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Comment from the President

Kia ora koutou

Winter salutations to you all! I hope this issue finds you in
good health as we complete over half the year of 2022!

In August the borders finally open and we can look for-
ward to a hopefully less restricted flow of international
students and international workers into the country. We
also hope that the supply logistics will improve down
the track. This has caused many a concern not only in
research projects across chemistry and other physical or
natural sciences but also in more humble quarters such
as the supermarket!

In my last column, | talked about a new look NZIC website
which was designed by Brendon Gill. This new style web-
site is now live and you are encouraged, if you have not
done so already, to re-register with it so you can access
it and its new layout. When you do that, please ensure
you use the exact same form of email address you used
to register with the old site as that is what it will only
recognise. It is a great improvement on our previous site
and we are grateful to Brendon for putting in the time to
develop this.

In local news, we were delighted to hear that two of our
members were selected to become Fellows of the Royal
Society of New Zealand (FRSNZ). We offer our heartiest
congratulations to Professors Nigel Perry of Plant and
Food Research and Department of Chemistry, University
of Otago and Professor Christian Hartinger of the School
of Chemical Sciences at the University of Auckland. These
people have been recognised as being at the top of their
fields.

| am pleased to announce we have a new Chemical Edu-
cation Trust (CET) Trustee appointed. As you know this is
a trust set up by NZIC to which schools can apply to cover
chemistry-related supplies for teaching etc. Members are
normally invited to contribute to the CET when renewing
their membership, so | hope that this is a request that is
considered seriously by members as it helps the younger
members of our discipline to learn chemistry in schools
with the benefit of the appropriate equipment and sup-
plies. This in turn also helps our chemistry teachers in
that they can demonstrate and deliver chemistry con-
cepts in a more effective way to their students.

Our new CET Trustee will be Dr Suzanne Boniface from
the Wellington branch. We extend a warm welcome to
her and thank her for accepting our offer to be part of it.
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In overseas news, there have been more appointments
to the editorial board of the journal Physical Chemistry
Chemical Physics (PCCP). The latest appointment is as As-
sociate Editor (AE). When this is formally ratified (a candi-
date has already been formally elected), that announce-
ment will be made.

In other news, we have just learnt that ACES has ap-
proved an Early Career Researcher (ECR) award for our
Institute. One award per year per society is offered, so
this will form part of our suite of awards to apply for this
year. So ECRs please note this. The successful awardee
will receive a generous prize of 1000 Euro and be expect-
ed to give a talk at the NZ national conference and will
also be invited to submit an article to an ACES journal
of their choice. The other news is that Paul Plieger from
Massey University, and who is the NZ representative, has
been elected the new President of ACES so we extend to
him our congratulations on this honour.

On the Commonwealth Chemistry front, elections for a
new President and Executive Board have concluded and
have resulted in a new President elect who will be Nev-
ille Coville (South Africa) and two new Executive Board
members, Naumih Noah (Kenya) and Ting Kueh Soon
(Malaysia).

Hopefully many of you are putting in your abstracts for
the next NZIC national conference to be held at the Uni-
versity of Auckland. Remember that Abstract Submission
closes on 12 August 2022.

Take care everyone and keep warm.

Noho ora mai
Michael Mucalo, NZIC President
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NEWS

B AUCKLAND

University of Auckland
EVENTS

B Approximatley 900 graduands re-
ceived degrees or diplomas in the
Science Graduation Ceremony in
May. The ceremony was held in per-
son at Spark Arena.

B The Chemistry Society and Auck-
land University Women in Science
in collaboration with NZIC held the
IUPAC Global Women’s Breakfast on
16 February.

SCHOOL OF CHEMICAL SCIENCES
SEMINARS

The SCS at the University of Auck-
land hosted several seminars:

B Professor Steven L. Castle
(Brigham Young University, Utah,
United States): “New strategies for
the synthesis of unusual peptides
and alkaloids.”

M Dr Andrew Twidle (The New Zea-
land Institute for Plant & Food Re-
search Ltd): “Semiochemicals — de-
ciphering chemical conversations in
nature.”

B Associate Professor Sallyann Har-
bison (University of Auckland): “Fo-
rensic genetics applied to crime in-
vestigation.”

B Dr Farhana Pinu (New Zealand
Institute for Plant & Food Research
Ltd): “Targeted and untargeted me-
tabolomics in grape and wine re-
search.”

B Dr Tristian de Rond (University of
Auckland): “Terpenoid biosynthesis
in the ocean: the search for an elu-
sive class of enzymes.”

B Dr Benjamin Dickson ( University
of Auckland): “Targeting the DNA
damage response: PARP and DNA-

THE CHEMISTRY OF ANCIENT BEAUTY TREATMENTS

Research in the School that investigates the chemistry of ancient
beauty treatments gained recent media attention.

The research, being conducted by Erin Griffey (Art History), Cather Simp-
son, Michel Nieuwoudt and Ruth Cink, seeks to re-create and then anal-
yse cosmetic treatments recorded during the period 1500-1700 AD.

For more, see: https://theconversation.com/remaking-history-how-we-
are-recreating-renaissance-beauty-recipes-in-the-modern-chemistry-

lab-176461
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STAFF SUCCESSES

M Professor Christian Hartinger and
Associate Professor SallyAnn Har-
bison are now Fellows of the Royal
Society Te Aparangi.

Improved SCS computing
capability

B Great news for the Mercadante
group with the addition of their new
in-house GPU accelerated comput-
ing cluster. They will now be able to
perform molecular mechanics calcu-
lations over longer timescales, mak-
ing them highly competitive on the
international stage.

The cluster features 7 dual-GPU
nodes with an optimised coupling
of central and graphical processing
units, in order to extract the best
performances from some of the lat-

4

®

est nVIDIA GPU cards. Performances
have been tested against the exist-
ing GPU acceleration offered by the
New Zealand eScience infrastructure
(NeSl) GPU computing nodes, show-
ing a considerable speed of up of
several nanoseconds/day — with a
maximum increase in performance
of up to 3x!

Orbis Technologies

M Orbis Technologies, a startup com-
pany started by Cather Simpson, Da-
vid Williams and Chief Technical Offi-
cer Matheus Vargas, has announced
an agreement with the Green Cross
chain (including Unichem and Life
pharmacies) to have their testing
platform available in pharmacies.

The initial product would allow cus-
tomers to monitor their SARS-CoV-2
antibody levels (giving an indication
of their immunity), while subse-
quent developmen’éould involve

\ 93
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other health tests.
This initiative was featured in the NZ 8.7 ym
news media, including Radio NZ. For
more, see: https://www.rnz.co.nz/
news/national/463483/covid-19-im-
munity-level-tests-to-go-on-sale-at-

0.0 ym

pharmacies

IMPROVED AFM CAPABILITY IN
SCS

B The height range of SCS’s Origin
AFM has been upgraded to 40 um
which will allow it to image a larger
range of samples. Example images
are shown for a tungsten oxide
air sensor that has been laser ab-
lated to produce high surface area
nanoparticles.

The ~9 um deep channels that were
produced are outside the height
range of our Cypher AFM but well
within that of the upgraded Origin;
the Cypher, however, will continue
to excel at higher resolution imag-
ing and has fast scan times.

STUDENT SUCCESSES

B Congratulations to Dr Shinji Ki-
hara (supervisor: Duncan McGil-
livray) for winning the 2021 L H
Briggs Memorial Prize for Best Doc-
toral Thesis. The Prize is awarded
to the “person adjudged to be the
most distinguished research worker
in the School of Chemical Sciences
who has submitted a thesis for the
degree of PhD in Chemistry, PhD in
Food Science, and PhD in Forensic
Science during the calendar year of
the award.”

The judging panel noted that Shinji
tackled a complex and topical prob-
lem, and that he had built a study
from basic structural neutron scat-
tering methods to study the interac-
tions of proteins with nanoparticles,
through studies of interactions with
tethered bilayers as model mem-
branes up to interactions with cells
in cultu

PHD SEMINARS

B Ali Lowrey, SCS PhD candidate
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Improved AFM capability at the University of Auckland SCS will enable imaging of a

larger range of samples

gave a presentation entitled, “From
the vineyard to the glass — what re-
ally goes into New Zealand wine?” in
the “Raising the Bar Auckland semi-
nar series.”

PHD COMPLETIONS

B Sutharsana Yathursan (supervised
by Associate Professor Viji Saroni ):
“Studies towards the syntheses and
analyses of short peptides as novel
antimycobacterial agents.”

B Yann Hermant (supervised by As-
sociate Professor Paul Harris and
Distinguished Professor Dame Mar-
garet Brimble): “Total synthesis and
CLipPA derivatisation of antimicro-
bial lipopeptides.”

B Eva Antony (supervised by Dr lvan
Leung): “Biochemical and biophysi-
cal approaches to protein ligand and
enzyme inhibitor discovery.”

B Zifei (Linna) Wang (supervised
by Dr David Rennison in Margaret
Brimble’s group): “Nitrobenzoxa-
diazole and dipyrromethene boron
difluoride derivatives of norbormide

as fluorescent probes for live cell im-
aging.”

B Georgina Howard (supervised by
Distinguished Professor Dame Mar-
garet Brimble and Dr Dan Furkert):
“Synthetic studies towards antimi-
crobial therapeutic agents: aspterric
acid and malacidin A.”

B Thomas Grant (supervised by Dr
David Rennison in Margaret Brim-
ble’s group): “Amphiphilic 2,5-dik-
etopiperazines as novel, eco-friendly
antifouling biocides.”

B Navneet Brar (supervised by Dr
Cameron Weber and working in col-
laboration with Dr Laura Raymond,
Dr Warren Grigsby and Dr Stefan Hill
at Scion): “Understanding the effects
of ionic liquids and deep eutectic
solvents on extraction processes.”

Massey University,
Auckland
B Congratulations to Distinguished

Professor Peter Schwerdtfeger who
was elected as a foreign member into
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the Finnish Academy of Science and
Letters: https://www.massey.ac.nz/
about/news/acclaimed-massey-sci-
entist-receives-rare-honour/

B The only other New Zealand mem-
ber is Distinguished Professor Gaven
Martin and both are members of
the New Zealand Institute for Ad-
vanced Study (NZIAS). Peter has also
received the Hans Hellmann lecture
series award by the Philipps Uni-
versity of Marburg. He is currently
collaborating with the nuclear phys-
ics group at Michigan State (Distin-
guished Professor Witek Nazare-
wicz) and the atomic physics group
at CNRS in Paris (Professor Paul In-
delicato) on Gamow states.

B Dr. Odile Smits (NZIAS) received a
Sir Neil Waters Fellowship to work
on superheavy element chemistry
and physics and on phase transitions
in bulk systems.

B Zhirui Mao has recently joined the
Massey Albany team as an MSc stu-
dent working with Associate Profes-
sor John Harrison.

B Earlier this year Jon Kitchen was
promoted to Associate Professor
and we farewelled two staff mem-
bers - senior tutor Dr Marie-Anne
Thelen, who has taken up a position
at the University of Auckland, and
technician Erin Moffet.

AUT
CONGRATULATIONS

B Anau Lautaha was awarded a
prestigious AUT doctoral scholar-
ship and has started her PhD under
the supervision of Professor Nicola
Brasch. Her research will focus on
elucidating the factors that deter-
mine the mechanism of photode-
composition for photoactive HNO
donor compounds.

B Dr Jack Chen has been awarded
a faculty research grant to develop
“Stimuli-responsive nanoscale con-
tainers.”

B Professor Nicola Brasch has re-

,-i-\
o
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Brian Palmer

ceived a faculty research grant to
develop antimicrobial conjugates of
vitamin B ,. This research is being
carried out in collaboration with Dr
Brent Seale and Associate Professor
Yan Li at AUT, and Professor Greg
Cook and Dr Scott Ferguson at the
University of Otago.

B Dr Cassandra Fleming, her PhD
student Ddéra Laczi, and Dr Mark
Johnstone had their article entitled,
“Photoresponsive small molecule
inhibitors for the remote control of
enzyme activity” published in Chem-
istry - An Asian Journal.

B Dr Jack Chen, in work led by col-
laborators at Massey University, has
published an article entitled, “Inter-
facial colloidal assembly guided by
optical tweezers and tuned via sur-
face charge” in the Journal of Colloid
and Interface Science.

Auckland Cancer Society
Research Centre (ACSRC)

STAFF NEWS

B Associate Professor Brian Palmer
retired from the ACSRC mid-2021.
Brian is a PhD graduate from the

Department of Chemistry at the Uni-
versity of Auckland and joined the
Cancer Research Lab (CRL) in 1984.

His early work in the CRL/ACSRC
involved the synthesis of hypox-
ia-activated cytotoxins, which set
the chemistry foundations for work
that continues through to today. His
work led to the development of PR-
104, which entered Phase 1 clinical
trials and the next generation com-
pound CP-506. He then worked on a
series of collaborative projects fund-
ed by Warner Lambert/Parke-Davis/
Pfizer. He was involved in the me-
dicinal chemistry programme that
produced CI-1033, aka canertinib,
the first irreversible tyrosine kinase
inhibitor to go into human clinical
trials for cancer. He then led a me-
dicinal chemistry team for a series
of multidisciplinary projects, pre-
paring inhibitors of kinase enzymes
involved in cell cycle control and cell
signalling. This segued into studies
of gyrase inhibitors as potential an-
tibacterial agents.

Since 2005, Brian has led a medicinal
chemistry group exploring anti-tu-
bercular agents in very successful
collaboration with the Global Al-
liance for TB Drug Development.
This work has resulted in three new
agents which are currently being
evaluated clinically. In his spare time
Brian has also developed a series
of inhibitors of indole dioxygenases
which are being developed by Anti-
do Therapeutics as immune-modu-
lating agents. Brian is an author of
114 research articles and 18 granted
patents and has a very broad un-
derstanding of drug development.
He continues his involvement with
the ACSRC as an Honorary Associate
Professor.

B Associate Professor Gordon Re-
wcastle also retired mid-2021 from
the ACSRC. Gordon is also a PhD
graduate from the Department of
Chemistry at the University of Auck-
land and joined the Cancer Research
Lab in 1980 where he.worked on the
Warner Lambert/Parke Davis/ Pfizer

\ 95
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collaboration until 2004. He worked
across a number of different projects
from DNA intercalators, DMXAA and
other immune modulators, through
to kinase inhibitors.

Gordon’s interest in kinase inhibi-
tors expanded into looking at phos-
phoinosityl-3-kinases  which are
involved in cell signalling pathways
and become dysregulated in cancer
and metabolic disorders. He was the
Pl of three HRC projects and an Al on
numerous other projects exploring
this subject and which resulted in
the commercialisation of PWT33597
through a University spin-out com-
pany, Pathway Therapeutics.

Gordon’s knowledge of heterocyclic
chemistry is encyclopaedic. Starting
from a sabbatical with the legend-
ary Alan Katritzky in Florida, Gor-
don has been responsible for four
comprehensive reviews on aspects
of heterocyclic chemistry, as well as
the author on 108 research articles
and 22 granted patents. Gordon also
continues his involvement with the
ACSRC as an Honorary Associate
Professor.

B We are very pleased to welcome
Dr Daniel Conole to the ACSRC in
2022. Daniel recently won a presti-
gious four-year HRC Sir Charles Her-
cus Health Research Fellowship to
return to the ACSRC from Imperial
College London. He will establish a
next generation drug-screening re-
search programme centred around
DNA-encoded libraries.

This new high throughput screening
technology is faster, cheaper and
more convenient than conventional
methods. |Initially, this technique
will be deployed to discover new
chemical probes for an important
class of deubiquitinase enzymes in
cancer and inflammation, in collabo-
ration with Professor Mike Waring
(Newcastle, UK) and Dr Elton Zeqiraj
(Leeds, UK). Further development
will explore the ACSRC novel drug
collection to increase productivity
and success rates for drug discovery
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Bill Denny with Governor-General Cindy Kiro

screens in collaboration with Associ-
ate Professor Michael Hay.

Daniel gained his PhD in medicinal
chemistry at the University of Auck-
land. He completed postdoctoral
research at the ACSRC, working with
Associate Professor Brian Palmer,
developing anti-TB agents in con-
junction with the Global Alliance for
TB.

Daniel moved to the UK and took up
postdoctoral positions at the Uni-
versity of Oxford and University Col-
lege London. Since 2018, Daniel has
worked with Professor Edward Tate

at Imperial College London to better
understand the importance of deu-
biquitinase enzymes in health and
disease.

B Distinguished Professor Bill Den-
ny recently received the honour of
Knight Companion of the New Zea-
land Order of Merit at a ceremony at
Government House. This is an excep-
tional honour and one that is truly
deserved. Sir Bill has been a member
of the Centre since 1972 and was
Director/Co-Director for almost 40
years. Sir Bill is also an Officer of the
NZ Order of Merit (2003), a member
of the American Chemical Society
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Hall of Fame, the first New Zealander
to be so honoured, a recipient of the
Rutherford Medal (1995), the Gluck-
man Medal (2006), the Vice Chan-
cellor's Commercialisation Medal
(2012), and has received many other
prizes and honours.

Sir Bill’s contributions to drug discov-
ery, both academic and translation-
al, have been phenomenal. He has
published over 730 academic papers
and 20 book chapters. He is respon-
sible, in conjunction with a variety of
academic and industry partners, for
bringing 15 new drugs to clinical tri-
al. Many of these were first-in-class
drugs to reach clinical evaluation
(e.g. amsacrine, DACA, vadimezan,
canertinib, PR-104).

