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Dedications

In memoriam

Prof. Takashi Yoshida (born in 1939, deceased on 1 May 2021) was a
Professor of Medicinal Plants Chemistry at Okayama University, Japan,
from 1993 to 2005. I worked with him as a research associate in the same
laboratory. He also worked at the College of Pharmacy, Matsuyama
University, Japan, as a Professor of Pharmacognosy from 2006 to 2012
after his departure from Okayama University in 2005. His research
interests included the isolation and structural determination of ellagi-
tannins and related polyphenols, as well as terpenoids in medicinal
plants and foods in Japan, China, South-East Asian, and South
American countries and the examination of their physiological activi-
ties. His scientific activity is documented in 261 papers on the isolation
and structure elucidation of tannins and terpenoids in many medicinal
plants and foods, as well as their diverse pharmacological properties,
such as anti-cancer, anti-Helicobacter pylori, antileishmanial, and anti-
methicillin-resistant Staphylococcus aureus activities. He received the Tannin Award at the
Phytochemical Society of North America Annual Meeting in 2008 (Philadelphia, USA) and the Groupe
Polyphenol Medal at the 8th Tannin Conference in 2014 (Nagoya, Japan) for his achievements in the
field of polyphenolic natural products. He worked with many wonderful collaborators worldwide,
including pharmacologists, biochemists, and microbiologists. He was respected and loved around the
world for his caring friendship, and I have the deepest respect for him as a researcher and educator.

Professor Hideyuki Ito
Okayama Prefectural University, Japan

Prof. Hidetoshi Yamada (born in Ehime, Japan, on 4 August 1962, deceased on 23 November 2019)
studied chemistry at Osaka City University, obtaining a bachelor’s degree in 1985 and a master’s
degree in 1987. He was appointed Assistant Professor at Tokushima Bunri University, working with
the late Professor Mugio Nishizawa. He received his PhD degree for the synthesis and structural revi-
sion of osladin, a sweet saponin. In 1997, he moved to Kwansei Gakuin University as Associate
Professor and was promoted Full Professor in 2004. The key motif of his research was curiosity, cen-
tering particular attention on the conformations of carbohydrates, which were his familiar molecules
from his early career. Interest in oligosaccharides led him to develop several viable glycosylation pro-
tocols, including thermal glycosylation, which allowed him to achieve the synthesis of L-rhamnose-
based cyclodextrin. He and Mugio-sensei named the molecule “cycloawaodorin,” a facetious trivial
name associated with Tokushima locality. Through these endeavors, he had a keen interest in the
conformationally flipped glucosyl donors. An ingenious design of flipped donor by bridging allowed
the B-selective glycosylation without aid of the neighboring-group participation and further led to the
preparation of the smallest cyclodextrin. Motivated by the presence of inverted glucose motifs, he
stumbled into the synthesis of ellagitannin-class polyphenols, featuring D-glucose as a core exten-
sively esterified by digalloyl groups. Facing such a tremendous diversity, he was as ever positive to



make a slogan, “Let us synthesize these natural products all.” To tackle this formidable challenge, he
focused on two key motifs embedded within these complex structures: (1) hexahydroxydiphenoyl
(HHDP) diesters based on two gallic acids directly C—C linked together, and (2) C—O linked digallates
for which two gallic acids are linked through an oxygen atom. For the former HHDP motif, he
exploited intramolecular oxidative biaryl coupling between gallates appended on a glucose scaffold,
where CuCl, and n-BuNH, were identified as effective reagents. For the latter O-linked digallate
motif, ortho-quinone mono-acetal was used as a platform to undergo an oxa-Michael addition/elimi-
nation sequence. His chemical synthesis study opened a door to flexible, comprehensive access to the
ellagitannin molecules as pure entities.

