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Biomass Valorization Very Important Paper

Clean Synthetic Strategies to Biologically Active Molecules from
Lignin: A Green Path to Drug Discovery**

Anastasiia M. Afanasenko, Xianyuan Wu+, Alessandra De Santi+, Walid A. M. Elgaher,
Andreas M. Kany, Roya Shafiei, Marie-Sophie Schulze, Thomas F. Schulz, Jörg Haupenthal,
Anna K. H. Hirsch,* and Katalin Barta*

Abstract: Deriving active pharmaceutical agents from renewable resources is crucial to increasing the economic
feasibility of modern biorefineries and promises to alleviate critical supply-chain dependencies in pharma manufacturing.
Our multidisciplinary approach combines research in lignin-first biorefining, sustainable catalysis, and alternative
solvents with bioactivity screening, an in vivo efficacy study, and a structural-similarity search. The resulting sustainable
path to novel anti-infective, anti-inflammatory, and anticancer molecules enabled the rapid identification of frontrunners
for key therapeutic indications, including an anti-infective against the priority pathogen Streptococcus pneumoniae with
efficacy in vivo and promising plasma and metabolic stability. Our catalytic methods provided straightforward access,
inspired by the innate structural features of lignin, to synthetically challenging biologically active molecules with the core
structure of dopamine, namely, tetrahydroisoquinolines, quinazolinones, 3-arylindoles and the natural product
tetrahydropapaveroline. Our diverse array of atom-economic transformations produces only harmless side products and
uses benign reaction media, such as tunable deep eutectic solvents for modulating reactivity in challenging cyclization
steps.

Introduction

Active pharmaceutical ingredients (APIs) are essential for
human well-being and represent a large and continuously
growing market.[1,2] Deriving APIs from locally available and
renewable waste or side-product streams would advance
circular-economy strategies by increasing the economic
feasibility of modern biorefineries, and alleviate critical
supply-chain dependencies in pharma manufacturing.[3,4]

Therefore, the development of creative functionalization
strategies of platform chemicals, originating from emerging
biorefinery concepts, to access complex, biologically active
molecules, appears tremendously attractive.[5]

Lignin, the largest renewable source of aromatics on the
planet, has attracted significant attention for the sustainable

production of fuels, materials, and chemicals,[6–8] with lesser
attention devoted to fine chemicals.[9–11] Interdisciplinary
efforts to systematic API development with the intention to
rapidly identify compounds of therapeutic potential from
lignin, have not been undertaken. This is surprising since
employing lignin in the earliest stages of drug discovery
offers remarkable opportunities for the integration of the
main principles of green chemistry into the manufacturing
practices of pharmaceuticals—a top priority in this
sector.[11–14] Constructing complex molecules from petro-
chemicals typically requires multiple-step syntheses associ-
ated with high E factors;[15] while renewable platform
molecules bear sufficient structural diversity to be trans-
formed into sophisticated scaffolds, with great synthetic
efficiency and high atom-economy.[16,17] Moreover, lignin-
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derived aromatic platform chemicals inherently incorporate
structural moieties often found in naturally occurring, bio-
logically active compounds, due to their common biosyn-
thetic origin (see Supporting Information Section 2).[5,18]

We hypothesized, that this constitutes an excellent
starting point for the rapid access to new structurally
diverse, biologically active compound libraries and rapid
identification of relevant drug candidates. Hence, we set out
to develop an array of atom-economic transformations to
obtain synthetically challenging classes of biologically active
compounds directly from C2-G-EG-acetal,[19–21] a lignin-
derived platform chemical (Figure 1A). As we have pre-
viously shown, this C2-G-EG-acetal can be obtained in
near-theoretical yield from softwood lignin or lignocellulosic
biomass via acidolysis and ethylene glycol stabilization, and
is ideally positioned to access molecules of the dopamine
platform. And indeed, by developing suitable chemocata-
lytic methods, and tunable deep eutectic solvents (DESs)[22]

for challenging cyclization steps, we were able to rapidly
access compound libraries for biological screening. Among
them, the typically synthetically challenging tetrahydroiso-
quinolines, quinazolinones, 3-arylindoles, dopamine itself
and the natural product tetrahydropapaveroline (Figure 1A
and 1B).