Sir Bill’s productivity and the influ-
ence of his work reflects both the
skills of the multidisciplinary team
he has built in Auckland, and his
extensive academic and industry
partnerships, primarily in the US.
He is a joint founder of the biotech
companies Proacta Inc. and Pathway
Therapeutics, which commenced in
New Zealand before moving to the
US, as well as Kea Therapeutics. In
dedicating four decades of his life to
cancer research at the ACSRC, Sir Bill
has made a singular contribution to
building one of the most respected
cancer research centres in the world.
Ina te mahi, he rangatira.

GRANT SUCCESSES

B Jiney Jose, Peter Choi, David
Ziegler, Maria Tsoli and Bill Denny:
“Targeted therapy for treating paedi-
atric high grade gliomas” - Cure Kids
Foundation, $109,925. This research
aims to develop optimal compounds
to treat brain cancer with increased
efficacy and decreased toxicity com-
pared with currently available che-
mo- and radiotherapeutics.

B Jiney Jose, Peter Choi, Thomas
Park, Chae-Yong Kim, Michael Dragu-
now, Patrick Schweder, Richard Faull
and Bill Denny: “Development of
high-grade glioma targeted therapy
to address tumour heterogeneity and

recurrence” - Neurological Founda-
tion, $253,257. The project aims to
develop therapeutic agents that will
improve survival outcomes and the
quality of life of patients suffering
from high-grade glioma. The specific
objective is to design and synthesise
multitargeted tumour-specific near-
infra red-emitting drug-dye conju-
gates with the ability to cross the
blood-brain barrier and specifically
accumulate in brain tumours.

B Andrew Thompson, Greg Cook
and Veronica Playle: “Antibiotic hy-
brids to combat antimicrobial resis-
tance” - Auckland Medical Research
Foundation (AMRF), $159,991.

Following a lengthy career path
largely funded by external collabora-
tions with Pfizer, TB Alliance and the
Drugs for Neglected Diseases initia-
tive, Dr Andrew Thompson recently
achieved a new milestone by gain-
ing his first major academic grant as
Principal Investigator. This will en-
able him to continue his infectious
disease research through further de-
velopment of an interesting class of
antitubercular/antibacterial agents
with both local and international col-
laborators.

B CANTERBURY

University of Canterbury
Department of Chemistry

SILK PURSE FROM A FOOD WASTE
SOWS EAR

M A research project led by Universi-
ty of Canterbury Environmental Sci-
ence Professor Brett Robinson aims
to find ways to turn waste products
from New Zealand’s food produc-
tion industry, such as milk process-
ing waste and grape marc (skins and
stalks), into high-value soil condi-
tioners and animal feed.

Details of the project can be found
at: https://www.canterbury.ac.nz/
news/2022/plan-to-transform-food-
processing-waste-would-boost-nz-
economy-and-environment.html

MICROPLASTICS

B Sally Gaw, professor of environ-
mental science, was on Breakfast on
7 April talking about microplastics.
These are miniature plastics, gener-
ally smaller than 5mm in width. Sally
commented on a European study
published in the journal Environ-
ment International which had sur-
veyed 22 people and found micro-
plastics in the blood of 17.

Sally’s interview can be found
at: https://www.1news.
€0.nz/2022/03/29/theyre-every-
where-microplastics-found-in-

human-blood/

B A UC Connect public lecture on
“Airborne microplastics and climate
change” was presented by Associ-
ate Professor Laura Revell, Environ-
mental Physics, School of Physical &
Chemical Sciences, on 18 May.

New research led by Laura has found
there could be ten times more air-
borne microplastics in New Zea-
land homes than outside. Synthetic
materials used in carpets, curtains
and clothing are to blame, and can
be stirred up by walking around the
house:

https://www.canterbury.ac.nz/
news/2022/airborne-microplas-
tics-and-climate-change.html
and https://www.stuff.co.nz/
environment/128687454/not-
so-safe-at-home-new-research-
points-to-higher-airborne-micro-
plastic-levels-indoors

PHD DEFENCE

B Liam Carroll successfully defended
his PhD thesis on 27 April. Liam’s thesis
was titled, “Covalently-bound organic
modification of transparent semicon-
ducting oxides: effects on the elec-
tronic surface properties” and was
carried out under the supervision of
Professor Alison Downard with co-su-
perviser Professor Martin Allen. The
viva voce exam was conducted by
Professor David Williams (Auckland)
with Associate Professor Simone Ci-
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ampi (Curtin University) as the exter-
nal examiner and Vladimir Golovko
as the exam chair.

B Congratulations to Hayley Jensen
(SPCS), who successfully defended
her PhD thesis entitled, “A compara-
tive assessment of lesser-studied
trace elements in the soil plant sys-
tem: implications for environmental
quality.” Hayley was supervised by
Brett and Sally, as well as Nik Lehto
and Peter Almond from Lincoln Uni-
versity.

B MANAWATU

PHDs SUCCESSFULLY DEFENDED

B Harikrishnan M. Kurup success-
fully defended his PhD thesis titled,
“Design, synthesis, and evaluation of
single-stranded DNAs as inhibitors
of APOBEC3 enzymes.” Harikrishnan
was supervised by Associate Profes-
sor Vyacheslav V. Filichev, Dr Elena
Harjes and Professor Emeritus Geof-
frey B. Jameson. After finishing his
PhD, Harikrishnan has continued
working on the APOBEC3 project as
a research officer funded by a grant
from the HRC-breast cancer research
partnership.

B Sashikumar Ramamirtham suc-
cessfully defended his PhD thesis
titled, “Structure-rheology relation-
ships of protein-polysaccharide com-
plexes at oil/water interfaces.” The
outcome was a pass with minor
emendations.

B Arka Gupta successfully defended
his PhD thesis titled, “Development
of novel anthelmintics to overcome
the drug resistance problem in nem-
atode infested ruminants.” The out-
come was a pass with minor emen-
dations.

B Andy Li successfully defended his
PhD thesis titled, “Characterisation
of pseudogene-like EP400NL in chro-
matin remodelling and transcription-
al regulation.” The outcome was a
pass with minor emendations.
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Scenes from the Otago Chemistry Department Postgraduate Boot Camp.

B OTAGO

B On 22 April the second depart-
mental Postgraduate Boot Camp was
held. This was well attended with ev-
eryone presenting a 5-minute talk on
their research. The quality of all the
talks was extremely high, and the ca-
sual environment led to some great
questions and discussions. The boot

camp organisers are grateful to re-
ceive funding from NZIC to sponsor
prizes.

The awards went to China Payne
(Best Talk), Samuel Harris (People’s
Choice), Kathy Sircombe (Best Un-
derstanding of Project), Peter Re-
moto (Most Creative Talk) and Chris
Mills (Prettiest Diagrams). Well done
to everyone. A special mention must

University of Otago, Department of Chemistry

Professor Nigel Perry
(Plant & Food Re-
search and University
of Otago Chemistry)
was one of 23 new
Fellows of the Royal
Society Te Aparangi
honoured on 28 April
in Wellington.

Each has recorded

a video about their
work, available now
on the Society’s web-

site at: https://www.royal-
society.org.nz/who-we-are/

our-people/our-fellows/
new-fellow-seminars/2021-
new-fellow-seminars/
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go to Ciaran Ward for his efforts be-
hind the BBQ! The day was rounded
off with some friendly competition,
ranging from three-legged races and
egg tossing, to a “pub” style quiz.

TRAVEL GRANT

W The Otago branch of the NZIC is re-
ally pleased to support student travel
grants. The following is a travel re-
port from Catherine Ross:

“From the 22 to 25 November 2021, |
attended the Federation of Asian and
Oceanian Biochemist and Molecular
Biologists 16" Congress online. This
event brings together 7 societies that
fall under FAOBMB’s banner. This
gives a varied program with speakers
from many different specialties.

"Although some of these talks are
outside of my research area, | tried
to attend as many as | could. One talk
| found really interesting was from Dr
Emily Leproust of Twist Bioscience (a
sponsor of the conference). She de-
scribed how they are using DNA to
store data, as due to the nature of
DNA, it is a form of information stor-
age that will always be able to be in-
terpreted unlike other formats such
as VCRs and DVDs which fade into
obsolescence.

"Another session | enjoyed was
the drug discovery parallel session
which included a talk from Prof Mark
Blaskovich from the University of
Queensland. His lab is looking at the
development of octapeptins as novel
antibiotics which can overcome poly-
myXxin resistance.

"Although the conference was on-
line there was a session where we
could network. This involved being
randomly sorted into a room with 3
others to chat. This was a nice way to
round off the first day of the confer-
ence and | got to meet students from
universities around New Zealand and
discuss our research.

"On Wednesday evening | presented
my poster in the medicinal chemistry

U]
E H

WELLINGTON: Rose McLellan (supervised by Emily Parker) (left) and Thathsaranie
Manthrirathna (supervised by Bridget Stocker, Emma Dangerfield and Mattie Timmer)
(right, centre) have completed and defended their PhD theses and graduated in May.
Special congratulations to Rose for making the Dean’s List for Excellence.

category. In preparation | had also re-
corded a 2 min video discussing the
poster. | did not have many people
ask questions but | did connect via
video call with Dr Jennifer Payne
from Monash University and had a
great discussion with her about her
interest in our prodrug system and
her similar work in attaching im-
mune beacons to antibiotics to pro-
mote swift infection resolution.

"The creation of my poster was dif-
ficult due to intellectual property
limitations on the data | could pres-
ent. However, | feel this conference
was a good introduction to present-
ing my work and gave me some ideas
for how | would like to present at the
future conferences.”

B WAIKATO

University of Waikato

M Congratulations to Zahida Zia who
has completed her PhD with Michael
Mucalo. Her thesis was on the use of
natural material composites to re-
move heavy metals from water and
she was supported by a Pakistan HEC
scholarship.

B Sam Murray, supervised by Mi-
chele Prinsep (with other supervi-
sors, Tim Harwood and Jonathan
Puddick at Cawthron), has suc-
cessfully defended his thesis on
characterisation of cyclic sulfated
polyethers produced by toxic Gam-
bierdiscus species.

B Michéle Prinsep gave an invited
webinar to the American Society
of Pharmacognosy on “Probing the
chemistry of nudibranch interactions
with their prey.”

B WELLINGTON

Branch activities have largely been
on hold during the Covid-19 wave,
but at time of writing (May) we are
making plans for the remainder of
the year, with seminar presenta-
tions, a chemistry-related outing,
our annual secondary schools quiz
and the President’s visit to look for-
ward to.

VUW

B We've had a number of excellent
seminars in the past few months,
with PhD completion presentations

99



Chemistry in New Zealand July 2022

from Drs Anindita Sen (Colorimet-
ric aptasensors for the detection of
methamphetamine in saliva), Alek-

d!rr‘iﬁE B

—y

sandra (Sasha) llina (Ultrafast dy- - S j

namics of the eumelanin pigment)
and Rose McLellan (Unravelling the
biosynthesis of aminoacylated in-
dole diterpenes through heterolo-
gous pathway reconstruction). The
May visit of Professor Steven Castle
(Brigham Young University, Utah)
was our first international speaker
presenting in person for over 2 years.
His seminar (New strategies for the
synthesis of unusual peptides and al-
kaloids) described elegant chemistry
for the synthesis of yaku’amide A and
analogues, as well as incorporation
of dehydroamino acids into peptides.

B Drs Mat Anker and Nate Davis re-
ceived VUW Early Career Research
Excellence Awards — congratulations
to both for this well-deserved hon-
our!

B The Ferrier Research Institute was
involved in April’s ‘“Tech Bootcamp’,
initiated by the Robinson Research
Institute, in which Maori and Pasifika
students eager to discover STEM ca-
reers spend a week doing hands-on
work with scientists. The bootcamp
was run in conjunction with the Tau-
hara North No.2 Trust (Ngati Tahu
and Ngati Whaoa).
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Inhibitors to rescue enzyme function: a counterintuitive
strategy to treat rare diseases
LUCENA (LUCY) A. HUGHES,* SCOTT A. CAMERON AND FARAH LAMIABLE-OULAIDI

The Ferrier Research Institute, Victoria University of Wellington, 69 Gracefield Rd, Lower
Hutt, New Zealand (email: lucy.hughes@vuw.ac.nz)

Keywords: enzyme, inhibition, metabolic disorder, pharmacological chaperone, protein

Enzymes are the workhorses of bio-
logical systems, so it is not surpris-
ing that enzyme deficiencies due
to genetic mutations are the cause
of many inherited disorders. Such
disorders have a wide range of ob-
served pathologies: relatively mild
symptoms are experienced for lac-
tose intolerance, whereas disorders
such as Krabbe disease result in
death within the first couple of years
of life. Over half of the mutations re-
corded for the human genome are
missense mutations and result in nu-
merous diseases as a consequence
of protein misfolding.!

Pharmacological chaperones (PCs)
are small molecules that act as mo-
lecular scaffolds to facilitate refold-
ing of aberrant proteins with intact
active sites to rescue their function.
Proteopathies (protein misfolding
diseases) are thus targets for treat-
ment using PCs. This approach was
first applied to the treatment of ly-
sosomal storage disorders (LSDs)
and is the focus of this brief review.
PC therapeutic strategies will be dis-
cussed, using lysosomal enzymes to
illustrate therapeutic mechanisms
of action in the context of LSDs and
beyond.

Lysosomal storage disorders
and the shortcoming of current
treatments

Lysosomal storage disorders (LSDs)
are a subgroup of diseases arising
due to enzyme deficiencies, consist-
ing of over 70 different monogenic
disorders.? Although the worldwide
incidence of any one of these indi-
vidual LSDs is rare, together they
occur once in every 5,000 births,

Te Kauru
Ferrier Research Institute

VICTORIA UNIVERSITY OF

WELLINGTON

TE HERENGA WAKA

Lucy Hughes is a PhD candidate at the Ferrier Re-
search Institute, having graduated with BSc(Hons)
in 2021 from the University of Otago. Lucy is
working under the supervision of Drs Lamiable-
Oulaidi and Cameron on the preparation of phar-
macological chaperones for galactosylceramidase.
She is also working on solving the transition-state
structure of this enzyme.

Scott Cameron undertook both his BSc(Hons)

and PhD in chemistry at the University of Otago
with Prof. Sally Brooker. After a postdoc with Prof.
Vern Schramm at the Albert Einstein College of
Medicine (New York), he returned to the Ferrier
Research Institute in 2017. His research interests
are focused on enzymatic transition-state analy-
sis, inhibitor design, and building bespoke instru-
ments. In his spare time, he is also the institute
crystallographer.

Farah Lamiable-Oulaidi undertook both her
MSc(Hons) and PhD in chemistry at the Univer-
sity of Orleans (France) with Prof. Olivier Martin,
investigating the use of iminosugars as pharma-
cological chaperones of multiple enzymes. This
was followed by two postdocs and a temporary
lecturer position. She now leads a team inves-
tigating chaperones of enzymes involved in
lysosomal storage disorders. Her research inter-
ests are focussed on nucleoside and iminosugar
enzyme inhibitor design and synthesis.

The Ferrier Research Institute — Te Kauru investigates is-
sues related to health, wellbeing, and the sustainability of
our environment. Our science is all about nature-inspired
new molecules and the ways they can be used to build a
better world. Our expertise is in synthetic chemistry and
analysis, synthetic and chemical biology, chemical immu-
nology, and natural product isolation.
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Impaired vision, blindness
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o
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N Impaired hearing, deafness
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Organomegaly
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Niemann-Pick, Gaucher,
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Enlarged bone marrow cavities,
thinned bones, distorted bone shape,
osteoporosis

Niemann-Pick, Gaucher,
Galactosialidosis, MPS & subtypes,
Fucosidosis

_ 4

Fig. 1. Examples of organs impacted by different LSD subtypes, with the symptoms italicised. Created with biorender.com.

impacting a large proportion of the
population. The lysosome itself is
a cellular organelle considered to
be the ‘recycling centre’ of the cell,
primarily responsible for the break-
down of proteins, polysaccharides
and lipids into their respective build-
ing blocks for destruction and reuse.?
This breakdown is maintained by the
balanced cooperation of over 60 dif-
ferent acidic hydrolases, lysosomal
membrane proteins, activator pro-
teins, transport proteins and non-
lysosomal proteins.*

An inherited mutation in any one
of the genes that encode this suite
of lysosomal proteins can therefore
lead to impaired processing and deg-
radation of metabolites, giving rise
to an LSD.

A common biochemical feature of
this group of proteopathies is the
accumulation of unprocessed me-
tabolites inside organelles of the
endosomal-autophagic-lysosomal
(metabolic) system, hence the name,
lysosomal storage disorder.? Lyso-
somes are ubiquitous across eukary-
otic cells; consequently, the effect of
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an accumulated substrate in cellular
compartments affects a wide vari-
ety of tissues (Fig. 1). The particular
substrate that is stored and the as-
sociated site of accumulation varies
between disorders as a result of dif-
ferent metabolic functions occurring
within different tissues.® This storage
impairs cellular functions, initiating
a cascade of secondary downstream
biochemical effects, including apop-
tosis.>®

There are a vast number of genetic
mutations and associated LSD varia-
tions, making treatment of this di-
verse group of disorders difficult.
Despite this and the rarity of these
diseases, over the last few decades,
we have seen the emergence of sev-
eral therapeutic options that can de-
crease or relieve substrate build-up

(Fig. 2).

The common drawback of these
treatments is the limited capability
to treat the most severe manifesta-
tions of LSDs that impact the ner-
vous system, accounting for 75% of
these disorders.® The blood-brain
barrier (BBB), a layer of endothelial

cells serving as a protective interface
between the brain and systemic cir-
culation, prevents several of these
treatments from acting within brain
tissue. For haematopoietic stem cell
therapy (HSCT), one of the main ad-
vantages reported in many reviews is
the ability for stem cells to cross the
BBB to engraft and proliferate into
the brain.

