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Abstract
This thesis is focused on the development of strategies for lignocellulosic biomass valorization. The thesis consists of two
parts.

The first part of the presented work is related to the catalytic fractionation of biomass (lignin-first approach) and the
production of monomeric compounds from lignocellulose. In the first project (Chapter 2) we have established a process
to study the transformations occurring during the catalytic organosolv pulping of wood in the presence of Pd/C. This was
achieved by performing a fractionation under continuous-flow conditions. In the designed process, the pulping and the
transition metal catalyzed reactions were separated in space and time. Thus, the role of the solvolysis and the transfer
hydrogenation reactions were studied independently. We discovered that during the solvolysis of wood, a substantial
amount of monomeric lignin fragments are released into the solution. The main role of the catalyst is to stabilize these
monomers and prevent their repolymerization. Based on the obtained knowledge we developed a new version of the lignin-
first approach (Chapter 3). In this process zeolites were used as shape-selective catalysts. We have demonstrated that by
tuning the size of pores of the catalyst the undesirable bimolecular reactions can be minimized. Furthermore, the released
monomers can be converted into stable products via transfer hydrogenation reactions. 

The second part is related to studies of dimeric and trimeric lignin model compounds. In Chapter 4, the reactivity of the
dibenzodioxocin motif, which is considered a main branching point in the lignin structure has been investigated. We have
designed a protocol for the catalytic reductive cleavage of lignin model compounds representing this motif, in the presence
of Pd/C and benign hydride donors. The cleavage of the dibenzodioxocin structure results in the formation of dimeric biaryl
compounds. Unlike monomers, the valorization of lignin-derived dimers is less studied. The last chapter is focused on the
transformation of biaryls into highly functionalized synthetic building blocks. This was achieved via a visible light induced
dearomative spirolactonization of biaryl carboxylic acids. The synthetic value of the obtained products was demonstrated
by the conversion of the products into more complex structures.
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Abstract 

 

This thesis is focused on the development of strategies for lignocellulosic bio-

mass valorization. The thesis consists of two parts.  

The first part of the presented work is related to the catalytic fractionation of 

biomass (lignin-first approach) and the production of monomeric compounds 

from lignocellulose. In the first project (Chapter 2) we have established a pro-

cess to study the transformations occurring during the catalytic organosolv 

pulping of wood in the presence of Pd/C. This was achieved by performing a 

fractionation under continuous-flow conditions. In the designed process, the 

pulping and the transition metal catalyzed reactions were separated in space 

and time. Thus, the role of the solvolysis and the transfer hydrogenation reac-

tions were studied independently. We discovered that during the solvolysis of 

wood, a substantial amount of monomeric lignin fragments are released into 

the solution. The main role of the catalyst is to stabilize these monomers and 

prevent their repolymerization. Based on the obtained knowledge we devel-

oped a new version of the lignin-first approach (Chapter 3). In this process 

zeolites were used as shape-selective catalysts. We have demonstrated that by 

tuning the size of pores of the catalyst the undesirable bimolecular reactions 

can be minimized. Furthermore, the released monomers can be converted into 

stable products via transfer hydrogenation reactions.   

The second part is related to studies of dimeric and trimeric lignin model com-

pounds. In Chapter 4, the reactivity of the dibenzodioxocin motif, which is 

considered a main branching point in the lignin structure has been investi-

gated. We have designed a protocol for the catalytic reductive cleavage of 

lignin model compounds representing this motif, in the presence of Pd/C and 

benign hydride donors. The cleavage of the dibenzodioxocin structure results 

in the formation of dimeric biaryl compounds. Unlike monomers, the valori-

zation of lignin-derived dimers is less studied. The last chapter is focused on 

the transformation of biaryls into highly functionalized synthetic building 

blocks. This was achieved via a visible light induced dearomative spirolac-

tonization of biaryl carboxylic acids. The synthetic value of the obtained prod-

ucts was demonstrated by the conversion of the products into more complex 

structures.   
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none 
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dtbbpy 4,4′-Di-tert-butyl-2,2′-bipyridyl 
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GC-MS Gas chromatography-mass spectrometry 

HSQC Heteronuclear single quantum coherence 
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LMCT Ligand to metal charge transfer 

Mw Weight average molecular weight 

MLCT Metal to ligand charge transfer 

PC Photocatalyst  

PO Photooxidant 

ppy Phenylpyridyl 

SDA Structure directing agent 

SEC Size-exclusion chromatography 

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl 

TMSBr Bromotrimethylsilane 
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Chapter 1. Introduction 

1.1 Biomass 

Biomass is defined as any organic matter, including energy crops and trees, 

agricultural food, aquatic plants, wood and wood residues, animal wastes, and 

other waste materials.[1] The main biomass sources are: lignocellulose, crops, 

algae, household wastes, etc. Lignocellulosic biomass is the main component 

of land plants and is the cheapest, most available and most abundant source of 

biomass.[2] The three main constituents of lignocellulose are: cellulose (38–50 

wt%), hemicellulose (23–32 wt%) and lignin (15–40 wt%) (the content can 

vary to a great extent depending on the source of biomass).[3] All three com-

ponents are bound together and form a lignin-carbohydrate complex (LCC).[1] 

Besides the main components, biomass may also contain fats, oils, sugars and 

extractives.[4] Cellulose is a polymer with a regular crystalline structure, com-

prising of D-glucose monomer units, bounded together via β-1,4 glycosidic 

bonds. Hemicellulose is a branched amorphous polymer consisting mainly of 

pentoses, such as D-xylose and D-arabinose; hexoses, D-glucose, D-galactose, 

D-mannose, D-rhamnose; D-glucuronic acid and 4-O-methyl-D-glucuronic 

acid and occasionally some small amounts of L-sugars (Figure 1.1). Hemicel-

luloses can be grouped into four main types: xylans, mannans, glucans, and 

mixed-linkage β-glucans.[5] In hardwood (birch, eucalyptus, maple, poplar) 

the hemicellulose is mainly represented by xylans with some amount of acetyl 

groups and arabinose units on the side chain of the polymer. Softwood (pine, 

spruce) hemicelluloses are mainly highly acetylated glucomannans with ga-

lactose units on a side chain.[6] Hemicellulose fibers are less strong and contain 

fewer repeating  units than cellulose fibers. Due to an amorphous structure, 

hemicellulose is more prone to degradation in comparison to cellulose.  
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Figure 1.1 Carbohydrate components of lignocellulosic biomass. 