Prof. Toshiyuki Kan (born in Hokkaido, Japan,
on 15 February 1964, deceased on 24 July 2021)
studied chemistry at Hokkaido University, where
he obtained his bachelor’s degree (1986) and
master’s degree (1988). He received his PhD degree
in 1993 under the guidance of Prof. Haruhisa
Shirahama, working on the total synthesis of
grayanotoxin III, a poisonous diterpene with a
highly complex structure. After working as a
researcher at Suntory Institute for Bioorganic
Research with Prof. Yasufumi Ohfune (1993-1996),
he was appointed Assistant Professor at University
of Tokyo with Prof. Tohru Fukuyama in 1996 and was promoted as Associate Professor in 2003.
In 2004, he moved to the University of Shizuoka as Full Professor. His research focus was complex
natural product synthesis, as represented by grayanotoxin III (diterpenoid, skeletal complexity) and
ecteinascidin 743 (alkaloid, skeletal/functional complexity). In addressing the synthesis of complex
natural products, he was continuously exposed to care for the management of multiple functionali-
ties, and he became able to come up with survival tactics or even strategies to achieve the total synthe-
sis. Among others is the design of a new protecting group, “nosyl (Ns),” which served as bases for his
alkaloid syntheses, and now one of the standard choices for protecting amino groups. Upon moving
to his last destination, Shizuoka, one of the major tea and orange localities in Japan, he decided to
study the synthesis and chemical biology of tea- and citrus-derived polyphenols, including chafuro-
sides A and B (black tea), epigallocatechin gallate (EGCg), and nobiletin. Here the nosyl group was
proven to work for protecting phenols, endorsing a theanine synthesis via otherwise difficult biomi-
metic oxidative dimerization. He designed molecular probes for catechins and nobiletin, fluorescein,
and PET probes, serving for in vivo imaging and antibody generation as well. He further addressed the
syntheses of sesamin and sesaminol by an organocatalytic process and biomimetic construction of the
furofuran skeleton and of hybrid-type polyphenols, hedyotol A, princepin, and sophoraflavanone H
by exploiting C—H insertion reactions. His study highlighted and gained insights into the traditional
products indigenous to Shizuoka through chemical synthesis and chemical biology. He delivered a
plenary lecture on “Total Synthesis of Hybrid Type Polyphenols” at the XXX International Conference
on Polyphenols in Turku, Finland, in July 2021, which turned out to be his last lecture. The initial
seven slides were a tribute to his friend, Hidetoshi Yamada. In many people’s memory, they both
would be remembered by their energy, courage, spirit in research, determination and leadership in
society, and friendship and warm-hearted attitude toward everyone. They were intimate friends, shar-
ing genuine scientific interests in complex natural product synthesis. Here they are (Hidetoshi on the
left and Toshiyuki on the right) with their relaxed smiles like naughty kids, enjoying fine food and
drinks!?! 5%

Keisuke Suzuki
Professor Emeritus, Tokyo Institute of Technology, Japan
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Preface

Every 2 years, Groupe Polyphénols (GP) hosts the International Conference on Polyphenols
(ICP). The anniversary XXX ICP was planned to be held in 2020 in Turku, Finland.
Unfortunately, the COVID pandemic forced GP to postpone the conference by one year,
although everything was already set and organized for the conference in 2020. After one
year of pandemic, GP decided that the ICP2020TURKU should not be postponed further
and it was successfully organized as a fully virtual conference from 13 to 15 July, 2021. This
was the first ever virtual ICP hosted by GP since its foundation in 1972. Groupe Polyphénols
is the world’s premier society of scientists in the fields of polyphenol chemistry, synthesis,
bioactivity, nutrition, industrial applications, and ecology. Luckily, the great success of this
virtual ICP encouraged GP to plan for new types of scientific activities for its members also
in between the biannual ICPs. Since the ICP2020TURKU, GP has already organized the
first Webinar in Polyphenols Research that will gather polyphenol scientists virtually three
to four times a year to attend presentations of both established and young scientists. This
approach thus also continues one of the main aims of the ICP2020TURKU by giving good
opportunities to young scientists to present their recent research findings on polyphenols.

The city of Turku is a city full of history. It was the first capital of Finland, before Helsinki,
and it had the first Finnish-speaking university in Finland. The main organizers of the
ICP2020TURKU, the Natural Chemistry Research Group, had planned to organize the ICP
at the main campus of the University of Turku, close to the River Aura and the Turku
Cathedral (see the front cover). Other history-oriented activities such as the gala dinner in
the medieval Turku Castle were also planned and booked. However, now it remains for all
the ICP participants to visit Turku on a later notice, once the COVID pandemic allows.

The XXX ICP was attended by 250 registrants from 36 countries, with 105 invited and
contributed presentations. This great number of presentations was achieved by parallel
sessions that maximized the opportunities given to young scientists to present their work.
This eighth edition of Recent Advances in Polyphenol Research has 12 chapters that repre-
sent the work of the invited speakers at the XXX ICP and reflect the depth of science in this
important field of natural product chemistry. The conference included 19 sessions on struc-
ture, reactivity, and synthesis; bioactivity and bioavailability; metabolomics, targeted anal-
ysis, and big data; quality control and standardization; biogenesis and functions in plants
and ecosystems; and biomaterials and applied sciences.

We owe a special thanks to Tina Ahonen from the Aboa Congress and Event Services for
her professional and excellent help in the organization of the conference. The great
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Preface

execution of the virtual ICP would not have been possible without the help of professionals
of RajuLive Ltd. that made sure that all tiny details of the virtual conference, including the
presentation recordings were of prime quality. The members and students of the Natural
Chemistry Research Groups deserve our sincere thanks for their huge efforts in making the
intermission activities in the form of entertaining videos that were also uploaded on the
social media and for helping with the practical organization on site. Finally, we thank all
the participants, who took active part in the conference sessions, and initiated a lot of sci-
entific discussion in the conference chat, both after and between the presentations. You
created a warm atmosphere for the conference and made it a really enjoyable event and a
great learning experience during these otherwise difficult COVID times. We think that the
ICP2020TURKU will always be remembered as a special conference, but luckily only for
very good and positive reasons.