However, many studies suggest that
HSCT only slows the progression of
symptoms, and is not sufficient to to-
tally prevent neurological damage.”
Likewise, although small molecule
inhibitors applied for use in substrate
reduction therapy (SRT) can cross
the BBB to act in the brain, inhibiting
normal biosynthetic pathways used
for the construction and catabolism
of essential cellular components is
not a desirable therapeutic approach
for any LSD.®

The fact that all these treatments
cannot be applied for the treatment
of severe, neurological LSDs demon-
strates a clear need for an alternative
therapeutic approach.
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Pharmacological chaperones
for lysosomal storage disorders:
inhibitors to the rescue

Lysosomal enzymes are synthesised
in the rough endoplasmic reticulum
in an unfolded state as precursor
polypeptides. These polypeptides
must be transported through the
complex cellular environment, in-
cluding the endoplasmic reticulum
and Golgi apparatus, where they
become functionalised, folded and
further matured before being deliv-
ered to the lysosome to assume their
catabolic function.” Some mutations
may result in incorrect folding of
these polypeptides; partially folded
or misfolded proteins may expose
hydrophobic amino acid residues
that would normally be buried in the
core of their native conformation.

These exposed regions drive the con-
centration-dependent formation of
aggregates of aberrant proteins.’®!
These aggregates are toxic, and their
accumulation has been implicated in
several neurodegenerative disorders
such as Alzheimer’s and Parkinson’s
disease.'? Some mutant proteins may
still retain partial or even full catalyt-
ic capability despite their mutations.
However, such abnormal proteins
are usually broken down by the cell’s
protein quality control process, via
the endoplasmic reticulated-associ-
ated degradation (ERAD) pathway,
which utilises the proteolytic activity
of the proteasome.’® 13

The hypothesis behind the PC thera-
peutic strategy is that if misfolded
mutant proteins could acquire a
near-native conformation and suc-
cessfully pass through the cell’s
quality control process, then these
proteins could still perform their cat-
alytic roles if trafficked to their site
of utility, in our case the lysosome.
In 1999, Fan and co-workers pub-
lished an article in Nature Medicine,
showcasing the ability of a competi-
tive enzyme inhibitor to enhance the
function of a mutant enzyme.** They
found that 1-deoxygalctonojirimycin
(1-DGJ), a potent inhibitor of the ly-

A. Enzyme Introducing a
Re Iacyement recombinant enzyme to
Theprapy (ERT) replace the deficient
enzyme
« Breaks down excess + Fortnightly IV

substrate infusions
« Effective for - 888
non-neurological LSDs + Cannot cross

@

C.

Correcting the
disease-causing
mutations by introducing
normal genes

Gene therapy
(in clinical
development)

« Could + Invasive intracranial “
permanently injections required to
correct LSD reach brain

+ No donor » No approved
needed treatments yet

C
Sadn

+ Oral « Interruption of
medication biosynthetic .
+ Canbe pathways
designed to - Off-target side

@D
cross the BBB effects (¥

Substrate Block production of the
Reduction Therapy accumulated substrate
B (SRT) to reduce storage

Stem ceJIs can

« Only slows symptom
'& progression
= Cou[d + Must occur before
permanently onset of symptoms
correct LSD + Needs a donor match

Haematopoetic Stem cell transplant to
Stem Cell Th provide patient with healthy
em Le €rapY  stem cells that will produce

D. (Hsc) the deficient enzyme

Fig. 2. Summary of LSD treatments (excluding PC therapy).
Black text = description of therapy, green text = advantage of therapy,

red text = disadvantages of therapy.
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Fig. 3. Proposed mechanism of action for pharmacological chaperones enhancing

enzyme activity in the lysosome.

sosomal enzyme a-galactosidase A,
was able to increase the activity of
two mutant forms of this enzyme by
7- or 8-fold.**

This pioneering work was one of the
first descriptions of what we now
refer to as pharmacological chaper-
ones (PCs). PCs are small molecules
that selectively and reversibly bind
to the active site of mutant proteins
with high affinity.” In doing so, PCs
act as molecular scaffolds that facili-
tate the folding of these proteins into
their correct native conformation,
thereby preventing them from being

Made using BioRender.com

degraded by the ERAD pathway.*’
The mutant protein can then under-
go further maturation, before finally
being trafficked to the lysosome to
assume its catabolic role. Once the
enzyme-chaperone complex is there,
the high concentration of accumulat-
ing substrate should displace the PC
and subsequently be broken down
(Fig. 3).2%° However, this PC strategy
is only amenable to mutants that
leave the protein catalytically active.

Fan and co-workers also reported
thatthe residual activity of the target-
ed enzyme could only be increased
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to a certain extent since at high PC
concentrations undesired enzyme in-
hibition becomes dominant.** There-
fore, potent competitive inhibitors
should be administered at sub-inhib-
itory concentrations in order to act
as PCs and enhance enzyme activ-
ity.}” 20 Recently, a new class of PCs
has emerged to overcome the chal-
lenging balance between inhibition
and chaperone effect. In this case,
PCs are designed to bind to alloste-
ric binding pockets of misshaped en-
zymes, in contrast to the active-site
binding PCs. Notably, detailed struc-
tural information used to guide the
design and development of suitable
PCs is more readily available for en-
zyme active sites compared to allo-
steric binding sites.®

Competitive inhibition is required
for active-site targeted PCs, as the
concentration-dependent exchange
of inhibitor by the substrate is vital
to achieve catabolic activity in the
lysosome. This highlights a chal-
lenge faced by researchers devel-
oping PCs: the inhibitor must bind
tightly enough to facilitate protein
folding, but not so tightly that ligand
exchange cannot readily occur. De-
spite this challenge, the use of small
molecules offers the ability to tailor
the design of compounds using me-
dicinal chemistry drug discovery ap-
proaches to optimise both the inhibi-
tory activity and biodistribution of
the drug.?

In 2019, 19 years after it was first re-
ported to rescue a-galactosidase A
(AGAL) activity by Fan and co-work-
ers, 1-deoxygalactonojirimycin (Fig.
4, 1-DGJ-HCI, Galafold®) became the
first and, to date, only PC to be ap-
proved by the United States Food and
Drug Administration. This oral drug
is now available worldwide for the
treatment of Fabry disease,?? which
is caused by a deficiency of AGAL
activity, resulting in a build-up of its
substrates,  globotriaosylceramide
and related glycosphingolipids.?

There are more than 1,000 known
mutations in the GLA gene encoding
the synthesis of AGAL that result in
Fabry disease, and an estimated 35-
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"... the serious renal and cardiac complications
observed in Fabry patients are significantly reduced
upon treatment with 1-DGJ, which is particularly
important since the main cause of death arises from

cardiac involvement."

OH
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1-DGJ-HCI
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Fig. 4. Structure of the hydrochloride
salt of 1-deoxygalactonojirimycin
(1-DGJ), the active pharmaceutical
component in Galafold®

50% of these mutations are respon-
sive to 1-DGJ treatment. For this sub-
set of mutations, 1-DGJ can increase
a-galactosidase A activity up to 48%
of normal levels. Remarkably, only a
5-10% increase in residual enzyme
activity is necessary to relieve and
prevent the effects of disease, high-
lighting the efficacy of 1-DGJ’s chap-
erone effect.?® This small molecule
increases a-galactosidase A enzyme
levels in blood, skin, kidney, and
brain, resulting in decreased sub-
strate storage in these areas com-
pared to baseline.

Notably, 1-DGJ can reach tissues
that are not penetrated by enzyme
replacement therapy (ERT), which
was previously the only available
treatment for Fabry disease. Fur-
thermore, the serious renal and car-
diac complications observed in Fabry
patients are significantly reduced
upon treatment with 1-DGJ, which
is particularly important since the
main cause of death arises from car-
diac involvement.* The convenience
(compared to ERT) and efficacy of
1-DGJ has established this PC as an
important therapeutic for patients
with amenable Fabry mutations, but

more broadly validates PC therapy as
an effective treatment strategy, par-
ticularly with respect to LSDs.

Using the acidic lysosomal
environment to tailor PC
activity

One consideration for the PC ap-
proach towards enzyme rescue is
the potential of inhibition by the PC
overpowering its therapeutic action.
Initially, the high concentration of
substrate enables ready exchange
of the ligands, permitting substrate
breakdown and relieving accumula-
tion. However, as substrate concen-
tration decreases the inhibitory ac-
tion of the PC can begin to dominate
within the lysosome, decreasing
therapeutic efficacy. To overcome
this, Galafold® capsules are taken
every other day to allow inhibitor
concentration to decrease, permit-
ting substrate turnover. Although
this regime is sufficient in this case,
a more elegant approach to facilitate
substrate binding is desirable.

An ideal PC would bind maximally
to a protein within the endoplasmic
reticulum (ER), where it facilitates
protein folding, but would have de-
creased binding affinity within the
lysosome, allowing enzyme sub-
strate to easily displace the ligand.
The lysosome possesses a key en-
vironmental difference that can be
utilised for drug deactivation; lyso-
somes feature a low pH (5.2) relative
to the rest of the neutral cell (7.0—
7.4). An approach to exploit these
pH differences with respect to PC
design was first outlined by Mena-
Barragan and co-workers in 2015.%¢
They identified literature indicating
that alkylated derivatives of 1-de-
oxynojirimycin (1-DNJ, an iminosugar
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Scheme 1. Cleavage of the orthoester side chain under acidic conditions reveals the hydrophilic diol group, which deactivates the
chaperone toward protein binding. The purple box represents a neutral environment, whereas the orange box represents an acidic

environment.

of b-glucose) were able to act as PCs
of B-glucocerebrosidase (GCase), the
deficient enzyme in Gaucher disease.

Interestingly, the PC activity of these
compounds was not observed when
1-DNJ was instead functionalised
with hydrophilic groups.?” This ob-
servation set the scene for the de-
sign of lysosomally deactivated PCs.
Their approach uses orthoester func-
tionality, which is stable at neutral
pH in aqueous solution but essen-
tially completely cleaved to the cor-
responding diol at pH 5. Specifically,
thiourea conjugates of 1-DNJ were
prepared, possessing an alkylated or-
thoester moiety, which is completely
hydrolysed on exposure to the acidic
lysosomal environment (Scheme 1).

All lipophilic orthoester function-
alised analogues were able to in-
hibit two mutant forms of GCase in
the micromolar to nanomolar range.
Moreover, the corresponding diol
cleavage product (2) showed no in-
hibitory activity toward these mu-
tant forms.?® Orthoester derivative 1
was able to increase GCase activity
2.5- to 6-fold at 20 puM and 60 pM,
respectively. To challenge their deac-
tivation hypothesis, the orthoester
compounds were incubated with
Gaucher patient fibroblast cultures,
then washed and the cells lysed to
investigate lysosomal contents. The
fibroblast cell lysates showed the
presence of compound 2 only, indi-
cating that the orthoester was traf-
ficked into the lysosome and subse-
quently hydrolysed.

To further test their approach, Me-
na-Barragan and co-workers then
applied this conjugation strategy to
1-DGJ (Fig. 4), the marketed PC drug
for Fabry disease. They found that an
orthoester conjugate of 1-DGJ suc-
cessfully restored AGAL activity in
several AGAL mutant models. Nota-
bly, 1-DGJ shifts from therapeutic to
inhibitory at concentrations of 200
MM and above, which was not ob-
served for their orthoester conjugate
at the same concentrations and fur-
ther validates their strategy. This ap-
proach to PC design is an elegant so-
lution to one of the main drawbacks
of this therapeutic approach.

PC therapy beyond LSDs

PC therapy is not limited to LSDs.
For instance, protein misfolding and
endoplasmic reticulum dysfunction
are linked to many different diseas-
es, many of which can be targeted
for therapy using a pharmacological
chaperone approach. This section
will discuss the PC approach to treat-
ing endoplasmic reticulum dysfunc-
tion in Alzheimer’s disease, and opi-
oid tolerance and addiction.

Alzheimer’s disease

Dementia impacts 55 million people
worldwide, with Alzheimer’s disease
(AD) being the most common cause
of dementia for people over 65.%
The total cost of dementia in Aote-
aroa alone is around NZ$2.5B a year.
There is no cure for AD, only medica-
tions to help manage symptoms.

AD is a slowly progressing neurode-
generative disease.

The exact pathological mechanisms
leading to neurodegeneration in AD
are not known and intensely debat-
ed, although protein misfolding and
aggregation have long been patho-
logical hallmarks of this devastating
disease. This includes the two main
neuropathological features of AD,
neurofibrillary tangles (NFTs) and se-
nile plaques. NFTs are abnormal fila-
ments of hyper-phosphorylated tau
protein that accumulate within the
cytoplasm of the neuron, compro-
mising its physical structure.? 3° Syn-
aptic integrity is also affected by tau
accumulation, resulting in memory
impairments.?® The other pathologi-
cal indication of AD, senile plaques,
are extracellular deposits of amyloid-
beta (AB) protein. These plaques can
have potent neurotoxicity and play a
role in neuronal death.?!

Li and co-workers published a study
in 2020 detailing their use of a phar-
macological chaperone to target
vacuolar protein sorting 35 (VPS35),
a component of the retromer com-
plex system.32 The retromer complex
is a key component in the protein
sorting machinery of the cell, which
is responsible for trafficking proteins
from the endosomes to other cel-
lular compartments.®®* VPS35 was
chosen as a therapeutic target for a
number of reasons. AD patients are
known to have lower levels of VPS35
in the brain.?* This pﬂtein regulates
amyloid precursor protein (APP) me-
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tabolism, with APP downregulation
increasing in vitro formation of AB.

In silico screening of VPS35 against a
small molecule library revealed a lead
compound TPT-172 (Fig. 5), which
was then found to stabilise VPS35
against thermal denaturation in vi-
tro.* Li and co-workers investigated
the impact of TPT-172 on wildtype
and 3xTG mice, a transgenic mouse
model bearing memory impairments
and neuropathological traits like AD
(NFTs and senile plaques).

The 3xTG mice treated with TPT-172
showed a significant improvement in
many of the major neuropathological
and phenotypic characteristics of AD.
VPS35 levels increased significantly,
alongside an increase in the other
two key proteins comprising the core
of the retromer complex.3? These
treated mice showed decreased lev-
els of AB protein compared to con-
trols, likely due to upregulation of
APP recycling.

An increase in cathepsin D protease
and the mannose-6-phosphate re-
ceptor was also observed in treated
mice compared to the control co-
hort. Both components are vital for
the synthesis of proteins in the en-
dosomes and for their consequent
trafficking to appropriate cellular
compartments.® Furthermore, an im-
provement in tau pathology and in-
creased synaptic integrity was seen
compared to control mice, as well as
improvements in tests quantifying
memory and behaviour.

These results indicate the significant
role of retromer complex disruption
in the pathological outcomes of AD
and highlight its potential as a drug-
gable target for future research.®
Their research also highlights some-
thing exciting: small molecules have
the potential to make huge changes
in the numerous pathological path-
ways at play in diseases such as AD.

PCs for the & opioid receptor

Interestingly, the application of PCs
can go beyond regular protein-mis-
folding diseases and can be applied
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Fig. 5. Structure of TPT-172

to G-protein coupled receptors (GP-
CRs). GPCRs are the most diverse
and largest group of membrane re-
ceptors in eukaryotic cells, mediating
many cellular processes. GPCRs have
been of interest as druggable targets
for a long time, and of note are the
opioid receptors (ORs). The three OR
isoforms (W, k and 8) are involved in
several physiological processes but
are most notably involved in the
modulation of pain. When activated
by an appropriate agonist p- & k-ORs
result in analgesia, but are also asso-
ciated with respiratory depression,
dysphoria, and euphoria.3®

The majority of marketed opioid re-
ceptor agonists bind to the p-OR iso-
form.3” However, chronic use of such
opioids results in opioid tolerance,
reducing the analgesic effects of
these pharmaceuticals and causing
opioid-induced pain sensitivity.3” 3
6-OR isoform activation is involved in
the relief of chronic pain.*® Notably,
the role these isoforms play in me-
diating brain physiology is complex
and goes beyond pain modulation,
though the 6-OR isoform is of partic-
ular interest in the search for better
pain management solutions.

Only a fraction of synthesised 6-OR
precursors undergo folding and
maturation before leaving the ER to
emerge at the cell surface for func-
tion. The remaining 8-OR precursors
are retained in the ER and targeted
for degradation by the ERAD path-
way.* Notably, despite not bearing
mutations, which may cause mis-
folding or aggregation, these poly-

"In silico screening of VPS35

2 / against a small molecule library

S revealed a lead compound
TPT-172, which was then found to

S stabilise VPS35 against thermal
%NH denaturation in vitro."
HoN
TPT-172

peptide intermediates are instead
targeted for degradation as a result
of poor folding kinetics.>® In 2000,
Bouvier and co-workers found that
membrane-permeable opioid recep-
tor ligands were able to increase the
maturation and transport of synthe-
sised 6-OR proteins to the surface of
the cell, proposing that these ligands
acted as PCs for these intermedi-
ates.”® These compounds were hy-
pothesised to interact with the 6-OR
precursors in the ER, favouring a sta-
ble conformation and hence prevent-
ing their premature degradation.*

There are several implications of
their findings: by increasing the in-
cidence of the 6-OR at the cell sur-
face, the 6-OR response to opioids is
increased; PCs can be applied to pro-
teins and conditions beyond those
impacted by mutated proteins; and
GPCR ligands can have important im-
plications with regards to their abil-
ity to influence GPCR maturation and
responsiveness downstream of the
initial ligand interaction in the ER.