Systematic experimental screening of the obtained
compound libraries for anti-infective and anticancer activ-
ities has revealed promising biological activities and further
in-depth evaluation of the most promising hits led to the
identification of clear frontrunners, active against highly
relevant pathogens or tumor cell lines (Figure 1C). Com-
pound 5ff emerged as a frontrunner against Streptococcus
pneumoniae, a priority pathogen causing human lung
infections, confirmed by in vivo studies using our in-house
developed Galleria mellonella larvae infection model. More-
over, by applying bioinformatics similarity searching to a
drug library of more than 4600 compounds, we identified
novel inhibitors of the anti-inflammatory target COX-2 as
well as compounds with excellent antiviral activity against
Kaposi’s sarcoma-associated herpesvirus.
The promising biological activities, combined with the

efficient and modular synthetic routes developed, demon-
strate the efficiency of our interdisciplinary approach in the
rapid discovery of active scaffolds from renewable resour-
ces.

Figure 1. The green path towards novel therapeutic agents and the natural product tetrahydropapaveroline starting from lignin-derived platform
chemical C2-G-EG-acetal. A) Overall strategy. B) Diverse classes of heterocycles synthesized from C2-G-EG-acetal. C) “Frontrunners” as novel
pharmaceuticals in this study that display outstanding anti-infective, anti-inflammatory, and anticancer activities. Abbreviations: HB—“hydrogen
borrowing”; CPME—cyclopentyl methyl ether; EG—ethylene glycol; DES—deep eutectic solvent; S. pneumoniae—Stretptococcus pneumoniae;
S. aureus—Staphylococcus aureus; COX—cyclooxygenase.
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Results and Discussion

Direct Conversion of C2-G-EG-acetal into Homovanillyl Alcohol

The foundation of our approach is the acidolysis and
ethylene glycol stabilization method pioneered in our
laboratory, which leads to C2-G-EG-acetal in high selectiv-
ity and near theoretical yield from lignin and
lignocellulose.[19–21] Interestingly, while most cutting-edge
“lignin-first” methods result in ethyl, propyl or propanol
aromatics,[23] our unique acidolysis/stabilization approach
directly leads to the C2-aldehyde platform, owing to the
dominance of the deformylation/C� O scission pathway
through acidolysis of the β-O-4 moiety, under the conditions
applied.[24,25]

First, we have explored the direct conversion of the C2-
G-EG-acetal into its stable C2-alcohol analogue, homova-
nillyl alcohol (HA), by the challenging deprotection/C=O
hydrogenation sequence using various heterogeneous hydro-
genation catalysts (Table S1). While low to moderate HA
yields (27–63%) were seen with Ru/C, Ru/Al2O3, Pd/C using
tert-amyl alcohol as a solvent, excellent conversion and HA
selectivity was achieved in water, presumably due to a more
favorable acetal-to-aldehyde deprotection step. Particularly,
employing Ru/Al2O3 resulted in a 98% yield at 140 °C and
with 20 bar hydrogen (Table S1, entry 5). Further optimizing
the reaction conditions (5% Ru/Al2O3, 20 bar H2, 90 °C,
4.5 h), HA was obtained in a 92% isolated yield (Table S1,
entry 9). Next, we developed suitable hydrogen-borrowing
methodologies for the direct catalytic amination of HA with
ammonia or primary amines. Thereby, HA serves as a
central platform to provide access to dopamine (Scheme 1B)
or libraries of dopamine analogues bearing secondary
amines (Figure 2A), precursors to more complex molecules.