Juha-Pekka Salminen
Kristiina Wahdld
Victor de Freitas
Stéphane Quideau
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Lignins and Lignification

New Developments and Emerging Concepts
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1.1 Introduction

In the previous volume in this series, Volume 7, Chapter 7 highlighted recent discoveries
relating to the interactions between monolignol pathways with flavonoid and stilbenoid
pathways producing monomers for lignification (del Rio et al. 2021). The notion that
lignification, the process of polymerization from monomers to the lignin polymer, may
tolerate or even favor the use of monomers beyond the canonical monolignols (p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol) is becoming mainstream even if there
might not be universal agreement about what exactly constitutes lignification. Advances
continue as ever more is revealed about the way cell wall polymers in various tissues in
“natural plants” are derived and how the perturbations of genes, now in various interact-
ing pathways, can affect lignification and the consequent composition and structure of the
polymer. Although “structure” has little meaning for a polymer lacking defined repeating
units of any length and possessing an overwhelming stereochemical complexity (Ralph
et al. 2008), this newly revealed complexity to the composition and structure of lignin
polymers, and the blurring of the definition of lignification, may seem alarming. It is
worth emphasizing, however, that the process of lignification itself is a delightfully simple

Recent Advances in Polyphenol Research, Volume 8, First Edition. Edited by Juha-Pekka Salminen,
Kristiina Wihild, Victor de Freitas, and Stéphane Quideau.
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.
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one involving a single, purely chemical mechanism and, accordingly, lignification is a
much simpler process than the ones involved in the formation of hemicellulosic polysac-
charides, for example.

Findings expanding the definition of lignin continue, even as the ramifications of the
COVID-19 pandemic have impeded research progress in general since 2020. To document
this rapidly advancing field, we cover some new findings and a few of the emerging notions
on lignification. So much is happening in this field that we cannot comprehensively cover
even merely the work from our own labs; this chapter is best regarded as an update in
which we concentrate on some of the research on a common theme that interests us. We
also cover areas that often must be jettisoned from research papers, weaving in concepts
that are in principle well-known but occasionally need to be reemphasized because they
have particular importance and/or may be distinctive to lignification and unfamiliar to
researchers new to the field. Along with the evaluation and contemplation of “new” path-
ways and mechanisms, we also include minor subsections on the value and use of lignin
models to understand reaction pathways, and the continued importance of developing
diagnostic analytics to provide unambiguous new insight.

The chapter has been laid out in seven sections but keeping the ideas discretely under
those headings has not been fully realized. Just as an example, we decided that observa-
tions on the use of monolignol conjugates in lignification needed their own section, yet
much of the material could easily fit under sections preceding it. Similarly, model, syn-
thetic, and analytical work often accompanies any discovery, but we have chosen to split
one aspect out to provide some recognition for such crucial research components. Finally,
there are some concepts that we wanted to convey here that simply do not fit well under the
chosen headings. We trust that this will nevertheless be a readable and useful contribution
despite these limitations.

1.2 The Monolignol Pathway and Interacting
Pathways - New Lignins

The monolignol biosynthetic pathway produces the three canonical monolignols for ligni-
fication, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, differing in their
degrees of methoxylation ortho to the phenol (Freudenberg and Neish 1968; Sarkanen and
Ludwig 1971). Some of the enzymes are quite specific, whereas others are more general in
nature. As summarized in Figure 1.1, and as has been reviewed (Boerjan et al. 2003; Ralph
et al. 2004b; Shi et al. 2010; Weng and Chapple 2010), the major flux through the pathway
was simplified from the full metabolic grid originally considered (Dixon et al. 2001;
Higuchi 2006; Matsui et al. 2000) as favored substrates and pathways through the grid
have been elucidated (Humphreys et al. 1999a, 1999b; Li et al. 2000; Osakabe et al. 1999),
and new steps and their enzymes continue to be discovered, as reviewed (Bonawitz and
Chapple 2010; Mottiar et al. 2016; Ralph et al. 2019; Vanholme et al. 2010a, 2019a).
Figure 1.1 attempts to capture the modern notion of broader lignification, integrating in
phenolic components beyond the strict monolignol pathway. Perturbing the various genes
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along the pathway from phenylalanine to the monolignols, or even from shikimic acid and
further back, not only provides a rich source of insight into the pathway processes but is
also capable of producing some striking lignins. With reference to the line in Michael
Chrichton’s original Jurassic Park book (Chrichton 1990) and in the movie that “Life will
find a way,” plants do not simply give up and die because they find themselves unable to
synthesize a monolignol. Although the very notion was once considered heresy, plants can
survive, even from “instantaneous” perturbations from which they do not have the luxury
of evolving, by producing a functional polymer from other available phenolic components.
This is most readily evident in plants utilizing “products of truncated monolignol biosyn-
thesis,” a term we might have first introduced in print in 2003 (Boerjan et al. 2003), to
produce the lignin polymer, sometimes quite successfully, but it is also clear that nature
itself has, over time, explored options well beyond just utilizing pathway intermediates and
still has plenty of surprises for us. The following recent examples are illustrative but are
neither unique nor exhaustive.