Opioid tolerance stems from several
downstream biochemical pathways
and is a complicated multifaceted
mechanism. In 2020, Okuyama and
co-workers reported evidence that
ER stress plays a significant role in
the development of morphine tol-
erance and that this stress could be
decreased by treatment with PCs.*
These PCs could attenuate morphine
tolerance and restore analgesia in
vivo, even after tolerance had devel-
oped. This research again shows the
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ability of PCs to modulate physiologi-
cal processes at cellular levels and
give rise to improved pathological
outcomes.

Summary

Pharmacological chaperone therapy
is an exciting approach to treat dis-
eases related to protein (mis)folding
by rescuing the activity of the as-
sociated aberrant proteins. The ap-

plication of PCs to treat LSDs, other
proteopathies including AD, and opi-
oid-receptor maturation highlights
the potential of a small molecule to
positively impact the pathological
outcomes of a diverse range of com-
plex disorders.

Although PC therapy is now well es-
tablished for the treatment of ame-
nable Fabry disease mutations, the
development of clinically successful

PCs remains challenging and has not
yet been successful for the treat-
ment of other LSDs such as Gaucher
or Krabbe disease. With only one PC
approved worldwide, there are many
unexplored targets that should be
suitable for PC therapy and are just
waiting to be found.
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Climate change

What allows the earth to be habitable
is both its distance from the sun and
greenhouse gases (GHG) within the
earth’s atmosphere.! GHGs trap and
reflect radiation from the sun provid-
ing a naturally occurring warming of
the earth’s surface, this is known as
the Greenhouse Effect. These atmo-
spheric gases include water vapour
(H,0), nitrous oxide (N,0O), methane
(CH,) and carbon dioxide (CO,), as
well as man-made gases such as sul-
fur hexafluoride (SF,) and chlorofluo-
rocarbons (CFCs).? Although green-
house gases are an important aspect
of the earth’s atmosphere, increased
levels of these gases have been
shown to cause unnatural warming
of the earth’s surface as more radia-
tion from the sun is trapped within
the atmosphere.! Changes in global
climate can have dire consequences,
including an increased likelihood of
natural disasters such as droughts or
flooding as well as rising sea levels
due to melting ice caps.® Both cases
pose a grave threat to ecosystems
and societies.

Given this global crisis, immediate
action needs to be taken; New Zea-
land has pledged net-zero carbon
emission by 2050.* One such action
is to reduce CO, emissions; this can
be achieved through two main meth-
ods: carbon capture and sequestra-
tion (CCS) and zero-emission. Car-
bon capture involves capturing CO,
and storing it underground before
it can reach the atmosphere.® Zero
emission, as the name suggests, is
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84.4%
from fossil fuels

Fig. 1. Summary of global energy
sources, based on 2019 data®

the complete elimination of CO, as
a by-product of energy production.
One such way of accomplishing zero-
emissions is by the use of renewable
energy.?

Renewable energy

Renewable energy refers to energy
that is not obtained from a finite
source, such as coal or oil, and is
instead derived from an unlimited
source such as the sun, wind, geo-
thermal sites or water. Moreover,
use of these sources does not gener-
ate CO, or other GHGs, making them
suitable for achieving a ‘net-zero
emissions’ future. In 2020, the global
energy supply was largely sourced
from fossil fuels, making up 84.4%
of energy worldwide. Renewables
on the other hand only constituted
11.3% (Fig. 1).¢

List of abbreviations
CCS Carbon capture and sequestration
DC Downconversion

DPA Diphenylanthracene

Eg Bandgap energy

Fwhm  Full-width half-maximum
GHG Greenhouse gases

ICS Intersystem crossing

IR Infrared

L-uc Lanthanide upconversion
MEG Multiple exciton generation
NC Nanocrystal

NIR Near infrared

PLQE Photoluminescence quantum efficiency
PV Photovoltaic

Qb Quantum dot

Qy Quantum yield

RE Rare-earth

sQ Shockley-Queisser

TET Triplet energy transfer
TTA Triplet-triplet annihilation
uc Upconversion

uv Ultraviolet
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Major contributions to the global
renewable energy supply have
been made by photovoltaic (PV)
technologies, and due to their boom
in development over recent years,
they have now become the cheapest
source of renewable energy.” The
switch to renewable energy sources
is crucial for securing our future, and
as such, optimisation of renewable
energy harvesting technologies is
key.

Photovoltaics

The sun is the primary energy
source sustaining life on earth,
emitting at a rate of 3.8 x 102 kW
per second, of which 60%, or 1.08
x 10 reaches the earth’s surface.®
This amount of energy accounts for
more than 7500 times the average
energy consumption of the planet
for one year,® making solar thermal
energy the most abundant energy
source known to humankind. Solar
irradiation also has high versatility,
acting as the fuel for photosynthesis,
a process which can exploited
in man-made systems, as well
as providing heat and light to be
converted into electricity.® Despite
this wealth of energy, only 3% of
this energy contributes to global
energy demands.® This is due to
the small number of photovoltaic
(PV) cells currently in operation as a
result of their relatively poor overall
efficiency.

PV cells experience a number of loss
mechanisms which limit efficiency
(Fig. 2), thereby increasing operating
costs to make up for the losses. The
theoretical efficiency limit for single-
bandgap devices is known as the
Shockley-Queisser (SQ) limit. This
states that for a single p-n junction
type solar cell with a bandgap of 1.4
eV, the maximum solar conversion
efficiency is ~34%.' The most
significant power-loss mechanisms
are spectral losses, as the sun emits
a wide range of wavelengths of light
and single junction p-n type solar
cells are only capable of absorbing

Conduction Band

Valence Band

Max Efficiency ()

o 1 2 3 4
Bandgap (eV)

Fig. 2. A: Graphical representation of a solar semiconductor bandgap (Eg). Possible
outcomes are represented by: (a) photons with energies less than Eg, which are not
absorbed; (b) photons of energies equal to, or slightly greater than, Eg are utilised
efficiently; (c) photons with energies greater than Eg which are absorbed, however,
excess energy is lost by relaxation of the electron down to the minimum energy of
the conduction band (thermalisation) B: The Shockley-Queisser theoretical limit for
the efficiency of a solar cell as a function of the bandgap. "

"The most significant
power-loss mechanisms
are spectral losses, as the
sun emits a wide range of
wavelengths of light and
single junction p-n type
solar cells are only capable
of absorbing photons of a
specific energy as dictated
by their bandgap."

photons of a specific energy as
dictated by their bandgap. This
results in lower energy photons
not being absorbed due to their
energies being less than that of the
bandgap, whereas higher energy
photons experience thermalisation
losses as their energies exceed
that of the bandgap.!? Strategies
for circumventing the SQ limit and
overcoming these losses are being
investigated.

Some of these strategies include
multiple exciton generation (MEG)*,
multi-junction cells,*> and spectral
converters.'® Spectral converters are
technologies for adjusting incident
solar light such that it is better
matched to the bandgap of a given
solar cell. The main two types of

spectral conversion are upconversion
(UC) and down conversion (DC). UCis
a process by which two low energy
(sub-bandgap) photons combine to
give one higher-energy photon. DC
is a process in which a high energy
photon is converted into two lower-
energy photons.’ UC and DC are
expected to be valuable contributors
for surpassing the SQ limit,*” with an
anticipated increase in theoretical
limit to 66% and 69% for DC and
UC respectively in crystalline silicon
cells.’®

Upconversion in photovoltaics

UC can be used to recover sub-
bandgap photons in solar cells and
therefore boost maximum energy
conversion efficiency. There are two
main routes for the application of UC
in photovoltaics; the first being rare-
earth metal doping of nano-/micro-
crystals and solid-state matrices,
and the second is photochemical
upconversion that utilises a process
known as triplet-triplet annihilation
(TTA).2 Rare-earth metal
upconversion (RE-UC), also referred
to as lanthanide upconversion
(L-UC), occurs as a result of the
unique electron configuration of
trivalent lanthanide ions where f-f
transitions from the 4f shell and f-d
transitions in the 4f-5d shell give rise
to luminescence.? In general, RE-UC
best captures light with wavelengths
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above 800 nm,? however, this
process can be tuned to a wide
range of wavelengths from UV to
NIR by consideration of lanthanide
ion pairs and nanotechnology.?? A
major limitation for RE-UC and its
use in PV cells is that extremely
high excitation power densities are
required to achieve upconversion
efficiencies comparable with other
upconversion methods.2? TTA on
the other hand, is able to achieve
upconversion efficiencies up to 18%
at low excitation power densities.?*
TTA makes use of organic/inorganic
chromophores, in which a sensitiser
and emitter pair to upconvert low
energy light into higher-energy light.

Triplet-triplet annihilation
upconversion (TTA-UC)

TTA-UC begins with the absorption
of a photon by the triplet sensitiser.
Upon absorption, a singlet excited
state ('S - 'S ") is formed and rapidly
undergoes intersystem crossing (ISC)
in which the singlet excited state
(*S,") is converted to an excited triplet
state (35*).% This excited triplet state
isthen transferred from the sensitiser
to the emitter through triplet energy
transfer (TET). The longer-living
triplet states, through collisional
encounters, may then undergo
TTA, another spin-allowed energy-
transfer type process. Through TTA
the triplets pair together to generate
a singlet excited state in one emitter,
and in another, the triplet relaxes
down to the singlet ground state.?*%’
A single, high energy photon is then
generated by the radiative relaxation
of this singlet excited state.?® This
process is represented in Fig. 3.

The efficiency of the overall UC
process is therefore determined by
the efficiency of each mechanistic
step. This can be expressed by Eq. 1:

O, =%fO 0.0, 0, (Eq.1)

ET(D'I'I'A

Inwhich®,, ®_, ©_,, and ®_ repre-
sent the quantum efficiencies of I1SC
of the sensitiser, TET of the sensitiser

triplet to the emitter, the statistical
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likelihood of two triplets undergo-
ing TTA before decay, and the fluo-
rescence quantum yield (QY) of the
emitter, respectively.”® The param-
eter f represents the statistical prob-
ability that a singlet excited state is
obtained following the annihilation
of two triplets via TTA. The factor of
% accounts for stoichiometry of the
TTA process, as two excited triplets
are required to yield one higher-en-
ergy singlet excited state. This there-
fore limits the maximum achievable
®,.to 50%.”

the emitter must be either equal to
or lower in energy than that of the
sensitiser. Similarly, in order to facili-
tate TTA, the energy of the first excit-
ed singlet state of the emitter must
be higher than, or at least equal
to, double that of its excited triplet
state.®* As both TET and TTA pro-
cesses are diffusion controlled, the
triplet states must have lifetimes of
at least several microseconds, such
that there in an increased likelihood
of an encounter between excited
triplet states. Finally, the @_ of the
emitter and the @ of the sensitis-
er should be near unity for efficient
conversion of excited singlet energy
to excited triplet energy, and optimal
emission of the upconverted pho-
ton.?! Examples of common emitter
molecules used include naphthalene
(1),%° 2,5-diphenyloxazole (PPO) (2),%*
p-terphenyl (PT) (3),%° diphenylan-
thracene (DPA) (4),**3 perylene (5)*
and rubrene (6),%>*8 as seen in Fig. 4.

An understanding of the TTA-UC
mechanism, and how all compo-
nents contribute to the process al-
lows for an understanding of how to
improve overall efficiency by tuning
the properties of these components.
For example, to ensure a viable en-
ergetic pathway for TET, there must
be orbital overlap between the sen-
sitiser and the emitter.3° As such, the
energy of the excited triplet state of
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In order to optimise the overall UC
efficiency, the photophysical prop-
erties of the sensitiser and emitter
should be considered. Numerous
studies have been conducted on the
synthetic tuning of the molecular
properties of sensitisers and emit-
ters. In this review article, modifi-
cation of the sensitiser by use of
semiconductor nanocrystal (NC)
complexes is discussed.

Semiconductor NCs such as quan-
tum dots (QD) were found to be par-
ticularly effective for use as sensitis-
ers.3®% In comparison to common
sensitisers such as lanthanides or
palladium and platinum porphyrins,
NCs are relatively easy to synthesise,
and can be made from more abun-
dant earth metals.** However, their
main benefit stems from the tunabil-
ity of their bandgap, allowing them
to effectively harvest low energy
photons, and their small singlet (S,)-
triplet (T ) gap.*>* This small energy
difference between the two states
allows for triplet sensitisation with
little to no energy loss as a function
of the bandgap.*

In conjunction with the sensitiser
and emitter molecules, a third com-
ponent which can be used is a me-
diator ligand. The mediator ligand is
typically functionalised with a bind-
ing group such as a carboxylic acid
for anchoring to a NC sensitiser.®* An
ideal mediator ligand has an excited
triplet state less than that of the sen-
sitiser but greater than that of the
emitter, allowing for greater orbital
overlap, thereby facilitating TET.

Different combinations of sensitisers
and emitters allow for the ability to
upconvert light across a broad spec-
trum, many of which have been in-
vestigated for optimisation.

Visible-to-UV TTA-UC

Upconversion of visible light to violet
and UV light has been accomplished
in a number of different TTA-UC hy-
brid nanomaterials systems.?* 3% 32 33,
35,4389 These systems typically include
sensitisers with a wide bandgap and

JI-‘.

[* iH

Fig. 5. Comparison of maximum UCQYs for emitters naphthalene (NAPH), p-terphenyl
(TP), 2,5-diphenyl-1,3,4-oxadiazole (PPD), and 2,5-diphenyloxazole (PPO)*

"Different combinations
of sensitisers and
emitters allow for the
ability to upconvert light
across a broad spectrum,
many of which have
been investigated for
optimisation."

that absorb light in the ~400-500
nm region. Examples of these nano-
materials include nanoparticle cad-
mium selenide/sulfide (CdSe/S)3* 3>
4.9 or zinc sulfide (ZnS), shelled in-
dium copper sulphide (CulnS,)** and
perovskites such as caesium lead
bromide (CsPbBr,)* or caesium lead
iodide (CsPbl,).* Common mediator
ligands are typically polyaromatic
hydrocarbons such as naphthalene
or anthracene, functionalised with a
carboxylic acid group for anchoring
to the nanocrystal. Mediator ligands
often share similar structural scaf-
folding such that they have greater
orbital overlap to facilitate TET.*®

The two most favoured emitters for
violet and UV upconversion are PPO
and DPA (Fig. 4) for their high pho-
toluminescence quantum efficiency

(PLQE) and long-lived, low lying trip-
let states.>® PPO and DPA have emis-
sion A__ at 355 nm and 430 nm re-
spectively.3%4°

In order to access the UV region, PPO
is commonly used as an emitter, al-
lowing for UC to ~355 nm. Mediator
ligands for these systems are often
naphthalene or naphthalene deriva-
tives functionalised with a carboxylic
acid anchoring group, anchoring to a
QD such as CdS or CsPbBr_.*%*

In @ more recent advancement, Hou
et al.* conducted a thorough inves-
tigation of combinations of TTA-UC
systems including four mediator
ligands, four emitters and three dif-
ferently sized CdS QDs to assess
how changing each parameter can
affect the upconversion quantum
yield (UCQY). The different sizes of
CdS QDs were defined according to
their first exciton absorption peak,
giving CdS393, CdS405 and CdS426,
with diameters of 3.1, 3.5 and 4.3
nm respectively. The variation in
size was achieved by careful con-
trol of the hot-injection and growth
temperature, from which Hou et al.
were able to obtain high quality CdS
QD with high PLQEs, weak trap state
emission and narrow full-width of
half-maximum (fwhm).  The differ-
ent mediator ligands were benzoic
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acid (BA), biphenyl-4-carboxylic acid
(4-BCA), phenanthrene-3-carboxylic
acid (3-PCA), and 1-napthoic acid (1-
NCA). However, BA was eliminated
as a viable mediator due to its high
T1 state and was therefore thermo-
dynamically unfavourable in all com-
binations. The emitters investigated
were 2,5-diphenyl-1,3,4-oxadiazole
(PPD), naphthalene (Naph), p-ter-
phenyl (TP), and 2,5-diphenyloxa-
zole (PPO), with PLQEs of 98%, 25%,
100%, and 95% respectively. This re-
vealed that across all TET and TTA al-
lowed combinations, PPO performed
significantly better compared to the
other emitters. This can be attrib-
uted to higher-lying triplet energies
and short-lived triplet lifetimes of
the other emitters, making it ther-
modynamically unfavourable for TET
between the mediator and emitter
to occur. Maximum reported UCQYs
were 0.2% for PPD, 0.07% for naph-
thalene, 1.6% for TP, and 10.4% for
PPO (Fig. 5).

A TTA-UC system of CdS 405/4-
BCA/PPO was found to be optimal,
indicating that for efficient TET, the
triplet level of the mediator must be
at least 200meV lower than that of
the NC and the emitter should have
a similar or lower triplet level. The
conclusions drawn by Hou et al. are
significant for future development
of not only Vis to UV TTA-UC but are
also applicable for any TTA-UC hybrid
system.