Dopamine and Natural Product Synthesis from Lignin

The overall synthetic strategy for constructing dopamine
and the natural product tetrahydropapaveroline from lignin
is detailed in Scheme 1 (for more details, see Supporting
Information Section 2). Hereby, we accomplished the direct
coupling of HA with ammonia in the presence of Raney-Ni
to deliver C2-amine, followed by demethylation to afford
the target dopamine, in 83% isolated yield, without the
need for additional purification procedures. This constitutes
a straightforward catalytic sequence from softwood
lignocellulose[21] or softwood lignin.[19,20,26]

The subsequent formation of the core tetrahydroisoqui-
noline scaffold (Me-THI) was realized by coupling dopa-
mine and Me-C2-aldehyde. The latter was generated in situ
from the corresponding Me-C2-EG-acetal, which was ob-
tained by methylation of the parent lignin platform chemical
C2-G-EG-acetal, using the green methylation agent dimeth-
yl carbonate (DMC). The critical Pictet–Spengler cyclization
and the Me-C2-EG-acetal deprotection steps required the
same mild, acidic reaction conditions, allowing for the
development of a one-pot procedure. Finally, cleavage of
the methyl ethers in Me-THI by hydrobromic acid afforded

the target tetrahydropapaveroline in 89% yield. While this
last deprotection step is efficient and readily used in
industry, there is a further need to develop chemo- or
biocatalytic methods to achieve cleaner demethylation.
Nonetheless, the here-developed methods clearly outper-
form classical synthesis routes in terms of green chemistry
metrics (see Supporting Information Section 2.3). The
developed sequence achieves an overall 6.24 wt% yield of
dopamine and 5.65 wt% yield of tetrahydropapaveroline,
showing high biomass utilization efficiencies (46.2% and
34.1%, respectively), calculated on lignin basis. In the
context of developing integrated biorefinery schemes, these
results are encouraging. Dopamine, is an essential medicine,
widely used in the treatment of Parkinson’s disease.[27]

Demonstrating scalable chemocatalytic routes to access such
important and high-value targets from lignin would enhance
the overall techno-economic feasibility of a biorefinery
approach where all constituents of lignocellulose are
effectively utilized (see Supporting Information, Note in
Section 2.2).

Catalytic Conversion of HA into Aminoalkyl Guaiacol
Derivatives

Having an efficient method at hand to produce HA from
C2-G-EG-acetal, we aimed to create a library of dopamine
derivatives for biological activity screening. The direct
catalytic amination of HA with a range of aniline derivatives
was accomplished by applying the homogeneous Ru-based
Shvo’s catalyst (C1). Gratifyingly, the catalytic coupling of
HA with aniline, in the presence of C1 (Table S2) out-
performed in efficiency our earlier reported functionaliza-
tion of dihydroconiferyl alcohol,[16] affording the target
secondary amine 3a in perfect selectivity (99%) and good
isolated yield (74%), using the non-toxic solvent CPME and
0.5 mol% C1 without any additives at 120 °C (Table S2,
entry 6). Further expanding the scope resulted in aminoalkyl
guaiacols (Figure 2A), comprising existing structures with
already known applications, as well as new structures with
potential therapeutic activity. For example, the secondary
amines 3b’ and 3k’ are known precursors in the synthesis of
orexin receptor antagonists,[28] used to treat sleep disorders,
as well as isoalloxazine derivatives,[29] agents for the treat-
ment of Alzheimer’s disease. Potentially, 3q’ can serve as a
key building block for the synthesis of medicinally relevant
erythrina alkaloids.[30,31] In our hands, the synthesized amino-
alkyl guaiacols have shown various biological activities, as
shown in Figure 2A and summarized in Supporting Informa-
tion in Section 11.

Tunable Deep Eutectic Solvent Systems to Construct
Tetrahydroisoquinolines

Next, we set out to construct variously substituted tetrahy-
droisoquinolines, via Pictet–Spengler cyclization involving
the aminoalkyl guaiacols obtained above, by exploring the
use of DESs for the first time in this transformation.[22,32]

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, e202308131 (3 of 10) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202308131 by U

niversiteitsbibliotheek, W
iley O

nline L
ibrary on [27/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Due to their favorable physicochemical properties (low
vapor pressure, potentially non-toxic, biodegradable, and
renewable nature), DESs are considered promising green
alternatives for volatile organic solvents.[33,34] We reasoned
that this unique class of alternative reaction media will
actively facilitate imine formation and accelerate the sub-
sequent Mannich-type cyclization, both steps involved in the
Pictet–Spengler mechanism.[35] Given that these steps are
sensitive both to the steric and electronic properties of the
respective substrates used and the acidity of the reaction
medium, we demonstrated that reactivity can be controlled
through careful tuning of the DES composition, by selecting
appropriate hydrogen bond donors (HBDs) and hydrogen-
bond acceptors (HBAs).[36]

