A Polymer Magician: Professor Charlotte K. Williams
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At Organometallics, the Editorial Team has been highlight-
ing a number of scientists that we feel have had profound
impact on the field, and perhaps also on ourselves. In this
editorial, I wish to introduce another of our Pioneers and In-
fluencers, Professor Charlotte K. Williams from Oxford
University. Professor Williams works on three things I love:
Homogeneous metal catalysts, carbon dioxide, and selectiv-
ity. With these ingredients, she is developing impressive
protocols for making versatile and sustainable polymers.

Figure 1. Professor Charlotte K. Williams.

As a small-molecule chemist, I am in awe of scientists
who embark on making polymers. Polymers often referred
to as “plastics,” are large molecules, composed of repeating
subunits, and they have favorable properties, such as mac-
roscale toughness, which shorter molecules are unable to
provide. The current worldwide production of polymers is
360 million tons/year.! However, developing a polymeriza-
tion catalyst that can produce polymers with exactly the de-
sired physical-chemical properties is a magician’s work. As
Williams and Nozaki write: “In contrast to small-molecule
catalysts, polymerization catalysts also control the polymer-
ization rate, selectivity, and productivity that govern the re-
sulting materials’ crystallinity, decomposition temperature,
viscosity, rheology, and mechanical performance. Catalyst
selection may also be used to tune the polymer molecular
weight, dispersity, chain composition, chain architecture,
and regio- and/or stereochemistry.”*

Charlotte Williams was born in 1975 and studied Chem-
istry at Imperial College London, from where she received a
Bachelor’s Degree in 1998. During her PhD studies (1998 -
2001), Williams worked with Vernon Gibson and Nicholas

Long, initially embarking on classic organometallic chemis-
try with focus on ferrocenediyl ligands.? In fact, the first sci-
entific article coauthored by Williams appeared in Organo-
metallics, with the title “Hang-gliding with Ferrocenes: Un-
usual Coordination Chemistry of 1,1 ‘-Bis(mesitylthio)ferro-
cene” (Figure 2).3

Figure 2. X-ray structure of the hang-glider-like C,S-cyclomet-
alated Pt"V complex formed from 1,1’-bis-(mesitylthio)ferrocene
(left)* and a hang-glider (right).*

The ferrocenediyl complexes were tested in Suzuki cou-
pling and olefin polymerization catalysis.>** From then on
the use of homogeneous catalysts in polymerization reac-
tions became a defining topic in Williams’ work. During
2001-2002, she was a postdoctoral fellow, first studying lac-
tide ring-opening polymerization (ROP) with William B.
Tolman and Marc Hillmyer at the University of Minnesota,
USA.5 Subsequently she worked with organometallic light-
emitting polymers, with Andrew Holmes and Richard Friend
at the University of Cambridge, UK.°

In 2003, Williams returned to her Alma Mater, Imperial
College, as a lecturer. Here she started her independent ca-
reer, with focus on developing new homogeneous catalysts
for polymerization reactions, initially focusing on yttrium
complexes.” In 2004, CO; entered into her research as a po-
tential polymer ingredient, due to William’s interest to de-
velop polymers from sustainable feedstocks. However, ini-
tially all her attempts to develop an efficient catalyst for co-
polymerization of CO, failed, and several years without suc-
cess passed by before her team finally could report a major
breakthrough in 2009 (patented in 2008): A dizinc catalyst
with a reduced Robson type macrocycle, which is able to co-
polymerize CO, and cyclohexene oxide (Figure 3).® Wil-
liams was not the first to copolymerize CO, and epoxides;
indeed, the first reaction of this type, mediated by ZnEt,, was


https://pubs.acs.org/page/orgnd7/pioneers-influencers
https://pubs.acs.org/page/orgnd7/pioneers-influencers
https://pubs.acs.org/page/inocaj/vi/polymerization-catalysis

developed in 1969 by Inoue and coworkers.” This was fol-
lowed by seminal studies leading to well-defined homoge-
neous zinc catalysts reported by the groups of Darens-
bourg,!® Coates,!! and Lee,'? among others.!> However,
Williams’ catalyst was a remarkable step forward for its
properties: robust, airstable, with high end-group fidelity,
and most important, the first well-defined zinc catalyst that
was highly active at only 1 atm CO, pressure.?

The Williams group reported a bimetallic cobalt analogue
in 2010 (Figure 3, right), which is even more active and se-
lective than the zinc catalyst, producing no cyclic carbonate
as an undesired byproduct.'* This was later followed by the
first homogeneous heterodinuclear Zn/Mg catalyst with im-
proved performance for CO»-epoxide copolymerization, still
with the reduced Robson ligand."’ If Williams’ initial work
is described as involving the synthesis of a hang-glider com-
plex (Figure 2), then I suggest considering these beautiful
macrocyclic catalysts as her follow-up jet planes (Figure 3).
The catalysts’ excellent performance may be due to the two
metals in proximity, as the polymer chain growth is expected
to occur through a shuttle mechanism involving both metal
centers (Figure 4).1
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Figure 3. Top: Copolymerization of COz and cyclohexene oxide
(CAT = catalyst). Bottom: Bimetallic Zn catalyst reported by Wil-
liams in 2009 (/eff)® and X-ray structure of the Co analogue re-
ported in 2010 (right).'
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Figure 4. Proposed bimetallic shuttle mechanism for ring-opening
copolymerization (ROCOP) of cyclohexene oxide and COz (based
on mechanism shown in ref. 15).