 

Lignin 

The third component of biomass is lignin. Lignin is an aromatic polymer with 

a branched irregular structure and different types of interunit linkages. Lignin 

was recognized as a separate component of wood by Anselme Payen in 1838, 

when he treated wood with nitric acid followed by alkali solution and observed 

a solid, which was designated as “cellulose” and a soluble component – lignin. 

This term was already introduced in 1819 by the Swiss botanist de Candolle. 

Lignin constitutes up to 40% of wood by mass and up to 50% by energy con-

tent.[7] Lignin is formed through a radical mediated oxidative polymerization 

of sinapyl, coniferyl, and p-coumaryl alcohols, called monolignols (Figure 

1.2). Atoms in the aromatic rings of monolignols are numbered and carbon 

atoms in the side chain are marked with Greek letters α, β, and γ (Figure 1.2). 

 

 
Figure 1.2 The proposed structure of native and C-lignin. 
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Lignin synthesis begins with the synthesis of monolignols and their transport 

across a cell membrane. The polymerization of monolignols starts with the 

formation of the phenoxy radical via an oxidation of a monolignol by peroxi-

dase and laccase enzymes. The formed radical exists in several resonance 

forms (Scheme 1.1). The coupling between two radicals formed from mono-

lignols results in the formation of a bond, which name stems from the coupled 

positions. Dimerization occurs predominately at the β position, giving rise to 

main dehydrodimers (β-O-4′, β-β′, and β-5′). Addition of a nucleophile (water, 

γ-alcohol or phenol) generates lignin dimers (Scheme 1.1). The formed dimers 

can couple further with a new monolignol via a similar pathway, which leads 

to the formation of a polymer with a number of different C–C and C–O link-

ages. The 5-5′ and 4-O-5′ couplings are not favorable during dimerization of 

monolignols. These linkages predominantly form via reactions between oli-

gomers and monomers (lignification). Couplings between two oligomers are 

known to be rare.[8,9] 

 

Coupling of two monolignols at the positions 1 and β leads to the formation 

of another relativity abundant bond in lignin – β-1′. The dibenzodioxocin 

structure is formed during lignification when a monomer unit reacts with an 

oligomer containing a 5-5′ linkage; dibenzodioxocin is known to be a main 

branching point in the lignin polymer (Scheme 1.1). Monomeric units in the 

lignin polymer formed from p-coumaryl, coniferyl and sinapyl alcohols are 

generally denoted as H, G and S respectively.  

 

The process of lignin formation is rather complex, and the distribution of prod-

ucts is governed by the reactivity and stability of the corresponding radicals, 

S/G/H ratio and monolignol transport rates. Experimental and computational 

studies were performed in order to understand the influence of these parame-

ters on the frequency and distribution of bonds in lignin.[10–12] The most abun-

dant linkage in all types of native lignin is the β-O-4′. The abundance of dif-

ferent types of bonds in the lignin structure is presented in Table 1.1. 

 
Table 1.1 Abundance of the lignin interunit linkages.[7] 

 

Abundance per 100 phenyl propane units (%) 

Linkage β-O-4′ β-5′ β-β′ 4-O-5′ Dibenzodioxocin β-1′ 

Softwood 45–50 9–12 2–6 4–7 5–7 7-9 

Hardwood 60–62 3–11 3–12 6–9 1–2 1-7 

 

Besides the three main monolignols there are some additional structures, 

which are incorporated into the polymer, such as products of incomplete bio-

synthesis of monolignols, as well as acetates, p-hydroxybenzoates and p-

coumarates.[13] 
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Scheme 1.1 Examples of the formation of lignin interunit linkages. 

 

The main biological functions of lignin are to provide a mechanical support 

and resistance for different types of stresses. It has been shown that biotic and 

abiotic stresses (e.g. insect pests, drought) resulted in an increase in lignin 

accumulation in plants. Lignin can reduce plant cell wall water penetration 

and, thus, helps to maintain cell osmotic balance during a drought.[14]   
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LCC 

As has been mentioned above, lignin and carbohydrates (hemicellulose and 

cellulose) are interconnected, in wood they exist as a single complex (LCC). 

Bonds within LCC are easily degradable, which hampers studies of its struc-

ture. However, there are a number of reports devoted to the structural analysis 

of LCC. One of the recent reviews on the analysis of LCC from Nicola Gium-

marella et al. covers the findings related to the topic.[15] The most commonly 

proposed structures include phenyl glycosides, benzyl ethers, γ-esters, feru-

late/coumarate esters and hemiacetal/acetal linkages (Figure 1.3). In order to 

characterize the lignin-carbohydrate linkages, several mild isolation tech-

niques have been developed. Björkman and co-workers have developed one 

of the first isolation protocols of LCC from the mill wood, where lignin from  

finely ground wood was extracted with a dioxane/water mixture, and the solid 

residue, containing LCC, was extracted with DMSO.[16] A low content of lig-

nin in such an extract and a high content of sugars impede the analysis. Enzy-

matically enriched LCC fractions could be obtained via selective decomposi-

tion of sugars’ chains and preservation of the intact bonds between lignin and 

carbohydrates. More recent techniques rely on the nearly complete dissolution 

of the wood and a sequential separation of LCC fractions via precipitation 

with different solvents.[15]    

 

 
 

Figure 1.3 Examples of bonds in LCC. 