We achieved high isolated yields of the tetrahydroisoqui-
nolines (Figure 2B, 5aa–5 la, 70–99%) by coupling the
aminoalkyl guaiacols (3a–l) with paraformaldehyde (4a)
using natural DESs based on a combination of choline
chloride (ChCl) as HBA and oxalic acid dihydrate
(OA ·2H2O) as HBD.
A smooth reaction was seen at 80 °C without any strong

mineral acid additives, relying solely on the beneficial effect
of the DES. In comparison, moderate to good yields
(Figure 2B, 5aa^–5ga^, 33–73%) were achieved in a
hydrochloric acid-potassium chloride buffer (0.1 M, pH 1)[37]

at a higher reaction temperature (120 °C).
However, when the synthesis of 1-substituted tetrahy-

droisoquinolines was attempted using 4-(2-((4-

Scheme 1. Routes for the synthesis of tetrahydropapaveroline. A) Conventional path starting from benzene. B) Our chemocatalytic approach
starting from lignocellulose or lignin via the aromatic platform chemical—C2-G-EG-acetal. Biomass utilization efficiencies refer to the overall
process (see Supporting Information Section 2.2–2.3 for more details). Overall yield and AE are calculated starting from C2-G-EG-acetal. C) Variety
of biologically active molecules that can be accessed using our developed synthetic strategies. Abbreviations: AE—atom economy; LA—Lewis acid.
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Figure 2. A) Selective ruthenium-catalyzed amination of homovanillyl alcohol with various amines. B, C) Construction of lignin-derived
tetrahydroisoquinolines 5 in specific deep eutectic solvents (DESs). ^ Using HCl-KCl buffer (pH 1, 1 mL, 0.1 M)/CPME (1 mL) system instead of
DESs. [a] Yield was determined by GC-FID. [b] 1.5 equiv. of the corresponding aldehyde was used. [c] 1.5 equiv. of the corresponding aldehyde was
used, 80 °C.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, e202308131 (5 of 10) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202308131 by U

niversiteitsbibliotheek, W
iley O

nline L
ibrary on [27/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



chlorophenyl)amino)ethyl)-2-methoxyphenol (3g) and ben-
zaldehyde (4b), the desired cyclization failed to occur in
ChCl/OA ·2H2O even at elevated temperature (120 °C; for
more details, see Table S4). Considering the effect of the
reaction medium’s acidity on the efficiency of the cyclization
step,[38] we explored DESs containing choline chloride
(ChCl) as HBA and strong organic acids (p-toluenesulfonic
acid monohydrate, triflic acid) as HBD component (Ta-
ble S4). The combination of choline chloride and p-toluene-
sulfonic acid monohydrate (ChCl/p-TSA in a molar ratio of
1 :3) at 100 °C afforded the 1-substituted tetrahydroisoquino-
lines in exceptional selectivity with moderate to good
isolated yields (Figure 2C).

Unexpected Pathways to Quinazolin-4(3H)-ones and Fully Bio-
Based 3-Arylindoles

We realized that substrates 3m–p offer a unique structural
motif that would allow the construction of the quinazolinone
moiety,[39] in combination with various carbonyl compounds
as coupling partners. We assumed that the iminium inter-
mediate, formed upon the reaction of 2-aminobenzamide

and the carbonyl compound would undergo nucleophilic
attack by water, via a 6-exo-tet cyclization, followed by
oxidation of the aminal intermediate[40] to deliver the desired
quinazoline scaffold. Indeed, the reaction of aminoalkyl
phenol 3m and paraformaldehyde (4a) using hydrochloric
acid-potassium chloride buffer, at 100 °C (Figure 3A) af-
forded the desired quinazolinone analogue. Remarkably,
the target product was delivered in 64% isolated yield
(Table S6, entry 1) on the first attempt. To further improve
product selectivity while keeping mild reaction conditions,
we were looking to enhance the reactivity by means of a
catalyst. Inspired by advances in iridium-catalyzed hydro-
gen-transfer catalysis,[41,42] we applied [Cp*IrCl2]2 (Cp*=