In 2009, Williams became Reader at Imperial College,
which can be considered equivalent to an Associate Profes-
sor. In 2011, she received the Bio-environmental Polymer
Society Outstanding Young Scientist Award for her work, '
and in 2012 she became Professor of Catalysis and Polymer
Chemistry at Imperial College.!”

Prof. Williams continued to perform polymer magic and
reported in 2014 a novel control mechanism that allows
switching a single catalyst between ROP of lactones and
ring-opening copolymerization (ROCOP) of epoxides and
COs; in one pot (Figure 5).!® The catalytic system involved
the zinc species in Figure 3, known to be active in ROCOP
to form polycarbonates.® Williams’s group showed that this
catalyst is inactive for ROP of lactones to form polyesters,
unless an epoxide is added as an initiator, which converts the
zinc carboxylate into an active zinc alkoxide. The truly mag-
ical discovery was that the ROP reaction could be turned off
again by adding CO,. By adding or removing CO,, ROCOP
and ROP can be alternated, resulting in an unprecedented
one-pot formation of copoly(ester-carbonates) (Fig. 5).

Subsequently, Williams reported that anhydrides also
could be used as monomer feedstock in the chemoselective
polymerization approach, and thus a large variety of copol-
ymers can be formed in a highly selective manner.!® In re-
cent years, Prof. Williams has extended the portfolio of cat-
alysts and (sustainable) monomers that can be employed,
and in particular, has shown the controlled production of
many new polymers with highly promising properties.?’ The
use of CO; as a non-fossil carbon feedstock remains a major
focus in her work. This is a topic that is gaining increased
attention, as highlighted in the Organometallics Special Is-
sue on CO, Utilization, where Williams reported the isola-
tion of a rare anionic Ti(IV) complex, assumed to be a model
of the catalytic alkoxide intermediate.?' Recently,
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Figure 5. Chemoselective polymerization control'®: If the bimetal-
lic Zn catalyst (Fig. 3) is mixed with caprolactone, no reaction takes
place. Addition of epoxide activates ROP. If COz is added, ROP is
suppressed, but ROCOP is activated. Removal of CO; reactivates
ROP (green: active, red: inactive).
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her group showed how the combination of metals, chosen
based on their role in the catalytic cycle, can improve heter-
odinuclear catalysts for CO»/epoxide copolymerization: In a
reported Mg/Co complex, the magnesium center improves
epoxide coordination and the cobalt center accelerates car-
bonate attack.?

It is particularly impressive to me when academics be-
come innovators and company founders: In 2011, Williams
founded Econic Technologies, a company focusing on cata-
lysts to make polymers from CO,. She commented in an in-
terview: “Our first major catalyst discovery was in 2008. We
filed a patent and continued to develop the science while ex-
ploring options for the technology and eventually formed
Econic in 2011.°% For her industrial entrepreneurship, Prof.
Williams was awarded the WISE Tech Start-up Award in
2015.% The catalysts developed by Econic are sold to polyol
producers whose carbon dioxide-based polyols then are used
to make polyurethanes for applications, for example soft
foams for house-hold goods, automotive components, adhe-
sives, elastomers and home insulation foams.

In 2016, Williams became Professor of Inorganic Chem-
istry at Oxford University. The same year, she received the
Corday-Morgan Prize, recognizing her contributions to us-
ing renewable resources to make polymers.?* In 2018, she
received the Otto Roelen Medal by Dechema and the Ger-
man Catalysis Society, in recognition of her developments
of highly active catalysts for CO, copolymerization.?

There is no doubt that Williams has contributed funda-
mental breakthroughs in the field of homogeneous polymer
catalysis and CO» utilization, and she is also a role model as
an inventor and entrepreneur. Her impressive scientific rec-
ord counts around 140 publications and 30 patents, many li-
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censed industrially. In addition to her scientific achieve-
ments, she is a dedicated group leader and has mentored nu-
merous postdocs, PhD students and undergraduates. Of her
former group members, 16 are in academic positions world-
wide. Besides chemistry, she has a love for the wilderness
and for fossil hunting, alongside other hobbies, including
swimming, cycling and hiking. With her famliy she is regu-
larly going on biking adventures and crossed Scotland by
bike in 2019.

To me, Prof. Williams is both a scientific and a personal
role model. I have never worked with her, but just reading
her articles has inspired me many times. [ am a female chem-
ist and although I have performed research in academia for
20 years, my sense of belonging is small, which appears
common for women in STEM fields.?® Over the years, I have
monitored my feeling of belonging and I have realized what
makes it spike: Inspiring female chemists, whose work and
achievements remind me that women have a natural place in
science and in academia. On days where the feeling of not
belonging weighs particularly heavy on my shoulders, I look
toward my role models, and it helps me calm my inner critic
and carry on. Professor Charlotte Williams is such a role
model to me, and I am sure, also to many others.
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