 

The composition of biomass strongly depends on the source, as well as the 

part of plant it belongs to. The lignin content varies from 18 to 25% in hard-

wood, in softwood – from 25 to 35% and grasses – from 10 to 30%. Within 

the tree, heartwood is the richest in lignin followed by sapwood and bark. The 

lignin content in heartwood can exceed 33%.[17] The lignin structural units 

vary depending on the plant type, where hardwood is enriched with syringyl 

(S) and softwood with guaiacyl (G) units. Nonwoody monocotyledon species 

have a relatively high proportion of p-coumaryl (H) units. It is also worth to 

mention so-called C-lignin. It was discovered in the seed cover of the vanilla 

plant. The main monolignol in C-lignin is caffeyl alcohol, and the lignin pol-

ymer almost exclusively consist of C–O bonds. Hence, C-lignin is also known 

as an “ideal” lignin (Figure 1.2).[18] 
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The composition and structure of biomass can be changed via genetic modifi-

cations. Thus, decreasing the cellulose crystallinity in a cell wall was shown 

to enhance enzymatic saccharification of biomass, which can result in a cost-

effective biofuel production.[19] Other examples of genetic modification of bi-

omass in order to obtain the desired properties are related to the alteration of 

the biosynthetic pathway of lignin, leading to changed ratios between mono-

lignols.[20,21] One example of such an approach is an F5H overexpressed mu-

tants of poplar, enriched in syringyl units.[22,23] 

 

Lignin model compounds 

Due to a rather complex and irregular structure of lignin, lignin valorization 

methodologies are developed and probed on simplified model compounds, 

representing the main linkages found in lignin. Representative lignin model 

compounds are well discussed in the review by Joseph Zakzeski et al.[7] Given 

the abundance of the bond, most of the model compounds aim to mimic the β-

O-4′ bond. Most commonly, model compounds are dimeric and represent a 

particular linkage in lignin (Scheme 1.1). 

 

By varying the substituents and functional groups in model compounds, dif-

ferent types of lignocellulosic biomass can be mimicked. Apart of dimers and 

trimers, lignin-like polymers were also reported as lignin model com-

pounds.[24–26] Synthetic lignin is a useful tool to study lignin chemistry, since 

the composition and abundance of bonds within the polymer can be manipu-

lated.   

1.2 Biomass valorization 

Biomass is of interest as an energy source due to a relatively high energy con-

tent, closed carbon cycle and renewability. Biomass can be utilized in different 

ways depending on the source and the composition, e.g. converted to syngas 

and bio-oil or subjected to pyrolysis and liquefaction or fractionated and con-

verted to value-added compounds or platform chemicals.  

 

The main obstacles of biomass utilization for production of chemicals are: 

structure variability (which complicates its interaction with a catalyst), poly-

functionality and high oxygen content.[27] For addressing those issues, new 

efficient catalytic systems for biomass activation and transformation must be 

developed.  

 

There are a number of well-known fractionation processes, however almost 

all of them are designed for valorization of the carbohydrate part of biomass. 
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The most common carbohydrate derived products include: pulp, nitrocellu-

lose, cellacefate, cellulose nanocrystals/nanofibrils, sugars, bioethanol, and 

platform chemicals (xylitol, sorbitol, furfural, 5-HMF, levulinic acid, etc.). 

Despite of all progress achieved in the field of biomass conversion, the lignin 

part of lignocellulosic biomass still remains unutilized to a great extent.  

 

Current chemical pulping methodologies 

The main currently operating chemical pulping methodologies are: Kraft pulp-

ing, sulfite and soda pulping. 

 

During Kraft pulping, biomass is treated with a solution of Na2S and NaOH 

at 165–175 °C for 1–2 hours.[2,7] This process was patented by Karl Dahl in 

1884. During the process, lignin partly degrades and solubilizes together with 

hemicellulose, while cellulose remains as a solid pulp. Lignin can be isolated 

through a precipitation from the obtained solution (black liquor) by lowering 

the pH. The two main processes for lignin precipitation from the black liquor 

are Lignoboost and Lignoforce.[28] In both processes, the acidification is car-

ried out with CO2. The main difference of the Lignoforce process is an oxida-

tion of lignin prior to the acidification of a black liquor, which eases the fil-

tration of the lignin. The black liquor is burned in a recovery boiler to recover 

inorganic chemicals for the process (Na2S, NaOH). The average molecular 

weight of the Kraft lignin varies from 1000 to 3000 Da.[29]  Around 85% of 

produced lignin is obtained through Kraft pulping.[30] During the process, the 

lignin polymer undergoes significant changes and loses its native structure. 

Strong basic conditions lead to the formation of the quinone methide. This 

reactive intermediate participates in reactions leading to repolymerization 

through formation of new C–C bonds (Scheme 1.2). The new structure is re-

luctant to cleavage due to the C–C bonds and sulfur containing groups, which 

can potentially poison a transition metal catalyst. In addition, the contamina-

tion of the Kraft lignin with carbohydrates and fatty acids complicates trans-

formation of the polymer into value-added compounds.   

 

 
Scheme 1.2 Lignin depolymerization and repolymerization during pulping. 
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Soda pulping is one of the first pulping methods, which was patented thirty 

years before the Kraft process. It implies a treatment of the biomass at          

140–170 °C in aqueous solution of NaOH in the presence of anthraquinone, 

which preserves cellulose and hemicellulose from peeling through an oxida-

tion of the reducing end of the polysaccharide. The obtained lignin is sulfur 

free and relatively pure. The mechanism of the pulping is similar to the Kraft 

process. Applications of soda pulping is limited due to the lower tear strength 

of the produced pulp.  

 

Another operating pulping process is sulfite pulping. In this process the frac-

tionation is performed in the presence of SO3
2- and HSO3

- ions at 120–150 °C, 

where the lignin degrades and dissolves, while cellulose is preserved as a solid 

pulp. The process was patented by B. C. Tilgman in 1866. Sulfite pulping can 

be performed in a range of pH from highly acidic to highly alkaline. During 

the process, lignin is sulfonated which makes it soluble in water. The main 

benefit of the sulfite process is the production of unbleached pulp of high 

brightness.  