Visible-to-near-UV TTA-UC

An early example of visible to UV TTA-
UC in a hybrid organic/nanocrystal
system was demonstrated by Huang
et al. in 2015.#® They achieved
upconversion of 532 nm light to
432 nm light by use of a CdSe/9-

anthracenecarboxylic acid (ACA)/
DPA system, with an overall
upconversion quantum yield

(ucQy) of 9 + 2%.** Huang and co-
workers also demonstrated a 103
fold increase in emission when using
9-ACA as a mediator ligand, setting
a precedence for use of mediator
ligands in TTA-UC. Similar 9-ACA/
DPA systems have been investigated
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"The conclusions

drawn by Hou et al. are
significant for future
development of not only
Vis to UV TTA-UC but are
also applicable for any
TTA-UC hybrid system."

but with a change in the sensitising
nanoparticle; for example, copper
indium sulfide (CulnS,)* or indium
phosphide (InS) based nanocrystals.3?
In  both instances a “green”
approach was taken in the design
of the sensitiser, as more common
sensitisers use toxic elements such
as lead or cadmium. A ZnS shelled
Culns, sensitiser (CulnS,/ZnS) was
investigated by Han et al.?* and was
the first instance in which a non-toxic
nanocrystal successfully sensitised
the TTA-UC process, giving a UCQY
of 18.6 * 0.3%.% It was also in this
study that Han et al. demonstrated
that “self-trapped” excitons were
able to be harvested by the mediator
ligand, 9-ACA, to then undergo TTA
in the DPA emitter molecule. This
result gave valuable insight into how
trap states pervasive in nanocrystals
influence TET and therefore impact
TTA-UC.

Another example of “green” TTA-UC
was demonstrated by Lai et al.3? with
the development of an InP/ZnSe/
ZnS core/shell QD. The purpose
of the shells was to mitigate the
picosecond hole trapping, which is
often observed in ‘core-only’ QDs.
The rate of TET for the shelled QDs
was observed to be almost 10-fold
slower than for core-only CdSe QD
to 9-ACA,! possibly indicating that
the shell acts as a tunnelling barrier
for the flow of electrons between
the QD and 9-ACA. Despite this, an
84% TET efficiency was calculated,??
indicating that in these systems
where the excitons are long lived, the
rate of TET has no significant impact
on its efficiency. This is consistent
with the findings by Han et al., where
they observed a relatively slow TET

of 57.1 us? but a high TET efficiency
(~92%).%

A different approach was taken by
Li et al.® with the introduction of
flexible and ridged bridges between
the carboxylic acid anchoring group
and the main anthracene unit.
Ridged bridges included 1-2 phenyl
spacers and the flexible bridges
consisted of a phenyl ring with an
alkyl chain 3 or 8 carbons in length.
From this investigation Li et al. were
able to determine that by increasing
the length between the anthracene
unit and the CdSe NC, the UCQYs
decreased, indicating a strong
distance dependence for NC to
mediator ligand TET efficiency.®®

Li et al. noticed no discernible
difference in the rate of TET between
the two lengths of flexible aliphatic
bridges, providing evidence to
suggest that the flexible bridges
bend on the surface of the NC, rather
than extend, limiting the distance
which the mediator ligand extends
past the NC. However, for the
ridged bridges, there was a dramatic
change observed in the UCQY. A
ucQy of 14.3% was observed for
9-ACA but the addition of one
phenyl spacer caused the UCQY to
drop to 3.9%, followed by a further
decrease to 0.4% for two phenyl
spacers. Li et al. concluded that, as a
distance dependant mechanism, TET
efficiency significantly decreases as a
function of increased bridge length.

Near-IR-to-visible TTA-UC

Upconversion of near-IR (NIR) light
to the visible region is of great
interest for its applications in solar
technologies. As typical silicon
photovoltaics have a bandgap of
1.1-1.3 eV, integration of a TTA-UC
system will allow access to sub-
bandgap photons, thereby increasing
PV efficiency above that of the SQ
limit.>> Common nanocrystalline
sensitisers for NIR to Vis UC are
PbS and PbSe for their tuneable
absorptions, which span into the NIR
region.3”.38 43, 53,54 Tetracene scaffolds
are favoured for mediators as their
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et al.,” Huang et
al.,> Mahboub et al.,®
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triplet energies are generally well-
matched to the triplet energies of
PbS/PbSe and the emitter rubrene,
thereby facilitating an efficient TET.
Rubrene, with an emission peak at
~550 nm, is a favourable emitter for
its PLQE near unity, and long-lived,
low-lying triplet states.*

The first prominent example of
NIR-to-Vis TTA-UC was given by
Huang et al.,** who demonstrated
the upconversion of 980 nm light
to 568 nm light by use of a PbSe/
rubrene system. They achieved
an UC efficiency of 0.01%, making
this the first instance of TTA-based
upconversion of 980 nm light in
literature. While the UCQY fell short
of those obtained from lanthanide-
doped crystals, this research was
an important first step for future
optimisation of these systems. This
further development can be seen in
papers published by the same group;
in 2016 Huang et al. ** investigated
how the addition of a mediator
ligand can influence UC efficiency.
In this study, functionalised and
unfunctionalised PbS and PbSe QDs
were compared. The QDs were
functionalised with 4-(tetracen-5-yl)
benzoic acid (CPT), this scaffold was

chosen for its triplet energy level
greater than that of rubrene but less
than that of PbS/PbSe, allowing for
thermodynamically favourable TET.
Through this investigation, Huang et
al. highlighted the benefit of using
a mediator ligand, with an 84-fold
increase in UCQY for PbS (0.021%
without ligand, 1.7% with) and an 11-
fold increase for PbSe (0.2% without
ligand, 2.1% with).

Once CPT had been established as a
good mediator ligand, optimisation
of other components became of
greater importance. One approach
which was taken by Huang and co-
workers,*® was the improvement
of the intrinsic qualities of the
PbS QD sensitiser. Huang et al.
determined that by optimisation
of the NC synthesis, PLQEs could
be greatly improved. A PLQE of
34.1% was achieved for PbS NCs
which were synthesised using a
N-(3,5-bis(trifluoromethylphenyl))-
N’-phenylthiourea  precursor, as
opposed to the conventional sulfur
source, bis(trimethylsilyl)sulfide.
This increase in PLQE extended into
an improvement of UCQY in a PbS/
CPT/Rubrene system, achieving a
ucQy of 11.8% for the upconversion

®

of 781 nm light to 560 nm light. This
increase in UCQY was attributed to
reduced non-radiative decay, and
extended triplet lifetimes on the
surface of the QD.**

Hybrid nanoparticle/organic dye up-
conversion systems are summarised
in Fig. 6.

Conclusions

TTA-UC holds much promise for the
future of photovoltaics for its ability
to recover NIR low energy photons,
which make up 53% of the sun’s broad
spectrum.® To be able to efficiently
harness this process has significant
efficiency implications for the future
of high-performance next-generation
solar PV cells. Improvement of the
performance of solar PV cells will in
turn have a positive impact on the
efficiency of energy conversion and
power generation.
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An accidental interest in main
group chemistry?

| first became hooked on inorganic
chemistry when | learned about d-
orbitals and transition metals (TMs),
taught to me during my undergradu-
ate degree by Professor Vernon Gib-
son at Durham University in the UK.
| was fascinated by the fact that a
simple electrostatic model (crystal
field theory) could be used to explain
some of the fundamental properties
of the TM complexes, including their
colour and magnetic properties. |
suspect that this had a lot to do with
me choosing Prof Gibson as my PhD
supervisor, with whom | spent three
years studying the application of va-
nadium and chromium compounds
for the polymerisation of ethylene (a
hot topic in the 1990’s).!

At that time, university classes on
the chemistry of the main group el-
ements were somewhat ‘dry’, espe-
cially when compared to the exciting
reactions and catalytic processes
in which the transition metals were
involved. Most courses (and there
weren’t many) involved pouring
over tables of physical data of the
s- and p-block elements and their
compounds and learning about the
trends in various properties, not for-
getting of course the ‘exception to
the rule’ that had to be memorised
and regurgitated at exam time.

My first foray into dedicated main
group chemistry research was dur-
ing my post-doctoral studies at the
University of lowa with Professor
Richard Jordan. Although the origi-
nally funded NATO Post-Doctoral
Research Fellowship involved the

\ 1

Fig. 1. X-ray structures of (a) a phospha-Grignard reagent (1) and (b) a platinum-tin

catalyst for hydroformylation chemistry (2)

"Unbeknownst to me

at the time, there was a
renaissance taking place
in main group chemistry
research,'! pushing the
limits of compounds
containing these elements
such that legitimate
parallels between their
chemistry and that of the
transition elements were
being made."

application of tetraaza-macrocyclic
compounds of the group 4 metals in
olefin polymerisation,> my poor or-
ganic chemistry skills and failure to
make the ligand precursors caused
a major rethink of the project after
about 6 months.

Ultimately this led me to examine
the potential for cationic aluminium
compounds to polymerize alkenes,

the first time this catalysis had been
observed for non-transition metal or
-lanthanide elements.?

As part of this study, we ex-
amined a number of anionic
N,N’chelating ligand systems includ-
ing the amidinate,* guanidinate® and
B-diketiminate® ligands, a theme
in ligand design that has featured
heavily in my independent research
career. So, truth be told, my initial re-
search involving the chemistry of the
main group elements was more ‘ac-
cidental’ than a carefully considered
decision to explore this area of the
periodic table.

Main group chemistry and me:
the early years

During the start of my independent
research career at the University of
Sussex in the UK, | focused on the
application of transition metal com-
pounds for a number of catalytic
applications including complexes of
titanium’ and scandium?® for olefin
polymerisation, copper® for atom
transfer  radical  polymerisation
(ATRP) and zinc forﬁe production
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of polylactide.’ Unbeknownst to me
at the time, there was a renaissance
taking place in main group chemis-
try research,'! pushing the limits of
compounds containing these ele-
ments such that legitimate parallels
between their chemistry and that of
the transition elements were being
made.?

The most significant discoveries that
drove this new interest were (i) the
existence of multiple bonds involving
‘heavier’ main group elements be-
yond the first period,*? (ii) the isola-
tion of stable compounds containing
main group elements in low oxida-
tion states (e.g. Al(I),** Si(Il)**) and
(iii) the isolation of radical species
containing unpaired electrons cen-
tered at the p-block element.’® Key
to the success of these areas was the
development of bulky ligands that
were able to kinetically stabilise the
main group element and protect it
from unwanted reactivity.

Aside from a few minor projects that
involved elements from the s- and p-
blocks of the periodic table, such as
the development of an ‘(R,P)MgBr’
phospha-Grignard reagent (1, Fig.
1),Y and the use of N-heterocyclic
stannylenes as ligands in platinum hy-
droformylation chemistry (2),*®* main
group chemistry was not the focus of
my research until the end of my time
at Sussex. At that time a colleague,
Prof Mike Hill, was breaking new
chemical ground exploring the cata-
lytic potential of the heavier group 2
metals calcium, strontium and barium
in a wide range of chemical transfor-
mations.* To avoid overlap (and to be
honest, as the starting materials were
cheap...) we initiated a project inves-
tigating the potential for magnesium
complexes to promote catalytic bond
forming reactions.

Magnesium compounds in
bond-forming reactions

As a cheap, readily available, and es-
sentially non-toxic metal (common
justifications for research involving
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Scheme 1. Proposed mechanism for the dimerisation of aldehydes (the Tishchenko
reaction) promoted by magnesium amidinate, guanidinate and phosphaguanidinate
compounds. Inset: X-ray structure of a catalytically active magnesium

phosphaguanidinate catalyst precursor (3).

the earth abundant s- and p-block
metals), magnesium offers several
advantages over the transition metal
elements for catalytic applications.
However, unlike transition metals
that typically engage in redox-based
catalysis involving oxidative addition
and reductive elimination steps, the
+2 oxidation state of the magnesium
is maintained during most if not all
catalytic cycles. Productive conver-
sion of starting materials into prod-
ucts is therefore achieved by a series
of o-bond metathesis and insertion
steps at the metal, forming new
bonds while preserving the Mg(ll)
centre.

The first reaction that we studied
using magnesium-based catalysts
was the dimerisation of aldehydes,
known as the Tishchenko reaction.
This industrially important process
generates ester compounds via the
simultaneous oxidation and reduc-
tion of two aldehydes (Scheme 1).
We prepared a series of magnesium
compounds with either an amidi-

nate,?® guanidinate?® or phospha-
guanidinate?? ancillary ligand set to
support the metal centre during the
reaction, with an active magnesium-
aryloxide or -amide group that is
the site of initial reactivity. Strictly
speaking, these compounds are cat-
alyst precursors that are converted
to an active magnesium alkoxide
during an activation step. The best
results for the dimerisation of benz-
aldehyde were achieved with the
phosphaguanidinate compounds
Mg(Ph,PC{NCy},)(N{SiMe.},)(THF)
(3), achieving a turnover frequency
of up to 360 h™* at 1% loading, with
a 60% vyield of benzylbenzoate pro-
duced in the first 10 minutes of the
reaction.?

This series of magnesium com-
pounds was also examined for the
ability to promote the ring-opening
polymerisation (ROP) of lactide
to produce polylactic acid (PLA),
a thermoplastic polyester derived
from renewable resources.’> Al-
though these complexes were
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Scheme 2. Formation of cationic bismuth compounds [Bi(Me,Si{NDipp},)][MCL,] (M = Al, Ga) showing the interactions between

cation and anion observed in the solid-state

catalytically active for this reac-
tion, with the best performing com-
pound being the dimeric guanidi-
nate complex [Mg(hpp)(N{SiMe_},)],
(hppH 1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidine) that
converted 20 equivalents of lactide
to PLA in < 5 minutes at room tem-
perature, monitoring the reaction by
'H NMR spectroscopy showed that
the supporting [hpp]~ ligand was re-
leased from the magnesium centre
as the neutral guanidine hppH during
this reaction. This was not ideal, as
studies from other groups had shown
that this guanidine was a highly ac-
tive ROP catalyst in its own right,?
and therefore the observed catalysis
may not even be due to our magne-
sium complex!

The facile loss of the N,N’-chelating
ligand from magnesium was an inher-
ent problem with the application of
this family of compound in catalysis,
which we eventually provedinaseries
of studies on the hydroacetylenation
of carbodiimides.??>?* In this reaction,
a terminal alkyne RC=CH is coupled
with a carbodiimide (R’N=C=NR’) to
form a propargylamidine RC=CC(NR’)
(NHR’). Our initial work focussed on
the application of catalyst precursors
comprised of a magnesium amide
supported by an amidinate ligand
Mg(MesC{NCy},)(N{SiMe,},)(THF)
(Mes = 2,4,6-Me,C_H.), and we were

376 2
pleased to observe catalytic turnover

with this system. However, when we
investigated this reaction further,
we noted that the supposedly ac-
tive amide group was not essential
for the reaction to proceed and the
corresponding bis(amidinate) com-
pounds Mg(MesC{NCy},),(THF) gave
identical activity, implying the loss of
an amidinate ligand from the metal
during the catalysis. Furthermore,
we noted that the amidinate ligand
could be generated in situ from the
insertion of a carbodiimide into a
Mg—-C bond (or the corresponding
guanidinate ligand from the inser-
tion of carbodiimide into a Mg-N
bond), so in reality any organo-mag-
nesium reagent has the potential to
be used to initiate catalysis. In sum-
mary, our carefully designed cata-
lysts were just a way of delivering
a soluble magnesium centre with a
reactive Mg—C or Mg—N bond, which
could be achieved equally well using
commercially available compounds
such as MgBu, or MgMeBr. Although
not exactly the outcome we antici-
pated when we started this project,
it was an extremely satifying journey
to reach these conclusions, and an
interesting academic exercise along
the way.

Bismuth and antimony: under-
represented heavy metals

Switching from the s-block to the p-
block metals (and moving from one

of the lightest metals to one of the
heaviest), an area of research that
began in Sussex but really took off
in New Zealand was to study the
synthesis, structure, and reactivity
of bismuth(lll) compounds. From a
coordination chemistry standpoint,
a major difference when compared
to the Mg research described above
was the requirement for a dianionic
ligand scaffold to balance the charge
and generate a reactive Bi-X bond
in neutral Bi(lll) complexes. As such,
we initially examined the applica-
tion of the silyl(bisamide) ligands
[Me,Si{NR}]*" that generate a py-
ramidal, tri-coordinate compound
when coordinated to a bismuth(lll)
centre (4, Scheme 2).%

Our interest in this family of com-
pounds derived initially from their
potential application as Lewis acid
catalysts,* and early on in this work
we sought to enhance any poten-
tial catalytic properties by generat-
ing cationic bismuth species. This
was readily achieved from 4 us-
ing AICI, or GaCl, as a halide ab-
stractor, affording salts of the type
[Bi(Me,Si{NDipp},)]I[MCI,] (M = Al,
Ga; Dipp = 2,6-iPr,C,H.) (5).”” How-
ever, we discovered that these com-
pounds readily form intermolecular
Bi---Cl interactions, a phenomenon
that was even observed for the neu-
tral compound Bi(Me,Si{NDipp},)
Cl (4), which formedgatrimer in the
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Scheme 3. Synthesis of the bismuth(ll) radical, [Bi(NONDipp)]e (8)

solid-state.”> Understandably this
aggregation was more prevalent be-
tween the cations and anions in the
charged  [Bi(Me,Si{NDipp},)][MCl,]
systems (5 and 6, Scheme 2) and,
although these interactions were
predominantly characterised in the
solid state, they suggested that such
aggregation was possible in solution
that would affect the targeted inter-
action between bismuth reagent and
the substrate of interest.

| would love to claim that to over-
come this problem we deliberately
targeted a new ligand system that
forms a larger metallacycle to in-
crease the steric profile at bismuth,
thereby reducing the extent of ag-
gregation. However truth be told,
we initially stumbled on a new ligand
through an accidental hydrolysis re-
action during a ligand preparation,
demonstrating once again that ser-
endipity has an important role to
play in the physical sciences.

