obtain and analyze

numerous NMR spectra.  He has taught me a lot about the experiments that are available

and showed me how to run and interpret them.  I really enjoyed the variable temperature

experiment we performed to resolve atropisomers that is discussed in Chapter 2.  Dr.

Mona Shahgoli and Naseem Torian have provided a mass for every compound that I

submitted.  This has often proved somewhat challenging, as many of the molecules I

made toward daucene are greasy and hard to ionize.

Assistant Dean Natalie Gilmore has also been amazing and has helped my family

immensely.  She listened to our needs, especially as we were preparing for the birth of



x
our son, and has helped us in so many ways.  We are indebted to her for her many

kindnesses, especially for my appointment as an ARCS foundation scholar.

The ARCS foundation is a wonderful organization that recognizes and supports

both undergraduate and graduate students who are pursuing degrees in science.  My wife

and I are so grateful for the fellowship they provided us.  I have always enjoyed meeting

with the different members during our yearly luncheon.  They are kind people who care

about our country’s future and are striving to promote American innovation by funding

scientific research.

I would not have arrived at Caltech without the guidance and direction of several

professors from my undergraduate experience.  The most influential of these was Prof.

Steven Fleming.  I worked for “Doc” during my junior and senior years performing

research on a photochemical rearrangement.  Doc believes in his students and pushes

them to be their best.  He met with us late in the evening every week where we went

through countless organic chemistry problems.  I learned so much from these sessions

and from his physical organic chemistry course.  Ultimately, Doc taught me to think like

an organic chemist.  Our weekly group meetings and the parties at his home are some of

the best memories from my time at BYU.

While at BYU, I also performed research jointly under Professors Noel Owen and

Steven Wood.  Dr. Owen took a chance accepting me into his lab since my only previous

interaction with him had been as a student in a religion class he taught.  My time spent

isolating bioactive metabolites from plant endophytes contributed greatly to my interest

in the total synthesis of natural products.  One of the experiences I enjoyed with Professor



xi
Wood was the trip that several students and I took with him to an ACS regional meeting

in Nevada where we presented a poster on our research.

Although I never performed research in his lab, I am also deeply indebted to

Professor Steven Castle.  Professor Castle taught my advanced organic chemistry

laboratory course, which helped cement my desire to pursue graduate studies in organic

synthesis.  I learned to solve and love NMR problems in this class, and to this day, 2D

NMR spectra are one of my favorite aspects of research.  I also served as a teaching

assistant to Dr. Castle for the same course and learned a lot under his guidance.  I am

especially grateful for the many times he has written letters of recommendation on my

behalf.

Finally and most importantly, I would like to thank my family.  My parents have

been so supportive of my education.  When I was little, my mother and father set a

wonderful example on the importance of learning and pushed me to perform.  I loved

school and wanted to do well because of them.  I remember my mother staying up with

me in fifth grade to help finish my state report the night before it was due.  In high

school, she taught me how to write and edited all of my papers.  While growing up, my

father helped me figure out math and science.  I appreciated how he would discuss with

me what college classes I should take.  His guidance on my career has been so helpful.  I

am so grateful for their interest in my undergraduate education and that they encouraged

me to pursue my doctorate.  Chanel’s family has been equally supportive and accepted

me as one of their own from the start.  They have kept me well fed and provided

numerous sweets.  I love being in their home and have so many memories from time

spent there.



xii
I first met my wife, Chanel, at the beginning of my graduate studies and we were

married shortly thereafter.  It was good we met when we did, as I do not know how I

would have gotten through everything without her.  The timing of our meeting and

courtship likely helped her deal with my long hours in the lab since this is the only life

we have known together.  She is a fabulous wife and mother.  Our son, Eli, is so much

fun.  I love how he would wave and say, “bye-bye” from the front door as I headed off to

the lab every morning, and I was always so happy to see his smiling face when I returned.

I love them both so much and am so grateful for their love and support.



xiii

ABSTRACT

The asymmetric construction of quaternary stereocenters is a topic of great

interest in the organic chemistry community given their prevalence in natural products

and biologically active molecules.  Over the last decade, the Stoltz group has pursued the

synthesis of this challenging motif via a palladium-catalyzed allylic alkylation using

chiral phosphinooxazoline (PHOX) ligands.  Recent results indicate that the alkylation of

lactams and imides consistently proceeds with enantioselectivities substantially higher

than any other substrate class previously examined in this system.  This observation

prompted exploration of the characteristics that distinguish these molecules as superior

alkylation substrates, resulting in newfound insights and marked improvements in the

allylic alkylation of carbocyclic compounds.

General routes to cyclopentanoid and cycloheptanoid core structures have been

developed that incorporate the palladium-catalyzed allylic alkylation as a key

transformation.  The unique reactivity of α-quaternary vinylogous esters upon addition of

hydride or organometallic reagents enables divergent access to γ-quaternary

acylcyclopentenes or cycloheptenones through respective ring contraction or carbonyl

transposition pathways.  Derivatization of the resulting molecules provides a series of

mono-, bi-, and tricyclic systems that can serve as valuable intermediates for the total

synthesis of complex natural products.

The allylic alkylation and ring contraction methodology has been employed to

prepare variably functionalized bicyclo[5.3.0]decane molecules and enables the

enantioselective total syntheses of daucene, daucenal, epoxydaucenal B, and 14-p-

anisoyloxydauc-4,8-diene.  This route overcomes the challenge of accessing β-substituted

acylcyclopentenes by employing a siloxyenone to effect the Grignard addition and ring

opening in a single step.  Subsequent ring-closing metathesis and aldol reactions form the

hydroazulene core of these targets.  Derivatization of a key enone intermediate allows

access to either the daucane sesquiterpene or sphenobolane diterpene carbon skeletons, as

well as other oxygenated scaffolds.
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