Production of lignosulphonates is relatively high (1 million ton per year).[27] 

Lignosulphonates are industrially used for the production of vanillin (15% of 

total volume)[32] and as surfactants and dispersing agents.[33] The sulfite pro-

cess is also used for the production of dissolving pulp (cellulose of high pu-

rity). Dissolving pulp is not used for the production of paper. It is dissolved 

and either spun into fibers for textile industry or chemically modified for the 

production of cellulose derivatives. 

 

Organosolv pulping is a process where biomass is treated in a mixture of or-

ganic solvents (MeOH, EtOH) and water in the presence of acids (HCl, H2SO4, 

acetic acid, etc.) at 180–200 °C. During the process, lignin is released through 

the breaking of the lignin-carbohydrate bonds (phenyl glycoside, ether and 

ester). However, acidic conditions promote the formation of a benzylic carbo-

cation, which leads to the recondensation reactions such as Friedel-Crafts al-

kylation and alkoxylation at the α position. Lower molecular weight, higher 

purity and less changed structure compared to Kraft lignin make it more ame-

nable for valorization. However, the quality of the pulp produced by the orga-

nosolv process is inferior to the pulp generated in the Kraft process. Two main 

organosolv processes are Alcell (ethanol/water, HCl) and Acetosolv (acetic 

acid/HCl). An industrial application of organosolv pulping has not been suc-

cessful. The Organocell plant in Kelheim, Germany, and the Repap Enter-

prises Alcell mill in Canada have been shut down due to the unprofitability.[34] 

 

Lignin with more preserved native structure can be obtained through mild or-

ganosolv pulping, ionic-liquid fractionation, ammonia-based fractionation or 

γ-valerolacton-assisted hydrolysis and in situ stabilization of lignin via for-

mation of 1,3-dioxane structures. [35,36]  
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Lignin valorization strategies 

 

Lignin-first approach 

 

Another fundamentally different variant of pulping is so-called lignin–first 

approach, also known by various different names, such as reductive catalytic 

fractionation (RCF), Early-stage Catalytic Conversion of Lignin (ECCL), Cat-

alytic Upstream Biorefining (CUB) (Scheme 1.3). The method implies a frac-

tionation of biomass to its individual components and subsequent in situ val-

orization of the lignin. Unlike all above mentioned pulping methodologies, the 

lignin-first approach is designed for the generation of value-added products 

from lignin.  The general idea behind the lignin-first is to convert lignin into 

monomeric products directly after lignin is released from the wood.  

 

During the process, biomass is treated in a solvent mixture (most commonly 

alcohol or cyclic ether and water).[37] The fractionation takes place via solvol-

ysis of LCC and separation of carbohydrates from lignin. The fragments re-

leased from lignin during pulping undergo transformation over a transition 

metal catalyst to give monomeric products. The hemicellulose is either pre-

served as a solid residue with cellulose or is depolymerized and ends up in a 

solution together with lignin.  

 

The first reports regarding catalytic processes applied to a “native” lignin were 

mostly targeting elucidation of the lignin structure. Catalysts such as copper 

chromite, Ni-Ra, Pd/C, and Rh/C were applied under hydrogen atmosphere, 

and monomeric aromatic compounds were isolated in moderate yields.[38–40] 

More recent work has been oriented on the production of monomers from lig-

nin during pulping in the presence of a metal catalyst and a reducing agent. 

Table 1C (Appendix C) summarizes examples of lignin-first valorization strat-

egies.  

 

Despite the abundance of reports where fairly good yields of lignin-derived 

monomeric products were obtained, at the time when the work presented in 

this theses was initiated, the mechanism of the process was very poorly under-

stood. The main obscurity concerned the lignin fragments released into the 

solution during the pulping. The roles of the solvolysis and the transition metal 

catalyzed hydrogen transfer reactions were not understood. Thus, one of the 

main goals of this thesis is to investigate the mechanism of the catalytic frac-

tionation of biomass and to identify main intermediates in the process.  
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Scheme 1.3 Schematic representation of the lignin-first approach. 

1.3 Zeolites 

Zeolites are crystalline microporous oxide materials with well‐defined pores 

and cavities within their structure. The most utilized class of zeolites is alumi-

nosilicates.[41] The chemical formula of zeolites can be represented as 

M2/nO∙Al2O3∙γSiO2∙ωH2O, where n – is the valence of the associated metal 

cation. Zeolites are inorganic polymers comprising AlO4 and SiO4 tetrahe-

drons. Since aluminum is trivalent it bears a negative charge, which is com-

pensated by a counter cation. When this extra framework cation is a proton it 

creates Brønsted acid sites in a zeolite. AlO4 and SiO4 tetrahedrons constitute 

the primary structure of zeolites, which assembles into secondary and tertiary 

structures, which creates a final framework with different morphologies, such 

as voids, channels and pores (Figure. 1.4). 

 

     
  
Figure 1.4 Primary and secondary structures of zeolites. 

 

There are more than 220 types of frameworks of zeolites recognized by the 

international zeolite association (IZA) and listed in the IZA database. Each 

particular structure has a three letter code (BEA, FAU, etc).  

 

An important milestone in the history of synthesis of zeolites is the introduc-

tion of organic reagents, such as organic ammonium salts, which took place 

in 1960s. It greatly expanded the scope of zeolite structures. These organic 
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molecules are called structure directing agents (SDA). As the name suggests, 

these molecules direct the crystal growth and thus create a zeolite with a par-

ticular structure. SDA is generally removed from the zeolite via calcination, 

which creates a porous structure of the final material (Scheme 1.4). 

 

 
 

Scheme 1.4 a. Synthesis of zeolites, b. Formation of defective silanol groups during 

the synthesis of zeolites. 

 

Zeolites are heterogeneous acids, possessing Lewis and Brønsted acid sites. 