The new ligand system consisted of a
bis(amidodimethyl)disiloxane group
[O{SiMe,NDipp},]*~ (abbreviated as
[NONP®?]%), which forms a six-mem-
bered OSi,N,Bi metallacycle when
forming a N,N’-chelate (7, Scheme
3). Although this new ligand scaffold
did not prevent Bi--Cl interactions
between neutral and / or charged
species as hoped,?® it proved to be
very good at stabilising highly reac-
tive metals, both in group 15 (Bi, Sh)
and more recently in group 13 (In, Al
—vide infra).
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"... truth be told, we
initially stumbled on a
new ligand through an
accidental hydrolysis
reaction during a

ligand preparation,
demonstrating once again
that serendipity has an
important role to play in
the physical sciences."

Around that time a report appeared
in the literature that described the
reduction of bismuth(lll) compounds
supported by the bulky bidentate
alkyl, 1,1,4,4-tetrakis(trimethylsilyl)
butane-1,4-diyl ([R,]*).” Although
the monomeric [R,Bi]* radical could
be detected in solution, it dimerised
on crystallisation to form the cor-
responding dibismuthane R_Bi-BiR,
containing a Bi-Bi single bond. Us-
ing a similar procedure, we exam-
ined the reduction of 7 with mag-
nesium to see whether we could
isolate the corresponding reduced
bismuth complexes. Fortunately for
us, the bulk of the [NONP®?]-ligand
was sufficient to prevent formation
of the dimer and we were able to
isolate the first example of a mono-
meric Bi(ll) radical, [Bi(NONP®?)]* (8,
Scheme 3).*° To demonstrate that 8
existed as the proposed radical rath-

er than the corresponding Bi(lll) hy-
dride Bi(NONP"®?)(H) (with an elusive
Bi—H hydride ligand), a wide range of
techniques were employed including
EPR spectroscopy, magnetic mea-
surements and DFT calculations. The
data from these analyses confirmed
the presence of an unpaired electron
that was located primarily at the bis-
muth atom in the solution and solid
states. Indeed, attempts to isolate
the proposed hydride failed, and it
was shown that the Bi-H bond was
unstable at room temperature and
underwent bond homolysis to liber-
ate H, and form the radical 8.

Isolable radicals of the heavy main
group metal elements are unusual,
offering the opportunity to explore
the novel reactivity of 8 towards the
activation of small molecules. We
focused our attention on how the
radical interacts with inorganic sub-
strates, including white phosphorus
and elemental sulfur.

With the former reaction we ob-
served a reversible activation of
one of the P-P bonds of the P,
tetrahedron, affording the p,n*-
bicyclo[1.1.0]tetraphosphabutane
complex (9, Fig. 2).3! When reacted
with S, radical 8 gave mixtures of bi-
metallic (NONP®?)Bi(u-S )Bi(NONP*)
(n =1, 3, 5) compounds in which
the bismuth atoms were linked with
chains of sulfur atoms.®> As part
of this study we isolated a new de-
rivative of the radical with an even
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bulkier [NONF]-ligand containing the
2,6-(Ph,CH),-4-tBuC_H, (Ar*) groups.

When [Bi(NON”#)]* (10 — not shown)
is reacted with S, the resulting com-
pound contains a group of eight
sulfur atoms between the bismuth
atoms (11). Analysis of the product
using X-ray diffraction experiments
and density functional theory cal-
culations show that rather than
forming a contiguous chain of eight
S-atoms linked by S-S bonds, the
best description of the S_-unit is as
two [S,]” radical anion chains, with
the two terminal S-atoms of each
chain engaging in a side-on ‘pancake’
bond.

Once we had established efficient
synthetic routes to these bismuth
compounds, our attention turned to
how we could apply them to catalytic
reactions. The first (partial) success
was with the hydrophosphination
of isocyanates (RN=C=0), a reaction
that corresponds to the addition of
P—H bond across an unsaturated C=N
bond.®* The catalysts required for
this process were well defined termi-
nal phosphanides of general formula
Bi(NON®*®)(PR ) (R = Ph, Cy).*

Although we were able to demon-
strate each step of the catalytic cycle
in stoichiometric reactions, exten-
sion to a catalytic regime was thwart-
ed by facile homolysis of Bi—P (and/
or Bi—H) bonds during the proposed
cycle.

The second reaction that we ex-
amined was a catalytic oxidative
coupling promoted by the bismuth
complex, Bi(NONP®?)(OTEMP) (12),
which contains an anionic TEMPOx-
ide ligand derived from the stable
2,2,6,6-(tetramethylpiperidin-1-yl)
oxyl) radical (Scheme 4).2* In con-
trast to the previous examples of
catalysis with Mg and Bi that do not
involve redox chemistry at the met-
al, this involves a 1 electron shuttle
at the bismuth centre, predicated
on the spontaneous homolysis of
the Bi—H bond and formation of the
radical 8.
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Fig. 2. X-ray structures of the products of the reaction of (a) [Bi(NONDipp)]e (8) with
P4, (b) [Bi(NONArf)] (10) with S8
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Scheme 4. Oxidative coupling of TEMPO and PhSiHy catalysed by Bi(NONP#?)(OTEMP) (12)

"The switch from bismuth behaviour of analogous ‘Sb(NONP®?)
X' compounds that, in favourable sit-

to the Iighter congener uations, gave improved catalytic per-
antimony may be considered formance. For example, all attempts
theticallv trividPbut at isolating an antimony(ll) radical
as synthe .ca y trivial, bu species analogous to [Bi(NONP®?)]®
we have discovered several (8) failed, instead generating dis-
important distinctions in tibanes with a single Sb—?b' bond
. . between Sb(ll) centres or distibenes
the chemical behaviour with a single Sb-Sb bond between
of analogous ‘Sb(NONP®?)  Sb(l) centres.*
X’ compounds that, in
favourable situations,
gave improved catalytic
performance."

The latter compounds (e.g. 13, Fig.
3) were synthesised when reducing
Sb(Ill) compounds that have bulky
R-substituents on the [NONF]-ligand
(e.g. R =Dipp, Mes) with Jones” Mg(l)
reducing agent,*® and structural
characterisation showed a [NONF?]-
ligand that bridges antimony and
magnesium centres. With respect to
catalytic applications, switching from
bismuth to antimony allows catalytic
turnover in the hydrghosphination
of isocyanides.’’” We attribute this to

The switch from bismuth to the
lighter congener antimony may be
considered as synthetically trivial,
but we have discovered several im-
portant distinctions in the chemical
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an increased stability of the Sb—P and
Sb—H bonds towards homolysis, with
proof of the latter stability obtained
from a neutron diffraction study
of the isolated antimony hydride
Sb(NONP®?)(H), containing a well-de-
fined, terminal hydride ligand.*®

Indium: low-valent group 13
anions

The isolation of the Bi(ll) radical 8
and the interesting reactivity that it
displayed towards small molecules
sparked our interest in the chemis-
try of low-valent main group com-
pounds. We switched our attention
to group 13 and started a project
investigating the chemistry of in-
dium compounds supported by the
[NONP®P]-ligand. Our attention was
initially drawn towards a series of
low-valent anionic group 13 com-
pounds of general formula [E(L) ] (E
= group 13 element in +1 oxidation
state; (L), = supporting dianionic li-
gand framework), where examples
were known for E = boron and gal-
lium. Although indium(l) compounds
are relatively common as a conse-
quence of enhanced stability of the
low valent state due to the inert pair
effect, only neutral In(l) compounds
had been reported when we started
our work. However, under the cor-
rect conditions we were able to show
that reduction of the In(lll) precursor
In(NON®#?)(u-X),Li(L), (X = CI, Br; L =
Et,0, THF) with alkali metals afforded
the indyl anion [In(NONP®?)]~ consist-
ing of a two coordinate In(l) metal
centre.®

Computational analysis showed that
the highest occupied molecular or-
bital (HOMO) of the [In(NON)]~ an-
ion corresponded to a lone pair at
the indium, with good directionali-
ty (Scheme 5, inset). Although this
compound was initially isolated as
the lithium salt (NON®®?)In—Li(THF),,
subsequent work developing the re-
activity of this anion focussed on the
potassium salt K[In(NONP®?)] (14)
that provided a more stable source
of the anion.
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Fig. 3. X-ray structures of a distibene (13) containing a Sb=Sb double bond between
Sb(l) centres and containing two bridging [NONP*P]-ligands to magnesium atoms
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Scheme 5. Formation of indium-nitrogen multiple bonds from the reduction of
organic azides by indyl anion K[In(NONP®P)] (14). Inset: HOMO of the [14] anion,
showing lone-pair electron density at indium.

Investigating the reactivity of the in-
dyl anion proved to be very challeng-
ing, with many of the compounds
extremely sensitive to air / mois-
ture, and possibly even light / tem-
perature. As such we have only con-
ducted preliminary reactivity studies
with this system, but have been able
to show that the potassium indyl,
K[In(NONP"®?)] 14 reduces organic
azides (R'N,) to form compounds
containing rare examples of In=NR’
multiple bonds (e.g. 15, Scheme 5).%°

An approach that we have used to
attenuate the reactivity of the indyl
anion is to incorporate it as a ligand
at another metal centre, generat-
ing heterobimetallic complexes with
In—M bonds. We have achieved this
with a range of transition metals,
and briefly explored the chemistry
of the bimetallic indium-zinc com-
plexes (NONP®?)In—Zn(BDI?) (BDI =

B-diketiminate [HC{C(Me)NRL], R =
Dipp, Mes) towards organic azides.*

The results show that both metals
work cooperatively to form different
products depending on the nature
of the R’-substitute on the azide and
the R-group on the [BDI®]-ligand,
with documented examples of reduc-
tion to form a bridging imide (R=R’ =
Mes), formation of a tetrazenido ring
at aluminium (R = Mes, R’ = Ph), and
coupling of two azides via a new N-N
bond to give the [PANNNNNNPh]*
hexaazide ligand.

Aluminium: bond activation and
bond forming chemistry of the
aluminyl anion

The latest chapter in our research
featuring the main group elements
has focused on the chemistry of the
aluminyl anion [AI(NONP"®?)]-, which
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is the lighter congener of the indyl
anion described previously.*? When
discovered in 2018, this class of com-
pound set a new precedent in alu-
minium chemistry by switching the
mode of reactivity for this element
from being typically associated with
Lewis acidic behaviour, to displaying
nucleophilic characteristics associat-
ed with the presence of the lone-pair
of electrons at the metal centre.** The
[AI(NONP™®?)]~ anion is one of only six
examples of this class of compound
that has been isolated,**** and dis-
plays the correct balance of kinetic
stability imposed by the chelating
[NONP®r]-ligand and reactivity of the
accessible aluminium(l) centre.

We have isolated a series of com-
pounds of general formula [{M(L)
HAI(NONP®?)}] (M = Li, Na, K, {Rb,
Cs}; L=neutral donor; n=1or 2) that
differ in the interaction(s) between
the alkali metal (M) and the aluminyl
anion (the contacted dimeric pairs
[M{AI(NONP*®?)}]. (M = Rb, Cs) were
synthesised in a collaborative project
with Professor Robert (Rab) Mulvey
at the University of Strathclyde, Scot-
land*). We have classified these dif-
ferent structural classes as being ei-
ther contacted dimeric pairs (CDPs),
monomeric ion pairs (MIPs) or sepa-
rated ion pairs (SIPs),*# shown in
Fig. 4 for the series of potassium
aluminyls, [K{AI(NON®#?)}], (CDP, 16),
(NONP#?)Al—K(18-crown-6) (MIP, 17),
and [K(2.2.2)-crypt][AI(NONP®?)] (SIP,
18).

The most common structural vari-
ant is the CDP that has been isolat-
ed for all of the non-radiative alkali
metals Li-Cs, and of this series the
research has concentrated predomi-
nantly on the potassium salt. In ad-
dition to the solid-state structure
that shows a dimeric structure in
which the cations are held in place
by flanking M:---mt(arene) interac-
tions, diffusion ordered NMR spec-
troscopy has shown that the CDPs
[M{AI(NONP®?)}], retain their dimeric
structure in solution.

The MIPs have been isolated for M

Monomeric lon Pair (MIP)

O,
9
. /LO
r. K/
| P
' ¥ -
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18

Separated lon Pair (SIP)

Fig. 4. A series of potassium aluminyls showing a contacted dimeric pair (CDP)
[K{AL(NONP™?)3]. (16), a monomeric ion pair (NONP*?)AL-K(18-crown-6) (17), and a
separated ion pair (SIP) [K(2.2.2)-crypt][AL(NONP®P)] (18)

= Li, Na and K and contain highly
polarised Al-M bonds within their
structure. The most reactive of these
three classes are those in which the
cation is encapsulated to remove all
of the Al---M interactions, generat-
ing a ‘naked’ aluminyl anion. We
have achieved this using either two
equivalents of TMEDA or 12-crown-4
(M = Li) or 2.2.2-cryptand (M = Na,
K). Aside from the structural differ-
ences, we are beginning to gain an
understanding of how the nature
and extent of the Al/M interactions
can influence the reactivity of the
[AI(NONP®?)]~ anion.

A readily accessed mode of activ-
ity at the low-valent Al(l) centre is
oxidative addition to form the cor-
responding Al(lll) compounds. We
have focused our attention on E-H
bonds and shown that this will oc-
cur independent of the polarity of
the bond.”” For example, the hy-
dridic Si-H bond of PhSiH, will add
effectively to the aluminyl anion in
16 to give K[AI(NOND”’”)(H)(SiHZPh)]
(19, Scheme 6) and the acidic N-H

4

®

bond of DippNH, reacts in a parallel
fashion to form K[AI(NONP®?)(H)(NH-

Dipp)] (20).

Turning our attention to non-polar
bonds we investigated the reaction
with dihydrogen, H,. We found that
although our aluminyls are reactive,
they require considerably harsh-
er conditions to activate the H-H
bond.*® This was quantified using the
time taken for 50% conversion (tl/z)
as an approximate measure of the
rate of the reaction, with the hydro-
genation proceeding in the order Li
(tl/2 = 1.5 days) > Na (tl/2 = 6 days) >
K (tl/2 =12 days) at 100 °C. The dihy-
droaluminate products formed have
been isolated as either the dimer (M
= K (21), Scheme 6) or the solvated
species  (NONP®?)Al(u-H),Li(OEt,),,
and a study of the reactivity of the
Al-H bonds towards organic sub-
strates is an ongoing area of interest.

Another new area that we have been
able to explore with the aluminyl
anions is the chemistry of well-de-
fined Al-E multipleﬁ)nds. For the
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group 15 element E = nitrogen, we
have shown that, in an analogous
reaction to that noted for the indyl
anion (Scheme 5), CDP 16 reacts
with MesN, to afford K[AI(NONP®)
(NMes)] (22 — not shown) containing
a terminal aluminium imide bond.*
DFT calculations indicated showed
that the HOMO-1 is dominated by
lobes orthogonal to the HOMO that
extend across the AI-N__bond, in-
dicative of multiple bond character.
Furthermore, the reaction of 22 with
CO, afforded the corresponding al-
uminium carbamate, K[AI(NONP®?)
(kO,N-OC{O}NMes)], consistent with
a [2+2]-cycloaddition of a C=0 bond
from CO, with a Al=NMes group.

We have also developed synthetic
compounds containing Al=E multiple
bonds for the series of chalocogens,
E=0,S, Se and Te. The synthesis
of the heavier congeners E = Se,*
Te*® was achieved using a direct re-
action with the elemental chalco-
gen, whereas the oxide (E = O) was
formed when potassium aluminyl 16
reacted with N,O,* and the sulfide (E
= S) was accessed from a desulfuri-
sation reaction of K[AI(NONP®?)(cyc-
lo-S,)] using PPh_** Once again DFT
calculations suggested multiple bond
character, and the reaction with CO,
(E=0,S, Se) afforded the aluminium
carbonate derivatives K[AI(NONP?)
(kE,O-EC{O}O)] consistent  with
[2+2]-cycloaddition (23, Fig. 5). Inter-
estingly, when E =Te, we were unable
to isolate the monoaddition product
“K[AI(NONP®?)(kTe,0-TeC{0}0)]”,
but instead the reaction proceeded
to afford the bis-addition product
K[AI(NONP"®?)(k0,0’-{0C(0)},Te)],
containing a unique example of the
tellurodicarbonate (telluramalonate)
ligand (24).°

Most recently we have expanded this
study to the addition of aldehydes
and ketones to K[AI(NONP®?)(E)] (E =
S, Se), with a goal of developing re-
agents for the delivery of chalcogen
atoms ‘E’ to organic compounds.?
Work showed that the C=0 bond of
the aldehyde and ketone reacted in
an analogous [2+2]-cycloaddition
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Scheme 6. Oxidative addition chemistry of the potassium aluminyl, [K{AL(NON®??)3], (16)

"We were extremely
encouraged by the
reaction described in
Scheme 7 as it involves
activation of the C=0
triple bond of carbon
monoxide, acknowledged
as one of the strongest
bonds in nature."

mode to that observed for CO,, with
the product incorporating either one
(e.g. benzophenone, Ph,CO; 25) or
two (e.g. benzaldehyde, PhHCO; 26)
equivalents in the product, corre-
sponding to the formation of one or
two new C—E bonds, respectively.

A final reaction involving the alu-
moxane [K{AI(NONP*?)(0)}], (27) that
extends this area to the formation of
compounds containing new carbon-
carbon bonds was the synthesis of
the ethenetetraolate compound

28 from the reaction with CO gas
(Scheme 7). DFT calculations per-
formed by our collaborator Dr Claire
McMullin from the University of Bath
in the UK showed that the reaction
proceeded via an initial cycloaddi-
tion reaction at one of the aluminium
centres in 27 to form a dioxocarbene
species. This intermediate reacts
with a second molecule of CO at the
carbenic carbon atom to generate a
bent aluminium ketene complex that
undergoes a second cycloaddition
reaction between the terminal C=0
bond and the intact Al=0 group. The
resulting [C,0,]* ligand is the first ex-
ample of a tetraolate ligand in coor-
dination chemistry.