pentamethylcyclopentadienyl) as a catalyst, presuming that
it would facilitate the dehydrogenation of the formed cyclic
aminal.[43] After considerable efforts, we obtained the
desired N-heterocycle in excellent selectivity (84%) with
only 0.5 mol% of [Cp*IrCl2]2 at 100 °C in 4 hours (Table S6).
The scope of the reaction applying a range of 2-amino-
benzamides (3m–p) under the established reaction condi-
tions was examined: the target quinazolinones were deliv-
ered in high yields (6ma–6pa, 72–84%) without the need
for any additional purification procedure (Figure 3A).

Figure 3. Synthesis of lignin-derived A) quinazolin-4(3H)-ones and B) N-substituted 3-arylindoles. General reaction conditions: A) 3m–p
(0.2 mmol, 1 equiv.), 4a (0.22 mmol, 1.1 equiv.), [Cp*IrCl2]2 (0.5 mol%, 0.001 mmol), HCl-KCl buffer (pH 1, 1 mL, 0.1 M) and CPME (1 mL), 100 °C
(temperature of the heating block), 4 h; B): 3b (0.15 mmol, 1 equiv.), 7a,b (0.195 mmol, 1.3 equiv.), La(OTf)3 (10 mol%), 2-Me-THF (2 mL), 120 °C
(temperature of the oil bath), 48 h.
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Interestingly, using glutaraldehyde (4o) as a coupling
partner, the pharmaceutically-relevant mackinazolinone de-
rivative 6mo was isolated in 58% yield.[44] Overall, this
represents the first example of obtaining quinazolinones
from lignin in direct waste-minimized catalytic steps.
Comparison with literature-reported conventional pathways
show significant benefits in terms of green metrics (see
Supporting Information Section 8.1).
Finally, we constructed N-substituted 3-arylindoles

through the Lewis acid-catalyzed 1,4-addition of N-substi-
tuted anilines to trans-β-nitrostyrenes (Figure 3B, for more
details, see Table S7). After considerable modification of
the reported literature protocol,[45] with a focus on the
lignin-relevant substrates, we found that 10 mol% of
La(OTf)3 smoothly delivers the desired N-aryl 3-arylindole
8ba in 90% isolated yield, in 2-Me-THF as solvent at 120 °C.
This developed procedure can use vanillin-derived trans-β-

nitrostyrene 7b and aminoalkyl phenol 3b, yielding the
target product 8bb in 42% isolated yield. Considering that
p-anisidine can also be obtained from lignin,[46] this approach
may serve as a straightforward route to construct the core
scaffold of dictyodendrin alkaloids (promising telomerase
inhibitors),[47] entirely from lignin.

Evaluation of Biological Activities of the Compound Libraries

To assess the biological activities of the new lignin-based
compounds, we established two approaches, namely screen-
ing of cellular activity, and innovative bioinformatics-guided
similarity search (Figure 4). We screened all compounds of
classes 3, 5, 6, and 8 for activities against a representative
Gram-positive bacterium (Staphylococcus aureus, Newman

Figure 4. Identification of bioactive lignin-derived molecules through screening and similarity search strategies. Antibacterial and cytotoxicity
screening yielded compounds 5 ff and 5gf with potent activities also in an in vivo infection model based on Galleria mellonella larvae. The similarity
assessment revealed structural similarity of the new lignin-based scaffolds to clinically approved drugs for various therapeutic indications.
Evaluation of two potential pharmacological activities resulted in compounds 3g and 5 ff with promising cyclooxygenase-2 inhibition and antiviral
activity, respectively. Abbreviations: Tc—Tanimoto coefficient. Detailed results in [a] Figure S5; [b] Table S13; [c] Tables S8, S9, S10 and S12,
Figures 4 and S8; [d] Table S11, Figures S6 and S7.
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strain), a Gram-negative bacterium (Escherichia coli K12),
and a human cancer cell line (HepG2 hepatoma cells).
The aminoalkyl guaiacols 3 displayed moderate growth