High stability and the possibility of tailoring their surface properties and acid-

ity make them one of the most used catalysts in industry. A counter ion to 

compensate a negative charge on an aluminium atom is the main contributor 

to the Brønsted acidity of zeolites. Thus, the number of Brønsted acid sites in 

zeolites with lower Si/Al ratio is higher. When instead of alumina a tetravalent 

metal (Sn, Zr) is incorporated in the framework, zeolites without Brønsted 

acidity can be obtained. Thus, the acidity of zeolites is a tunable parameter 

which can be tailored during the synthesis of the catalyst and optimized for 

the particular transformation.  

 

The framework structure of zeolites is an important parameter for the catalytic 

performance. Various pore systems of zeolites include separate channels (1D), 

layers (2D) or 3D frameworks.[42] Conventional zeolites are generally com-

posed of 8, 10, or 12-membered ring (MR) pore channels. Zeolites are nano-

porous materials with sizes of pores generally in a range of 0.3–1 nm. This 

matches with the dimensions of wide scope of organic molecules, which 

makes it possible to induce steric effects during the zeolites-catalyzed trans-

formations.  

 

Especially interesting for the industrial application are 3D zeolites with rela-

tively large size of pores (5–7.5 Å), such as Y and Beta zeolites. Examples of 

industrial processes using zeolites include fluid catalytic cracking, hy-

drocracking and production of detergents. In addition, zeolites are widely used 

as ion-exchangers and separators. Being the well-established catalysts for in-

dustrial applications, zeolites are of a great interest for the transformation of 

biomass.  
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1.4 Visible light photoredox catalysis 

Photoredox catalysis is a branch of catalysis that harnesses the energy of light 

to accelerate a chemical reaction via single-electron transfer events.[43] The 

first reports regarding the usage of excited state of Ru(bpy)3
2+ as a one elec-

tron reductant can be traced back to the 1970s to the works of  Harry D. Gafney 

and Arthur W. Adamson.[44,45] These seminal works have raised an interest 

towards the photoredox properties of Ru(bpy)3
2+, leading to a number of re-

ports with this regard. However, it was not until 2008 that visible light photo-

redox catalysis gained a wider attention, resulting in numerous publications 

on the topic within the last decade.  

 

In 2008 Tehshik Yoon and David McMillan have independently reported the 

use of Ru(bpy)3
2+ as a photoredox catalyst for [2+2] cycloadditions[46] and α-

alkylation of aldehydes[47] respectively  followed by the report form Prof. Ste-

phenson in 2009, where the same catalyst was employed as a photo catalyst 

for the reductive dehalogenation.[48] These three publications have initiated a 

new epoch in the field of visible light photocatalysis.  

 

The main benefits of visible light photoredox catalysis are: mild reaction con-

ditions (commonly, the reaction is performed at room temperature), possibility 

to perform selective transformations due to the fact that most organic mole-

cules absorb light in the UV region, and the simplicity of the experimental set-

up, where household LED lamps can be used. [49] 

 

The most common examples of homogeneous visible light photoredox cata-

lysts include Ir and Ru-based polypyridyl complexes, and organic dyes, such 

as eosin, methylene blue, rose Bengal, and acridinium salts (Figure 1.5). A 

typical catalytic cycle includes the following steps: (i) an excitation of the 

photocatalyst (PC) by incident visible light to generate PC*, (ii) one electron 

transfer from or to the PC*, and (iii) a regeneration of the PC with a terminal 

reductant or an oxidant (Scheme 1.5). 

  

 
Figure 1.5 Examples of common photoredox catalysts.  
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Scheme 1.5 Oxidative and reductive quenching cycles of a photoredox catalyst. 

 

In the case of metal-based photocatalysts, metal to ligand charge transfer 

(MLCT) or ligand to metal charge transfer (LMCT) occurs upon the excitation 

where an electron is transferred from the π orbital of the metal (ligand) to the 

π* orbital of ligand (metal) respectively. A photocatalyst in an excited state is 

at the same time a good electron donor and a good electron acceptor. An ex-

ample of a metal-free photoredox catalyst is a 9-mesityl-10-methylacridinium, 

pioneered by Fukuzimi. [50] Upon the excitation, an electron transfer (ET) oc-

curs from mesitylene moiety to the acridinium ion moiety. The generated 

charge- separated state has a long enough lifetime to undergo a single electron 

transfer reaction with other molecules in the solution.  

 

Thus, visible light photoredox catalysis opens an opportunity to utilize sun-

light to perform a wide range of transformations under mild reaction condi-

tions providing sustainable methods for organic transformations. Several ex-

amples where visible light photocatalysis was implemented with regard to lig-

nin valorization have been demonstrated by Stephenson.[51] 

 

 
 
Scheme 1.6 Example of visible light-induced cleavage of a lignin model compound. 

1.5 Aim of this thesis 

The main objective of this thesis is to expand the theoretical and practical 

knowledge regarding the valorization of biomass and biomass-derived prod-

ucts. 

The first part of this thesis deals with the study of a catalytic fractionation of 

lignocellulose. Even though a number of methodologies for catalytic fraction-

ation of lignocellulose have been established, the mechanism of the transfor-

mation was not well understood. In addition, the majority of currently existing 

biomass fractionation methods are not industrially feasible, due to the use of 
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expensive catalysts, additives and solvents. This thesis aims to deepen the un-

derstanding of the fractionation of biomass and to develop new fractionation 

methods. 

Given the complexity of lignin structure, it is difficult to study its reactivity. 

Using lignin model compounds facilitates the understanding of the mechanism 

of the reaction. Dibenzodioxocin is an 8-membered structure, and is consid-

ered a main branching point in lignin. Surprisingly, there were few reports 

available regarding the reactivity of this motif. In Chapter 4 of this thesis, we 

aim to synthesize and investigate the reactivity of dibenzodioxocin model 

compounds.  