We were extremely encouraged by
the reaction described in Scheme 7
as it involves activation of the C=O
triple bond of carbon monoxide,
acknowledged as one of the stron-
gest bonds in nature. We therefore
sought to see whether we could
utilise this toxic gas in the direct car-
bonylation of unsaturated organic
functional groups.
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Accordingly, we have shown that
adding CO to an alumincyclopro-
pane complex 29 (formed on ex-
posure of 16 to ethylene gas) gives
the carbonylation product (30,
Scheme 8).>* Furthermore, heating
30 induces a 1,2-hydrogen shift and
ring-expansion to afford 31 whilst
maintaining the integrity of the C-C
bonds formed in the initial step. This
carbonylation is non-reversible and
occurs at room temperature under
1 atmosphere of CO, showing that
only mild conditions are required to
promote this reaction.

Finally, we have very recently shown
that CO will react directly with alu-
minyl compounds, forming a series
of products containing the [CO ]
" ligand (Fig. 6).>> To date we have
isolated three consecutive members
of the series32(n=3),33 (n=4)and
34 (n =5), representing a sequence
in CO homologation. Once again this
occurs under ambient conditions
and is of potential importance in un-
derstanding chain growth in Fischer-
Tropsch chemistry, an industrially
important process that transforms
CO and H, into liquid hydrocarbon
and oxygenates.

Summary

In the last decade or so, we have
been expanding the chemistry of
selected main group elements and
examining new areas of bond forma-
tion / cleavage, principally accessed
through the isolation of compounds
in unusual (low valent) oxidation
states. We have developed new
types of reactivity associated with
the activation of very stable bonds
and are beginning to apply these
reactions in the formation of previ-
ously inaccessible compounds.

Along the way we have learned a
great deal about the fundamental
chemistry associated with these el-
ements and hopefully have laid to
rest the idea that these are ‘boring
elements that don’t do anything ex-
citing...”

Fig. 5. Anionic components of the products of the addition of organic compounds
containing C=0 bonds to K[AL(NONP®?)(E)] (E = S, Se, Te)
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Scheme 7. Formation of the tetraolate ligand, [C,0,]* from the reaction of a dimeric
alumoxane (27) with carbon monoxide gas
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Introduction

Aberrant protein kinase activity has
been implicated in a wide range of
diseases spanning the human body.™
5 The development of inhibitors to
ameliorate this behaviour is a grow-
ing area of research, with the ma-
jority of clinically approved protein
kinase inhibitors used in cancer ther-
apy.*® Despite advances in computa-
tional tools’ and diversity-oriented
synthesis,® natural products remain
a dominant source of new drug scaf-
folds.® Over half of small-molecule
therapeutics approved since 1981
are natural compounds, their direct
derivatives or compounds inspired
by them.® Indeed, these categories
contribute 79% of anticancer thera-
peutics.® Our recent isolation of two
nucleoside natural products from
a Pacific bryozoan and discovery of
their kinase inhibitory activities'®!
has prompted this review.

Protein kinases in disease

Adenosine triphosphate (ATP, 1) is a
critical metabolite employed by hu-
man cells to power essential life pro-
cesses such as cell signalling,>22 us-
ing energy released by the cleavage
of a high-energy phosphate bond
(Fig. 1).* ATP often adopts the role
of organic cofactor in enzymes, the
biomachinery in these important
processes.>'* Protein kinases are
enzymes that transfer a phospho-
ryl group to the awaiting hydroxyl
of an amino acid residue (tyrosine,
threonine or serine) on a signal-
ling protein.’**® This modulates the
protein substrate’s behaviour and
downstream effects.’* The reverse
process is catalysed by protein phos-
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phatases.'®'” Together these opera-
tions result in complex patterns of
phosphorylation found across all
of life’s Kingdoms,*® regulating the
innate and complex biochemical
networks.?3131>17 The human body
relies on more than 500 protein ki-
nases working in interconnected
pathways to control the intricate de-
tails of our physiology.’* As a result,
human health can be jeopardised
in a myriad of ways when the func-
tional integrity of kinases is compro-
mised‘2,15,17,19

Mutation, overexpression or ampli-
fication of protein kinases resulting
in increased or aberrant activity has
been correlated with devastating
phenotypic consequences.**?* Ki-
nases exhibiting such detrimental
behaviour may therefore be tar-
geted by small-molecule therapeu-
tics.>172021 |n 2002, Manning et al.
mapped 244 protein kinases to loci
and amplicons associated with dis-
ease.’

Developing inhibitors of these en-
zymes is a rapidly expanding research
space, with kinases constituting up
to one-third of all current therapeu-
tic targets under investigation.3#17.20
While new drug targets are continu-
ously sought,! efforts are also need-
ed to improve upon the antagonism
of established kinase targets by ei-
ther optimising the selectivity and/or
potency of inhibition,?>4?°22 overcom-
ing resistance to inhibitors,?2* and
by reducing the costs of marketed
pharmaceuticals.?

Protein kinases have an especially
strong pathological association with
cancer due to their comprehensive
involvement in cell differentiation,
growth, survival, and motility."*°
Kinase hyperactivity amplifies these
processes and causes tumour forma-
tion and metastasis.®"?°

The receptor tyrosine kinase (RTK)
family is notorious for its involve-
ment in this, with the majority of
its members identified in mutant
form spanning several cancers.® For
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Fig. 1. Kinase-mediated protein phosphorylation using the coenzyme ATP
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a rapidly expanding
research space, with
kinases constituting up

to one-third of all current
therapeutic targets under
investigation."

example, increased activity by the
epidermal growth factor receptor
(EGFR) subfamily of RTKs occurs in
non-small-cell lung cancers? and up
to 50% of glioblastomas?* and 82%
of colorectal cancers.®?® Aside from
cancer, destructive protein kinase
activity is also linked to various met-
abolic,” cardiovascular,* neurologi-
cal, 332 infectious®* and immune-re-
lated conditions.>3

Several of these conditions are listed
in the top twenty most fatal diaseses
by the World Health Organization,®
notably including HIV and AIDS,3®
tuberculosis,®® diabetes mellitus®®
and dementia.?” Mitogen-associated
protein kinases (MAPKs) and Janus
kinases (JAKs) are two key kinase
families involved in the immune
responses and the repurposing of
known inhibitors of these families
continues to be investigated for
treating COVID-19 symptoms in the
on-going pandemic.3®3%

However, despite the growing inter-
est and extensive efforts to develop
kinase inhibitors, just 20% of the
human kinome is targeted by the 71
small-molecule inhibitors approved
by the United States Food and Drug
Administration as of mid-2021.? This
leaves considerable room for growth
in the development of kinase inhib-
itors.

Kinase inhibitors

Protein kinase inhibitors can be
broadly assigned as reversible and
irreversible (covalent) inhibitors*4-4
according to their interactions with
the target, although the intermedi-
ate class of reversible covalent in-
hibitors is also noted.??%4

Reversible inhibitors, which consti-
tute the majority of clinically ap-
proved kinase inhibitors, interact
with the target binding site through
non-covalent attractions and com-
plementarity of size and shape.**?14
This mode of inhibition is relevant
for all protein kinases and gives an
opportunity for both controlled and
selective inhibition.?

The latter can, however, be challeng-
ing due to highly conserved features
of protein kinases, particularly at the
ATP-binding site where the major-
ity of reversible inhibitors bind.2*4+42
Conversely, irreversible kinase inhibi-
tors form a covalent bond via a suit-
ably positioned and‘ompatible nu-
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cleophilic residue that is accessible
to the inhibitor.¥*** These covalent
inhibitors are typically Michael ac-
ceptors, soft a,B-unsaturated car-
bonyl electrophiles, most commonly
acrylamides, due to their metabolic
stability and tunable reactivity with
soft cellular nucleophiles — predomi-
nantly cysteine residues.>*** An ini-
tial reversible association of other
motifs in the inhibitor with the pro-
tein binding site positions the elec-
trophile for covalent bond formation
(Fig. 2)_1,5,21,43

Each mode of inhibition carries its
own advantages and disadvantag-
es.1>214 Covalent-binding kinase in-
hibitors are gaining prominence due
to their benefits in binding strength
and duration, with several gaining
clinical approval in recent years.>2143
These qualities confer several advan-
tages over reversible inhibitors, such
as potency and extended time prior
to the restoration of kinase activity
- the latter requires protein re-syn-
thesis.»>?4 |n turn, these benefits
can reduce the necessary dosage
and frequency of treatment.>**3 Be-
cause the covalent bond has a more
significant contribution to drug po-
tency,®® irreversible inhibitors may
target more narrow and challenging
sites, allowing the design of smaller
inhibitors that are more synthetically
tractable and more likely to exhibit
favourable pharmacokinetic proper-
ties.?!

Additionally, mutations at the kinase
binding site (including those that
modify the kinase conformation)
may also be well-tolerated provided
the covalently targeted residue re-
mains available.?! However, a draw-
back of covalent inhibitors is that
they can suffer from a lack of selec-
tivity, leading to side effects arising
from off-target interactions.>?4
These interactions result from the
competitive reactivity of an inhibitor
with similar amino acid residues in
different proteins.>** Furthermore,
the covalent bond is a reason for
trepidation in the development of
irreversible inhibitors, as it can pro-
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mote acquired resistance via the
mutation of the (often susceptible)
nucleophilic residue.?* Undesired
side-effects also arise from unpre-
dictable immunogenic responses
stemming from recognition of a
covalently coupled peptide-inhib-
itor complex expressed at the cell
surface by nearby antigen-present-
ing immune cells.>*4 Reversible
inhibitors participate exclusively in
non-covalent interactions with the
target binding site;*! careful design
can therefore confer a selectivity ad-

vantage at the expense of decreasing
their tolerance to mutations at this
site and generating drug-resistant ki-
nase mutants.?#

Nucleoside-derived kinase
inhibitors

Adenosine (the nucleoside core of
ATP) and other nucleoside scaffolds
are important components of key
cellular processes, including DNA
replication, protein regulation and
metabolism.*® Given the prevalence
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of reversible ATP-competitive kinase
inhibitors,* it is perhaps unsurpris-
ing that several nucleoside deriva-
tives have been identified that act
in this way.3**7>2 The anticancer po-
tential of nucleoside-derived kinase
inhibitors has had a particular focus
on the inhibition of haspin,* a pro-
tein kinase overexpressed in cancers
of the pancreas,* breast> and blad-
der.>® One inhibitor is the bacterial
natural product sangivamycin (3, Fig.
3), which additionally inhibits pro-
tein kinase C and paved the way to a
range of sangivamycin-like molecules
(SLMss). 5051

This led to the identification of
SLM-6 (4) as a promising compound
for the treatment of multiple my-
eloma through the inhibition of
cyclin-dependent kinase 9.! Other
examples of haspin inhibitors are
5-iodotubercidin (5) and the more
specific, bisubstrate inhibitor ad-
enosine analogue-oligoarginine
conjugate ARC-3354 (6), which also
binds to histone H3.* Fluorinated
analogue F-Se-Ara-C (7) is an ana-
logue of cytarabine (Ara-C), a sponge
metabolite that was the first marine-
derived pharmaceutical and is used
in the treatment of acute myeloid
leukaemia.*”**7 Unlike cytarabine,
F-Se-Ara-C reduces the expression
of MAPK-activated protein kinase 2
(MK2) and induces apoptosis in PC-3
cells (a prostate cancer deficient in
p53).47

Several other useful therapeutic
qualities are conferred by the in-
hibition of protein kinases using
nucleoside analogues.?***% Adeno-
sine derivative 8 reduces adenosine
metabolism by adenosine kinase,
the enzyme responsible for the
phosphorylation of adenosine to
adenosine monophosphate.®> This
inhibition is proposed to be useful
in maximising the pharmacological
benefits of adenosine for the rever-
sal of hepatic fibrosis.>? Capitalising
on the inter-species molecular differ-
ences in kinases for selective inhibi-
tion is also on-going for antimicrobial
purposes.3*>3

H
N N
o 0
Indole, 11 Pyrrole, 12

Fig. 4. The structures of indole and
pyrrole

Bryostatin-1, 13

Fig. 5. The structure of bryostatin-1

Early success was shown with thymi-
dine analogue 9 in the antagonism
of thymidylate kinase in Mycobac-
terium tuberculosis,® the causative
parasite of tuberculosis.®® Thymi-
dylate kinase is an enzyme essential
to the survival of the pathogen but
is not related (structurally or mech-
anistically) to the human variant of
the protein.®® Structure-activity re-
lationship (SAR) studies have also
revealed sugar-triazole-nucleoside
10 as an inhibitor of type Ill panto-
thenate kinase in Bacillus anthracis,>
the underlying bacteria responsible
for anthrax.>®

This is an important protein for the
essential biosynthesis of Coenzyme
A.>2 The O-methylene triazole linker
of 10 was proposed to resolve po-
larity and stability concerns of the
charged and hydrolytically-sensitive
phosphate linker of monophos-
phates studied in earlier work.>*°

Bryozoan-derived marine
natural products

Bryozoans, also known as “moss
animals” are aquatic invertebrates,
found globally across environments

varying in substrate surface, salin-
ity, water depth and climate.®*52
The individual animals (zooids) are
primarily located in marine-based
co-dependent colonies, arranging
themselves into distinct growth
forms.®! Bryozoans are suspension
feeders, utilising a crown of tenta-
cles — their “lophophore” — to cap-
ture small particles of organic mat-
ter.®* They in turn are a food source
for other motile invertebrates such
as nudibranchs, and provide a habi-
tat for a variety of species including
nematodes and small crustaceans.5!

As highlighted in a recent article by
Gris and Prinsep,®* marine natural
products (MNPs) have an important
place in medicinal chemistry. This is
of particular interest to island coun-
tries like New Zealand, which fea-
tures approximately 15,000 km of
coastline.®* A comprehensive evalua-
tion of natural product structures by
Shang et al. emphasises that those
of marine origin are expected to ex-
hibit useful pharmacological proper-
ties.®* The chemical space occupied
by MNPs is distinct from those of
other compound classes: generally,
larger and more flexible ring systems
as well as high proportions of halo-
gens (especially bromine but also
chlorine) and other heteroatoms
such as nitrogen and sulfur are ob-
served.®

Yet despite the recognised potential
for lucrative and novel molecular dis-
coveries,*®1% reported MNP num-
bers are considerably fewer than
their terrestrial counterparts.5266-68
This is largely attributed to the ad-
ditional difficulties of collecting the
producing organism from the marine
environment.’

As seen with the similarly sessile tu-
nicates®® and sponges,”® bryozoans
generate a wealth of bioactive sec-
ondary metabolites (non-essential
natural products that aid survival)™
as a chemical form of defence.®*%272
Although natural products are fre-
quently assigned to the macroorgan-
ism that forms the Bulk of collected
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organic matter, it should be kept in
mind that the actual source of many
bioactives is believed to be microor-
ganisms they co-exist with.®>7® Evi-
dence of this already exists for some
natural products derived from bry-
ozoans®>’* and many species of this
phylum exist in symbiotic partner-
ships with microorganisms.”

However, despite boasting several
thousand species this phylum is rela-
tively underrepresented in databases
of natural products.®® In fact, from
the (cautiously estimated) 450,000
isolated natural products® - 35,000
of them marine® — only 328 com-
pounds from bryozoans have been
reported, spanning just 30 or so spe-
Cies.10116176 Of those bryozoan-de-
rived compounds that have reported
bioactivities, only a small handful
were found with a noted affiliation
for protein kinases.®*’” Macrolides
and nitrogenous heterocycles such
as indole and pyrrole motifs (11 and
12 respectively, Fig. 4) are commonly
observed amongst bryozoan-derived
bioactives.®* Noted areas of biomed-
ical relevance for these natural prod-
ucts include anticancer,’® antiviral”’
and antiparasitic effects.®*”®

A relatively well-known compound
affiliated with bryozoans is bryo-
statin-1 (13, Fig. 5), one of several
related macrolides isolated from
samples of Bugula neritina®® and
which is administered in conjunction
with paclitaxel to treat oesophageal
cancer.”® Ecological studies suggest
bryostatins are concentrated in the
vulnerable larval stage of B. neritina,
to defend against predation by (in)
vertebrates.®’281  Diminished pro-
tection of larvae observed upon the
administration of an antimicrobial
agent supports bryostatin-1 synthe-
sis by a bacterial symbiont ascribed
to Candidatus Endobugula sertu-
1a.®*”2 One of the proteins regulated
by bryostatin-1 is protein kinase C,
which is activated at low dosages
and inhibited with prolonged treat-
ment.®? Studies against various can-
cer cell lines have suggested prom-
ise for the use of bryostatin-1 in the
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treatment of various malignancies®
and in vivo studies have shown the
potential to enhance cognition in
Alzheimer’s disease.®#* Bryostatin-1
may also assist in reversing the la-
tency of HIV-1, a required process to
deplete reservoirs of the virus in af-
flicted individuals.®*””

Computational studies performed
on kororamides A (14) and B (15), as
well as convolutamines | (16) and J
(17) — alkaloids isolated from Austra-
lian specimens of bryozoan Amathia
sp.8+8> — also support the favourable
binding of these compounds to kinas-
es implicated in Alzheimer’s disease
(Fig. 6).52%¢ Kororamide A and con-
volutamines | and J have also shown
antiparasitic activity, antimalarial for
the former and antitrypanosomal for
the latter two compounds.®18485

Nelliellosides A and B

Recently, nelliellosides A and B (Fig.
7) were extracted from Nelliella nel-
liiformis, a Pacific bryozoan collected
in the Kingdom of Tonga.}*!! Both
compounds show similar selective
antagonistic activity against a small
number of kinases relevant to hu-
man diseases.’®'! Based on their

structure, it could be envisaged that
these natural products adopt an
ATP-competitive reversible kinase-in-
hibitory binding mode.