inhibitory activities against S. aureus and HepG2 cells,
whereas they lacked activity against E. coli K12 (Figure 2A
and Figure S5). Compounds of the tetrahydroisoquinoline
class 5 showed prominent activities against S. aureus,
HepG2 cells, and, interestingly, E. coli (5 ja; Figure 2B, 2C,
and Figure S5). On the other hand, compounds of the
quinazolinone 6 and indole 8 scaffolds did not show
significant inhibition of bacterial growth, while they dis-
played moderate cytotoxic activities (Figure 3A, 3B, and
Figure S5).
Next, we determined MIC and IC50 values of the most

active compounds (Table S8). Compound 5ja shows promis-
ing MIC values against both S. aureus and E. coli of 12.0�
4.5 μg/mL and 34.3�1.2 μg/mL, respectively, while com-
pound 5ff displayed an MIC of 11.8�4.3 μg/mL against
S. aureus.
Encouraged by these results, we tested compounds 5ja

and 5 ff against an additional 12 strains including both
Gram-positive and Gram-negative pathogens of medical
relevance and investigated the role of permeability and
efflux for anti-Gram-negative activity (Table S9). Particu-
larly noteworthy is the performance of compound 5ff, which
exhibits remarkable growth inhibition against all Gram-
positive bacteria tested. In particular, it displays outstanding
antibiotic activity against Streptococcus pneumoniae, as
illustrated by a single-digit MIC value of 2.7�0.1 μg/mL. It
is worth mentioning that S. pneumoniae is the causative
agent of pneumococcal infections and is responsible for
about 1.6 million deaths every year, according to WHO
estimates.[48] This prompted us to investigate compound 5ff
in a simple and ethically uncritical in vivo model based on
G. mellonella larvae that were infected with S. pneumoniae
(Figure S8). Indeed, compound 5ff showed a significant and
dose-dependent improvement in the survival of the animals
infected with 106 CFU/larva. The administration of 250 μM
resulted in a survival rate of 80%, compared to only 35% in
the untreated control (Figure 5). These results suggest that

compound 5ff is an effective inhibitor of S. pneumoniae in
vitro that can also be efficacious under in vivo conditions.
Evaluation of cytotoxic activity revealed that three

compounds (5 ff, 5gf, and 5fg) possess IC50 values in HepG2
cells below 25 μM, where 5gf stood out with an IC50 of
11.0�2.0 μM. This strong effect encouraged us to investigate
5gf in two additional human cell lines, namely lung
carcinoma (A549) and human embryonic kidney (HEK293)
cells. Here, the cytotoxic activity of compound 5gf was
confirmed by IC50 values of 21.4�1.1 μM and 24.1�2.3 μM,
respectively (Table S10).
Furthermore, the accessibility to many derivatives of the

four classes by virtue of our straightforward synthetic
methodology enabled us to study their structure–activity
relationships (SARs), indicating the key structural features
for activity and establishing the road for further optimiza-
tion (see Supporting Information Section 11 for a detailed
discussion).

Structure-Similarity Approach: Discovery of Pharmaceutically
Active Compounds from Renewables

In order to identify structurally related pharmaceuticals and
potentially additional biological activities of the lignin-based
compounds, we carried out a chemical-similarity analysis[49]

using a drug database comprising 4,642 approved drugs
(Figure 4). To cover a broad chemical space, we utilized two
orthogonal fingerprints for similarity assessment of repre-
sentatives of scaffolds 3, 5, 6, and 8, namely BIT_MACCS
(atom connectivity) and GpiDAPH3 (pharmacophoric fea-
tures). Interestingly, the new lignin-derived small molecules
displayed marked similarity to several drugs having diverse
pharmacological effects such as analgesic, anti-inflamma-
tory, antibiotic, antitumor, antiviral, bronchodilator, diu-
retic, and neuroprotective activities (Figure 4 and Ta-
ble S13). For instance, compounds 3o and 5ga showed
similarity to the cyclooxygenase (COX) inhibitors enfenamic
acid and clopirac, whereas compounds 5ff and 6na share
structural features with letermovir, an antiviral drug against