Another poorly studied type of bond in lignin is an aryl-aryl bond. Biaryls 

represent the most stable bonds in lignin which is preserved during the major-

ity of the pulping processes. In the last chapter we aimed to develop a benign 

methodology for the transformation of biaryls into highly functionalized syn-

thetic building blocks.  
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Chapter 2. Lignin depolymerization to 

monophenolic compounds in a flow-through 

system (Paper II) 

2.1 Background 

The lignin-first process (reductive catalytic fractionation) was introduced in 

the previous chapter. As it was pointed out, the mechanism of the process has 

not been properly investigated. In several reports, authors proposed that mo-

lecular weights of the lignin fragments released into the solution are signifi-

cantly lower than the molecular weight of an isolated organosolv lignin.[52,53] 

However, the exact structure of the fragments, and the pathway to the mono-

meric products were not known. A separation of the catalytic step and the sol-

volysis process of biomass would therefore be desirable in order to study the 

fractionation of wood. Since in a batch reactor both processes occur in the 

same reaction vessel, this has been difficult to study. A possible solution is to 

perform the reaction in a flow-through system, where the biomass and the cat-

alyst can be loaded into separate reactors. Another advantage with the flow 

system is that the products are constantly removed from the reaction medium, 

thus, making it possible to detect any unstable intermediates. Furthermore, in 

such a process a separation of the catalyst and the solid pulp after the reaction 

is not required.  

 

Driven by the benefits of the flow system, we designed a procedure for the 

catalytic biomass fractionation under hydrogen-free and continuous flow con-

ditions.   

 

2.2 Design of the flow-through system 

In this study, we used the flow system presented on Figure 2.1. The system 

consists of two stainless steel heating reactors (cartridges). The stainless steel 

frits, serving as filters (pore size of 5–10 µm) are installed at the both ends of 

each cartridge in order to keep the solid materials inside the reactor. The first 

reactor is loaded with biomass (wood) and the second reactor – with a catalyst 

(Pd/C). 
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. 

Figure 2.1 Schematic representation of the flow-through system (BPR – backpressure 

regulator). 

 

Each reactor is heated separately, and temperatures T1 and T2 can be regulated 

independently. The solvent is pumped through the system by an HPLC pump 

and enters first the pre-heater (which is a stainless steel coil with an adjustable 

volume). This is performed in order to ensure that the solvent has the same 

temperature as the reactor loaded with the biomass (T1). The system can also 

operate in the absence of the pre-heater, and in this case the solution enters the 

first reactor directly. The solution passes through the first cartridge, filled with 

the biomass, where the pulping is taking place. The reaction mixture, coming 

out of the first reactor enters the second cartridge, containing the catalyst 

(Pd/C), where the catalytic transformations occur. In order to maintain the 

system in a liquid phase, a back pressure regulator is installed at the outlet of 

the system. The backpressure can be adjusted, depending on the operating 

temperature. 

 

A major advantage of this set-up is the possibility to collect and analyze sam-

ples from the reaction mixture exiting the first cartridge. The rapid cooling of 

the sample allows detection of reactive intermediates generated during the or-

ganosolv pulping of wood. A separate analysis of products generated during 

the solvolysis, and during the catalytic step, is important for the understanding 

of the role of the transition metal catalyst and the solvent.  

2.3 Optimization of the reaction conditions 

In order to optimize the process, we investigated the influence of the solvent 

composition, and the operational parameters of the flow reactor on the pulping 

of birch wood. As a starting point we used the following reaction conditions: 

MeOH; preheater off; T1 = 200 °C; T2 = 180 °C; flow rate = 0.2 mL/min; re-

action time 3 hours. Addition of water and a mineral acid is known to be ad-

vantageous for the pulping of the biomass. The presence of an acid in the flow 

system is crucial, compared to the reaction in batch. This is due to the constant 

removal of acids, generated from the hydrolysis of wood (e.g. acetic acid from 

side chains of a hemicellulose). H3PO4 is less corrosive than more commonly 
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implemented H2SO4, and was previously reported to efficiently promote pulp-

ing of wood.[54] First, addition of H3PO4 was evaluated and the optimal amount 

of acid was found to be 2.8 g/L (Figure 2.2a). A higher acid concentration 

resulted in lower yields probably due to recondensation reactions of mono-

mers via the formation of benzyl carbocations.  

 

Applying solvent with increased polarity is reported to have a positive impact 

on the delignification.[55] Addition of water presumably increases the polarity 

of the solvent, which leads to the better penetration into the lignocellulose and 

thus facilitates the pulping. However, a water content above 30 vol% had a 

deleterious effect on the yield of monomers (Figure 2.2b).  

a. 

  b.  

 
Figure 2.2 Influence of the concentration of (a) H3PO4 and (b) H2O (with addition 

of 2.8 g/L of H3PO4) on the yield of monomers. Reaction conditions: MeOH; pre-

heater off; T1 = 200 °C; T2 = 180 °C; flow = 0.2 mL/min; t = 3 h. 

 

This might be due to an increased rate of recondensation reactions. Using sol-

vents with higher alcohol to water ratios for the pulping was shown to trap 
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benzylic carbocations in the form of benzylic ethers, which impedes the for-

mation of new C–C bonds.[56] 

Once the composition of the solvent was optimized, the operational parame-

ters of the flow reactor were screened. As has been mentioned above, the sys-

tem can operate with or without the pre-heating element. Installation of the 

pre-heater had a pronounced effect on the yield of monomers (the yield in-

creased from 14 wt% to 27 wt% Table 2.1, entry 3, Figure 2.2b). In the ab-

sence of a pre-heating coil, the temperature of the solvent entering the first 

reactor with wood was significantly lower than the temperature of the reactor. 

As a result the pulping was inefficient.  

 

The optimal temperatures for the first and second reactor were found by var-

ying the pulping temperature (T1) and the temperature of the catalytic step 

(T2). Lowering T1 to 180 °C, as well as raising it to 220 °C, led to the decrease 

of the yield of monomers (Table 2.1, entries 2–4). The same behavior was 

observed after changing T2, where 160 °C and 200 °C resulted in lower yields 

of monomers (Table 2.1, entries 5–6). This trend can be reasoned with that 

both the pulping and the catalytic step are inefficient at too low temperatures. 

Side reactions, such as recondensations and over reductions of aromatic rings 

over Pd/C (which lowers the yield of the desired monophenolics), can take 

place at higher temperatures. 