1.2.1 Truncated Monolignol Biosynthesis

We will update just two examples here, those of plants deficient in the last enzyme of
the pathway, cinnamyl alcohol dehydrogenase (CAD), and in one of the two primary
O-methyltransferases (OMT, i.e. CCOAOMT or COMT), Figures 1.1-1.3. The result in
both cases is product monomers of incomplete monolignol biosynthesis, hydroxycin-
namaldehydes in the former case, and the catecholic monomers caffeyl alcohol or
5-hydroxyconiferyl alcohol in the latter. Both produce lignin polymers that function
satisfactorily in the plant and, at least in the case of the catechols, are used as significant
or even sole components to fabricate natural lignins in specialized tissues such as
seedcoats.

1.2.1.1 CAD Deficiency

Lignins have long been known to contain low levels of hydroxycinnamaldehyde (and
hydroxybenzaldehyde) units. The characteristic lignin stain, the Wiesner or phloroglu-
cinol stain, is somewhat specific for hydroxycinnamaldehyde endgroups (Adler et al. 1948;
Pomar et al. 2002); it has always been ironic that this common stain owes its utility to the
incorporation of low levels of components that are often not even acknowledged as being
involved in lignification. Cinnamaldehyde endgroups might be produced in the lignin in
one of three ways. First, they could result from the oxidation of cinnamyl alcohol end-
groups in lignin, themselves resulting from initial dimerization reactions of monolignols,
particularly coniferyl alcohol. The conundrum here is that it is quite difficult to oxidize
etherified hydroxycinnamyl alcohols, the decades that the lignin might remain in a tree
notwithstanding. A second is for coniferaldehyde or sinapaldehyde to be produced by
oxidizing the monolignols in the lignifying region of the cell wall by the action of H,0,,
for example - such oxidation with H,0, can be demonstrated, and “always” accompanies
synthetic lignin preparations in which monolignols are mixed with peroxidase and H,0,
(Kim et al. 2003; Zhao et al. 2013). These hydroxycinnamaldehyde monomers can then

3



4| Recent Advances in Polyphenol Research 8

HO.
CHI

Flavanones

F3'H

OH

OH
Eriodictyol
OH

FOMT

HO.

OMe

HO.

HO.

POD
Laccase

|

OH O

A flavanono-oligolignol

or flavanonolignin

”:om‘oe:dictyol

Naringenin
chalcone

FNS
CHS

S.
3(Con” \n/\coou>
-~
o

Malonoyl-CoA

2-Hydroxy-
naringenin

STS

Hydroxystilbenes

Resveratrol
H R3'H

v OH

HO.

Luteolin

Piceatannol
H (COMT?

v OMe
OH

Hi
Isorhapontigenin

OH

o
HN "
TAL

Tyrosine

o
OH
C4H

Cinnamate

oH
FOMI/ “\F3/5'H
OMe

N

OH

OH

HO HO

Chryseriol

H

OH O Ol
C5’

o

H
OH
Ho OH HO'
Selgin Ve
OH O

PALT o
HN "

POD

Laccase Phenylalanine

o OH
Ho\“‘;\ou

OH
Shikimate

l OMe
0.
Ol

OH
Ho MEOH o
“~o ]OMe
oé\n
A flavono-oligolignol
or flavonolignin

OH O

Figure 1.1 Biosynthetic pathways feeding into lignification. The primary biosynthetic pathway
leading to the monolignols and the two related hydroxycinnamyl alcohols, bolded and highlighted
in yellow (in the colored version of this figure), is to the right and is shown as a metabolic grid as in

the old days (Dixon et al. 2001; Higuchi 20

06; Matsui et al. 2000); unfortunately, since

modifications to the pathway flux have been discovered, it is not possible to order the

intermediates in a linear fashion vertically
pleasing (and, were this a circuit-board, wo

- conversions jump rows in a way that is simply not
uld represent bad design but seems unavoidable here).

Where possible, the primary pathways are shown with black arrows, and the major pathways are
slightly bolder, whereas minor pathways, or those that might not be completely demonstrated are

in a light gray; dashed arrows represent pa
Note that we do not try to show the pathw.

thways (and genes/enzymes) that are not yet known.
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