Nelliellosides A (18) and B (19) fea-
ture nucleoside cores — adenosine
for nellielloside A and inosine for
nellielloside B — decorated with a
2-pyrrole carboxylate moiety at the
5’ position.’*!! The two compounds
were extracted from the bryozo-
an into methanol then separated
from other constituents using re-
versed-phase column chromatog-
raphy and high-performance liquid
chromatography.l®! High-resolution
mass spectrometry, tandem mass
spectrometry and both one- and
two-dimensional nuclear magnetic
resonance spectroscopy were then
used to propose their respective
structural formulae.?*! Hydrolysis of
nellielloside Aunder acidic conditions
released the furanose motif, which
was derivatised as a peracetylated
aldononitrile and compared to simi-
larly derivatised furanose standards
by chiral gas chromatography-mass
spectrometry (GC-MS) analysis.1o!
This confirmed the absolute and rel-
ative configurations of the furanose
and therefore its identity as D-ri-
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bose.’®!! Similarities in the specific
optical rotation values between nel-
liellosides A and B were initially used
to assign the nellielloside B furanose
as D-ribose, as insufficient material
quantities prevented similar analy-
sis by GC-MS.** Furthermore, com-
paring the characterisation data of
synthetic material (produced via the
route shown in Scheme 1, vide infra)
and the natural products confirmed
their assignment.'o*

A frequently encountered pitfall in
the accessibility of natural products
for pharmacological study is low
and/or variable endogenous quanti-
ties of bioactive compounds,!166:87-88
necessitating extensive sacrifice of
the producing life forms.®! Indeed,
only 18 grams of bryostatin-1 was
obtained from approximately 12.7
tonnes of bryozoan (wet weight).®
Relative bryostatin-1 levels can also
vary dramatically between individu-
al colonies of B. neritina and appear
somewhat location-dependent,®
which is proposed to reflect geog-
raphy-related symbiotic relation-
ships.®>’®> Some methods of meet-
ing the material demand for MNPs
include aquaculture, heterologous
expression of biosynthetic gene
clusters in chosen host organisms
and chemical synthesis.®* Molecular
complexity plays a vital role in ob-
taining a marketable man-made syn-
thetic compound — current synthetic
routes to bryostatin-1 are composed
of long, expensive sequences with a
minimum of 29 steps.®® These dif-
ficulties of acquisition have created
barriers to the clinical use of bryosta-
ﬁn_1.61,90

It is therefore favourable that nelliel-
losides A and B can be achieved with
a mere three-step synthesis from
the relatively inexpensive and com-
mercially available adenosine and
inosine nucleosides (20 and 21, re-
spectively, Scheme 1).1%! Protection
of the 2’,3'-diol with an acetonide
function using p-toluenesulfonic acid
(p-TsOH), 2,2-dimethoxypropane
(DMP) in acetone ensures regioselec-

OH OH

Nellielloside A, 18

Nellielloside B, 19

Fig. 7. The structures of nellielloside A and nellielloside B

tivity at the 5’ position in the subse-
quent Steglich esterification, which
utilised  2-pyrrolecarboxylic  acid
(24), N,N’-dicyclohexylcarbodiimide
(DCC) and 4-dimethylaminopyridine
(DMAP) to install the 2-pyrrole car-
boxylate motif.2%! Hydrolysis of the
acetonide group using trifluoroacetic
acid (TFA) was used to obtain the fi-
nal compounds.1%!

A 10 uM concentration of nelliello-
side A was tested against 485 kinases
tied to various human diseases, with
the activity of only a small number
(13) of these kinases inhibited by
greater than 80%.'°! Included in
these 13 kinases were several mem-
bers of the glycogen synthase kinase
(GSK), ribosomal S6-kinase (RSK) and
MAPK families, as well as haspin.'*!
Nellielloside B was tested against
seven of these kinases and exhibited
a comparable degree of inhibition to
nellielloside A against six.1!

While early research on the GSK en-
zyme family related to the regulation
of glycogen synthase,” the broad
and multi-functional activity of this
family is now recognised.332 GSK-3
paralogues GSK-3a and GSK-3B are
active in the brain’s neuronal cells
and influence cognitive develop-
ment332 and both were inhibited by
nelliellosides A and B.**!! Inhibition
of these paralogues is often looked
at with applications to psychiatric
treatment, with a particular focus on
Alzheimer’s disease.?32 GSK-3 kinas-

es interact with over 100 native sub-
strate molecules, and are overactive
in various immunological, tumori-
genic and neurological diseases.332
As the two paralogues function in
their own physiological niches, se-
lective inhibition between them is an
aspiration, however, as this has yet
to be achieved with most small-mol-
ecule GSK-3 inhibitors.3?

The MAPK family is ubiquitously ex-
pressed and helps regulate the mo-
tility of cells, their differentiation
and cell cycle.’> Nelliellosides A and
B inhibit the p38a enzyme from this
family,’*** commonly cited as a tu-
mour suppressor protein with activ-
ity necessary for inducing apoptosis
in some cancer chemotherapies.®*%
However, evidence correlating p38
with proinflammatory, prosurvival
and proangiogenic processes dur-
ing carcinogenesis has led to the
prescription of p38 inhibitors for a
few types of tumour in inflammato-
ry environments, e.g colon cancer.®
Therefore, increasing or decreasing
the selective inhibition of p38a by
the nelliellosides could be desirable
for medicinal applications.

The four RSK isoforms (RSK1, RSK2,
RSK3 and RSK4) are differentially
expressed across human tissues.®®
These kinases are involved in regu-
lating the responses of cells — includ-
ing cell proliferation and survival - to
growth factors, neurotransmitters
and select hormones via the Ras-
-~
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MAPK pathway.***” However, a thor-
ough understanding of the disparate
duties between the kinase subtypes
is lacking,® and selectively inhibit-
ing a single isoform has proven dif-
ficult.””*° Nonetheless, the develop-
ment of RSK inhibitors is an exciting
area of medicinal chemistry.®® Inhi-
bition of RSK2 and RSK4 — the two
RSK enzymes inhibited by nelliello-
sides A and B'*** — has demonstrated
anticancer potential in vivo and in
vitro.””1% Promising therapeutic re-
sults have been found with RSK2 in-
hibition in head and neck squamous
cell carcinoma® and with RSK4 inhi-
bition in oesophageal squamous cell
carcinoma.”’

Nellielloside analogues

Synthesising analogues of bioactive
compounds is a common practice in
the design of pharmaceuticals, en-
abling the optimisation of potency
and selectivity for a biological target
and the development of structure-
activity relationships (SARs).87:101-102
SAR studies produce one or more
lead compounds to investigate fur-
ther, which are ideally obtained
through rapid and large-scale pro-
duction with a short synthetic se-
quence featuring robust transforma-
tions.®®” Analogue synthesis is also
used to address limitations of their
parent compounds, such as the cost
of synthesis,*%! poor stability,>®* and
cellular resistance to drugs.>*

Preparation of analogues of nelliello-
sides A and B is an attractive proposi-
tion to further increase the selectiv-
ity of their kinase inhibition, which in
the larger picture could allow a more
targeted treatment of medical indi-
cations. A considerable proportion
of the molecular complexity held in
these two nelliellosides, including all
stereocentre configurations, is also
provided by the commercially avail-
able nucleoside core. Therefore, new
analogues of nelliellosides A and B
should be readily obtained with rela-
tive ease, or at least few transforma-
tions.
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Scheme 1. The synthesis of nelliellosides A and B by Bracegirdle et al.'*"
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Four synthetic analogues of nelliello-
sides A and B were prepared along-
side the natural products (Fig. 8).1%
Their synthesis followed a similar se-
quence to that shown in Scheme 1:
protection of the 2’,3'-diol, Steglich
esterification, and deprotection.1®
Two analogues (27 and 30) feature
a guanine purine motif and three
(28-30) have 3-pyrrole carboxylate
motifs.}*!! The four analogues were
submitted for kinase inhibition as-
says against the same kinases as nel-
lielloside B at 10 uM concentration,
for which they showed similar levels
of inhibition.® These results imply
that minor changes to the purine
and pyrrole motifs may be well toler-
ated by the kinase ATP-binding sites,
and that more significant changes
may be required to selectively target
amongst the 13 kinases potently in-

hibited by nellielloside A. Research
into this area is on-going at Te Her-
enga Waka — Victoria University of
Wellington.

Conclusions

Protein kinase inhibition is a large
(and still growing!) sector of me-
dicinal chemistry. Two new protein
kinase inhibitors have been recently
isolated from the Pacific bryozoan
Nelliella nelliiformis and a series of
analogues prepared, which have
cores resembling those of ATP and
other kinase-inhibitory nucleosides.
The discovery of nelliellosides A and
B from bryozoa serves as a timely
reminder of the potential this vastly
understudied phylum (and marine
species as a whole) holds for yield-
ing bioactive materials of interest to
the medicinal chemist.
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Covalent organic frameworks (COFs)
are an emerging class of porous ma-
terials which have the potential to
front a new wave of environmental
technologies.! Using principles of
reticular chemistry (working back-
wards based on the geometry of the
desired framework),>3 COFs are syn-
thesised via precise covalent bonding
of organic monomers to build highly
porous and highly structured net-
works, akin to a ‘molecular sponge’.

The use of reticular chemistry results
in highly modifiable frameworks with
customisable characteristics such as
pore size, surface area, density, and
pore functionality, making COFs ideal
materials for a vast range of practical
applications.

Porous materials like inorganic zeo-
lites and ordered mesoporous ox-
ides held much interest in the past
but their structures are not entirely
modifiable and structural control can
be difficult. Metal-organic frame-
works (MOFs) were first developed
in the 1990s to address these issues.
Also dictated by reticular chemistry,
MOFs contain coordinated inorganic
clusters combined with organic link-
ers to create highly porous frame-
works. MOFs have fronted research
on highly structured porous mate-
rials,* but although breakthroughs
have led to MOF materials which are
stable in harsh conditions, covalently
bonded materials offer innate stabil-
ity in comparison with their metal
coordination equivalent (Fig. 1).>®

The design of an organic-equivalent
ordered framework subsequently
led to the new and promising COFs in
2005, thus mitigating stability issues
while maintaining the modifiability
of the framework.”

Fig. 1.

covalent bonds o Relative
strengths

metal-ligand (charged) ] of different
bonds.?

metal-ligand (neutral) E—— Reprinted with
permission.

hydrogen bonds s wnna]

van der Waals —— S

r T T T 1
0.1 1 10 100 1000
Bond energy between building blocks (kJ mol™)

Py-Azine COF

Fig. 2. A: The formation of a 2D COF, Py-Azine COF, from monomers. B: 3D depiction
of a 2D COF. The monomers and oligomers are held together via strong covalent
bonding whereas the layers are held together via weaker m-m stacking. The highly
porous channels are uni-directional and the area where the atoms stack is incredibly

dense.’
Reprinted with permission.

COF research over the past 16 years
has primarily focused on 2-dimen-
sional COFs, perhaps due to their
relative ease of synthesis, process-
ability, and simple structural deter-
mination. 2D COFs are comprised of
stacked sheets of highly ordered 2D
organic polymers. While the mono-
mers within each layer are covalently
linked, the layers themselves are
held together with weaker m-mt stack-
ing. This results in an overall highly

porous framework consisting of 1-di-
mensional channels of high porosity
coupled with densely packed walls
where the atoms stack (Fig. 2).

2D COFs are limited in how the struc-
ture is arranged through 3D space
(called a ‘topology’, represented by
three lower-case letters in bold) be-
cause of their shape and uni-direc-
tional pore channels.

~
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In comparison, the relatively under-
developed 3D COFs contain a 3-di-
mensional organic skeleton held
together entirely through strong
covalent bonds. The 3-dimensional
framework allows for a larger diver-
sity of pore sizes, shapes, and chan-
nel accessibilities, further generating
a larger number of potential topolo-
gies and a higher degree of modifi-
ability (Fig. 3). 3D COFs are more
difficult to obtain than their 2D coun-
terparts due in part to stricter cryst-
allisation conditions, resulting in the
lack of research in this area.

Both 2D and 3D COFs are being used
in the development of environmen-
tal technologies that can minimise or
remedy environmental pollution. The
highly accessible and size-adjustable
pore systems of COFs make them
suitable for gas storage, release, and
separation (such as in the use of fuel
cells™** and CO, capture®?), their
large surface area makes them suit-
able for catalysis®*® and sensing,¥-2?
and their highly ordered structure is
suitable for charge carrier transport
(such as in optoelectronics).? With
properties that meet many applica-
tion requirements, COFs may be put
in use more frequently while older
and less suitable technologies are
phased out (Fig. 4).

Reticular chemistry is a key charac-
teristic of COF design and synthe-
sis, in which smaller building blocks
are linked to create crystalline open

Top View

Fig. 3.
Synthesis and
structure of a
3D COF with an
interpenetrated
diamond

(dia) network
topology.®
Adapted with
permission.

Side View

frameworks.? Fig. 5 illustrates the
steps of reticular synthesis.? Firstly,
the desired framework and its topol-
ogy is identified. Here, topology is a
term borrowed from mathematics
with a specific meaning in the realm
of reticular chemistry. A topology de-
fines how building units (COF mono-
mers, metal clusters, MOF ligands)
are linked and arranged periodically
in space.?®

Next, the framework is broken into
smaller building blocks, focusing on
the geometry and connectivity (num-
ber of points of linkage) that will yield
the correct topological framework.
These building blocks must also ac-
count for properties, such as linker
length or steric bulk, required to se-
lectively form the desired topology.
Following this is the identification of

molecular equivalents that will 1) fit
the desired unit geometry, 2) fit the
desired connectivity, and 3) form ap-
propriate linkages to its neighbour-
ing units. Finally, the augmented
net is derived and the framework is
synthesised. Because reticular chem-
istry works backwards, the building
blocks chosen determine the prop-
erties of the framework at all scales
(monomer, geometry, and topology).

The use of reticular chemistry would
seemingly correspond to a large
number of unique framework to-
pologies. In MOFs this is certainly
the case, with the number of unique
MOF topologies sitting at over 100
and the building blocks showing a
connectivity up to 24 (i.e. one build-
ing block connects to 24 neighbour-
ing blocks).?® However, 3D COFs lag
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Fig. 4. A timeline of porous organic materials research.?* Reprinted with permission.
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5

OHC CHO

Fig. 5. Steps of reticular synthesis, based on the pts topology. Firstly, the desired framework topology is identified. Next, the
geometry and connectivity of the building blocks are determined (4-c planar rectangular and 4-c tetrahedral). Then, molecular
equivalents are identified for each geometry.?” Adapted with permission.

far behind with only 15 topologies
and a maximum of 8-connectivity to
date. The primary reason for this lack
of COF topologies is due to carbon’s
restricted bonding ability of sp, sp?,
and sp® hybridisations — an obstruc-
tion that metallic building blocks do
not face. This limits the number of
geometries available for covalent
building blocks, further restricting
the number of topologies available
for 3D COFs.

The number of building blocks avail-
able for use in 3D COFs is currently
very limited (Fig. 6). Conceptually,
a 3-dimensional COF would require
at least one building block that ex-
tends into 3-dimensional space — for
carbon, this would instinctively be
the 4-connecting tetrahedral build-
ing block. During early COF synthesis
this mode of thinking was promi-
nent, and consequently only three
topologies were discovered during
the first decade of 3D COF synthesis.
All were reliant on the tetrahedral
block paired with a planar 2, 3, or 4
connected linker.?®

However, there are two recent strat-
egies which are beginning to utilise
more creative modes of thinking. The
first is combining linear or 2D mono-
mers to form 3D “organic clusters” of
higher connectivities, which further
form 3D COFs. For instance, the tri-
gonal prismatic (6-connecting, or “6-
c”, Fig. 6d) building block in particu-
lar is gaining considerable interest
as it relies on a group of covalently

OO
"'@Lv
©
A :
P CL.

o @

R
W= =
S S

Fig. 6. Four geometric building blocks used in 3D COFs, and an example of each’s
molecular constituent. a: tetrahedral; b: square/rectangular planar; c: trigonal

planar; d: trigonal prismatic.

"... there is a need for

a more innovative and
wider mindset among
porous material engineers
to truly test the limits of
COF design."

bonded organic elements, cleverly
bypassing the geometry limitations
of common organic molecules.

The second strategy to synthesise 3D
COFs is by using 2D monomers which
have properties that force them-
selves into a 3D framework. In this
strategy, a common occurrence is
that the same combination of build-
ing block geometries can form nu-
merous different topologies, based

on monomer size, steric bulk, and
symmetry. While a square planar/
triangular planar geometry combi-
nation will form the ffc topology, a
rectangular planar/triangular planar
geometry combination will form the
tbo topology.

To date, only two 3D cluster geom-
etries have been identified, and only
two sets of 2D monomer combina-
tions have been utilised. Topology
design can allow for tailoring of COFs
to give specific properties (e.g. sur-
face are, density), and thus can be
utilised in COFs for specific applica-
tions. Because of this, there is a need
for a more innovative and wider
mindset among porous material en-
gineers to truly test the limits of COF
design.
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