 

In the next step of the optimization, we evaluated the role of the flow rate. The 

optimal flow rate was found to be 0.3 mL/min. Interestingly, the reaction at a 

lower flow rate (0.1 mL/min) resulted in only trace amounts of aromatic sub-

stances (Table 2.1, entry 9). We propose that the reduction of the aromatic 

ring of the monomers over the Pd/C occurred. At a higher flow rate (0.5 

mL/min), lower yields of monomers were detected (Table 2.1, entry 8), which 

were caused by a shortening of the contact time of the substrates with the cat-

alyst.  

 

The last step of the optimization involved the pretreatment of the biomass. 

Significant improvement (37 wt% yield of monomers) was achieved when the 

wood meal was soaked overnight in the solvent at room temperature (Table 

2.1, entry 11). This can be attributed to the filling of voids of biomass with 

solvent, which facilitates the pulping. Surprisingly, the dewaxed wood meal 

(where the extractives were removed) performed worse than the non-treated 

wood (Table 2.1, entry 10–11). A possible explanation is that the wood struc-

ture was changed during the dewaxing step, and the voids formed after the 

removal of the extractives collapsed. This collapsing worsens the penetration 

of the solvent into the wood matrix and hampers the pulping process. 

 

Figure 2.3 shows the main products of the reaction. The identification and 

quantification of the products was performed using GC-MS.  



19 

 

Table 2.1 Influence of the process parameters on the lignin depolymerization. 

 

Entry Time (h) T1 (°C) T2 (°C) 
Flow rate 
(mL/min) 

Total mono-

mer yield 

(wt%)[a] 
Organosolv pulping (no Pd/C) 

1[b] 1–3 200 - 0.3 -/21[c] 
Organosolv pulping followed by transfer hydrogenolysis (Pd/C) 

2 3 180 180 0.2 17 
3 3 200 180 0.2 27 
4 3 220 180 0.2 24 
5 3 200 200 0.2 22 
6 3 200 160 0.2 22 
7 3 200 180 0.3 31 
8 3 200 180 0.5 21 
9 3–6 200 180 0.1 0 

10[b,d] 3 200 180 0.3 29 

11[b,e] 3 200 180 0.3 39/37[c] 

Reaction conditions: non-dewaxed, oven-dry birch wood meal (0.150 g), Pd/C 5wt% 

(0.150 g), solvent: 2.8 g/L H3PO4 in MeOH-H2O 7:3 v/v, preheater on. [a] Monomer 

yield estimated from 1H NMR data, represented as wt% of total lignin; [b] Impreg-

nated wood meal; [c] Monomer yield estimated from GC-MS data. [d] Dewaxed wood 

meal; [e] Non-dewaxed wood meal. 

 

Figure 2.3 Main monomers obtained from lignin depolymerization in the presence of 

Pd/C (1-6) and during the solvolysis step (in the absence of Pd/C) (7-9). 
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Theoretical maximum yield of monomers 

 

The content of the β-O-4′ motif for the birch wood meal used in our work was 

determined by thioacidolysis and amounted to 67%. The monomers can be 

released form the lignin polymer only if they are connected to the adjacent 

monomers via the β-O-4′ bonds. If we assume a random distribution of the 

linkages in the lignin structure, the maximum theoretical yield of monomers, 

which can be achieved by the established method is 45% (0.67∙0.67=0.45). 

Thus, the obtained yield of 37 wt% corresponds to the 83% of the theoretical 

maximum. 

2.4 Study of the solvolysis of wood 

In order to get insight into the mechanism of the process, we decided to first 

study the pulping of the biomass separately from the catalytic transformation. 

The reaction was performed under the optimal reaction conditions, but in the 

absence of the second cartridge with Pd/C. The fastest and most convenient 

way to estimate the amount of released lignin fragments is via UV spectros-

copy. Several fractions (from 15 min to 3 h) were collected and analyzed by 

UV spectroscopy. We observed that 95% of the lignin was released within the 

first 60 min (Figure 2.4, orange). Size-exclusion chromatography (SEC) al-

lowed us to estimate the distribution of the Mw of the lignin fragments, and 

Figure 2.5 depicts chromatograms of the first three fractions. According to the 

results, a substantial amount of monomeric compounds was formed in the first 

30 minutes of the pulping. The third analyzed fraction (from 30 to 60 min) 

contained a higher amount oligomeric products. However, this fraction ac-

counted for only 5 wt% of the released lignin.  
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Figure 2.4 Reaction concentration profile for birch wood pulping with (green) and 

without (orange) catalyst present: wood (0.150 g), Pd/C 5wt% (0.150 g), 2.8 g/L 

H3PO4 in MeOH–H2O 7:3 v/v, flow = 0.3 mL/min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Size-exclusion chromatograms: apparent Mw distribution for lignin ob-

tained at different time of the solvolysis step: t1 from 0 to 15 min; t2 from 15 to 30 

min, and t3 from 30 to 60 min. Conditions: Table 2.1, entry 1. 

 

Based on these observations, we proposed that the depolymerization of lignin, 

into monophenolic products, takes place to a large extent already during the 

organosolv pulping without the participation of a catalyst. In order to identify 

the products, the collected fractions were analyzed by 2D NMR and GC-MS. 

According to GC-MS and NMR spectra, the main monomeric products are 

allylic alcohols and ethers (products 7–9, Figures 2.3 and 2.6, top). The total 

yield of monomers accounted for 21 wt%.  
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Figure 2.6 Complete HSQC spectra of: organosolv lignin (top) and organosolv lignin 

after Pd/C treatment (bottom).  
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2.5 Study of the catalytic transformation of lignin 

In order to study the catalytic step, we conducted the same set of experiments 

but this time the second cartridge filled with Pd/C, was present. In the presence 

of the catalyst the reaction exhibited a different kinetic profile (Figure 2.4, 

green). The catalytic transformation and desorption of the products from the 

Pd/C required 180 min. Saturated products 1–6 were formed in 37 wt% yield 

(GC-MS), and 2D NMR analysis revealed the disappearance of the signals 

corresponding to the double bonds of allylic alcohols and ethers (7–9). We 

also observed new signals in the aliphatic region of the 2D NMR spectrum 

(Figure 2.6, bottom). In agreement with the quantification of the products by 

GC-MS, results of SEC demonstrated a higher portion of the monomers for 

the reaction in the presence of the catalyst (Figure 2.7, green) compared to 

reactions without the catalyst (Figure 2.7, orange). 