Figure 5. Kaplan–Meier survival analysis of G. mellonella larvae infected with 106 CFU/larva of Streptococcus pneumoniae (strain DSM20566) in
combination with compound 5 ff at several concentrations. The experiment was conducted for 3 days, and each group was monitored twice daily
(p<0.0001).
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cytomegalovirus (CMV; Table S13). To verify these pre-
dicted activities, first, we tested nine selected compounds for
COX-2 inhibition. Indeed, all compounds exhibited signifi-
cant COX-2 inhibitory activities with compound 3g showing
the highest potency (IC50 value of 15.6�2.2 μM; Table S11).
In an evaluation for antiviral activity against the gamma-
herpesvirus Kaposi’s sarcoma-associated herpesvirus
(KSHV) of compounds 3 i, 5ff, and 6na, compounds 3 i and
5ff displayed a concentration-dependent inhibition of
KSHV replication without affecting the viability of HEK293
host cells (Figure S6). Moreover, compound 5 ff showed an
IC50 value of 17.4 μM, which is markedly lower than that of
the reference antiviral drug foscarnet (IC50=41.7 μM; Fig-
ure S7).
Given the potential of our frontrunners as novel

pharmaceuticals, we determined in vitro murine metabolic
and plasma stability for compounds 5ff and 5gf (see
Table S12). In mouse liver S9 fractions, compound 5ff
demonstrated a significant metabolic stability (t1/2=48�
12 min) similar to 5gf (t1/2=64�17 min). Moreover, both
compounds showed excellent plasma stability (t1/2>
240 min). In a next step, we aim to maintain the excellent
metabolic and plasma stability while aiming to achieve
submicromolar IC50 values by structural modifications. This
should be accompanied by good selectivity against relevant
human off-targets and low cytotoxicity.

Conclusions

In this contribution, we adequately demonstrate that the
valuable aromatic scaffold of lignin, originating from the
amino acids phenylalanine and tyrosine,[18] represents an
excellent basis for the development of novel sustainable and
scalable chemocatalytic strategies for the synthesis of known
natural products as well as various classes of biologically
active compounds based on the dopamine scaffold. The
methods introduced allow straightforward access to structur-
ally diverse molecule libraries without the formation of
harmful side products and avoid the use of classical volatile
and toxic solvents. The newly developed catalytic pathways
were compared to classical synthesis routes in terms of green
metrics, showing clear advantages (see Supporting Informa-
tion Sections 2.3, 8.1 and 9.1).
Remarkably, our approach has generated several novel

scaffolds with diverse activity ranging from antibacterial
over antiproliferative to antiviral. Given their balanced
profiles in terms of no cytotoxicity paired with high activity
and stability, these new frontrunners open the door for
further development of novel therapeutics to treat various
indications, including the currently neglected infectious
diseases. Here, rapid access to advanced molecular starting
points is even more crucial than for other diseases.
By providing creative strategies for the construction of

relevant biologically active scaffolds from biomass depoly-
merization products, guided by cellular activity and chemical
similarity search methods, this contribution provides a clear
way forward for the integration of green manufacturing
practices in the discovery of novel therapeutic agents, at the

same time enabling the defossilization of the pharmaceutical
industry. With lignocellulosic biorefineries gaining increas-
ing importance in efforts to reduce our dependence on
petroleum,[3] this strategy opens new possibilities towards
high-end and high-value target molecules, which are essen-
tial to increase the overall economic feasibility of such
biorefineries.
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Sustainable strategies inspired by the
innate structural features of lignin were
developed for the synthesis of diverse
biologically active compounds, including
tetrahydroisoquinolines, quinazolinones,
dopamine and the natural product tetra-

hydropapaveroline. The synthetic ap-
proach enabled the rapid assessment of
relevant biological activities through in
vitro and in vivo studies and computa-
tional similarity searches, with multiple
promising hits identified.
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