 

Based on all experimental results, we propose that the reaction mixture, which 

enters the second reactor (Pd/C), contains lignin monomers, dimers, and 

higher oligomers. The mixture also includes products of the hydrolysis of the 

carbohydrate part of the biomass. By comparing products 7–9 (obtained from 

the solvolysis of wood) and products 1–6 (obtained after the catalytic step) we 

propose, that the main process that takes place in the second reactor is the 

hydrogenation of the double bond of the unsaturated monomers. Since the 

system functioned without the addition of hydrogen gas, and the aforemen-

tioned transformations require a hydride donor, the origin of the hydrogen was 

elucidated. We proposed that either the solvent (MeOH) or the part of the bi-

omass (hemicellulose) can serve for this purpose. 

 

In order to establish the origin of the hydrogen, we carried out a number of 

batch experiments. Isoeugenol 10 was chosen as the model substrate and the 

reaction was performed in a batch reactor with 5wt% of Pd/C in the solvent 

mixture (2.8 g/L of H3PO4 in MeOH–H2O 7:3 v/v) with or without addition of 

xylose at 190–200 °C for 10 min. In the presence of xylose, saturated product 

3 was obtained in 39% yield, however, in absence only 7% was generated 

(Table 2.2). Thus, we propose that xylose acts as a reducing agent.  
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Figure 2.7 Size-exclusion chromatograms of lignin, obtained in the presence (green) 

and the absence (orange) of the catalyst. 

 

Table 2.2 Elucidation of the hydride donor. 

 
Entry Pd/C Xylose Yield of 3 (%) 

1 + + 39 
2 + - 7 

Reaction conditions: xylose (0.15 mmol), isoeugenol (0.15 mmol), 5wt% Pd/C (0.01 

mmol Pd), solvent: 2.8 g/L H3PO4 in MeOH–H2O 7 : 3 v/v (4 mL), T = 190–200 °C, 

t = 10 min. 

Mechanistic proposal 

 

We propose that the release of lignin fragments is a fast process, proceeding 

rapidly in the beginning of the pulping (Scheme 2.1). Lignin fragments pos-

sessing free phenolic groups (terminal lignin) undergo a dehydration to form 

quinone methides. The BDE (bond dissociation energy) of β-O-4′ bond in qui-

none methides is lower compared to β-O-4′ bond in lignin. Homolytic cleav-

age of quinone methides and their subsequent one electron reduction (with 

sugars or solvent) results in the formation of coniferyl and sinapyl alcohols 

and their ethers. The reduction of the double bonds of the allylic alcohols and 

ethers over Pd/C generates the final products. Lignin fragments which contain 

an internal β-O-4′ bonds (fragments without free phenolic group) can undergo 

hydrogenolysis of the C–O bonds over the Pd/C resulting in additional amount 

of the monomeric products.  
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Scheme 2.1 The proposed mechanism for the formation of the monomers form lignin. 

 

Allylic alcohols formed during the solvolysis are not stable under the pulping 

conditions. They are prone to form benzylic carbocations and undergo side 

reactions via the formation of new C–C bonds (e.g. alkylation of aromatic 

rings of lignin fragments). An observed lower total yield of the monomeric 

products in the absence of the catalyst (especially for the guaiacol derivatives) 

supports this. However, the catalytic hydrogenation transforms these reactive 

monomers into the stable products 1–6. At the same time when this work was 

submitted for a publication, the group of Bert Sels has reported a similar ob-

servation regarding the role of Ni catalyst in the pulping of wood under batch 

reaction conditions.[57] 

2.6 Analysis of the carbohydrate part of the biomass 

All fractions obtained after the reaction were analyzed. We observed that 92% 

of cellulose is preserved as a solid residue. Enzymes that are normally applied 

to the hydrolysis of the cellulose to glucose are sensitive to the residual lignin 

content in the pulp. Taking this into account, the quality of the pulp was eval-

uated through its enzymatic hydrolysis. The treatment of the pulp under the 

mild enzymatic conditions resulted in the 95% yield of glucose, which corre-

sponds to 87% yield of glucose from the original content in the biomass. This 

shows a possibility to valorize the cellulose, preserved in the solid residue. A 

small amount of methylated xylose was detected in the water fraction. As it 
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has been shown, the hemicellulose serves as a reducing agent in the process. 

The products of the decomposition of xylose were not identified. Since hemi-

cellulose is used as a hydrogen source, a large amount of energy stored in 

hemicellulose ends up in lignin monomers. The mass balance of the overall 

process is presented in Table 2.3.  

 

Table 2.3 The biomass mass balance before and after the fractionation process. 

 

 
Before the fractiona-

tion 
After the fractionation 

 
Birch wood meal 

(wt%) 
Solid fraction 

(wt%) 
Liquid fraction 

(wt%) 
Extractives 3 ND ND 

Xylans 25 0 2[b] 
Glucans 39 35 0 
Lignin 23[a] 1.5 18[c] 

Sum 90 
36.5 18 

54.5 

[a] total lignin: ASL (acid soluble lignin) and AIL (acid insoluble lignin);  [b] methyl-

α-D-xylopyranoside, methyl-β-D-xylopyranoside and xylose [c] estimated using GPC 

data, 9 wt% monomers and 9 wt% oligomers. 

2.7 Conclusions 

The established fractionation process allows to obtain monomers from lignin 

in a high yield (37 wt%, 83% of theoretical maximum), and preserve 92% of 

cellulose of a high purity in a solid residue. The cellulose can be enzymatically 

digested to glucose in 95% yield, which corresponds to 87% of glucose yield 

from the original glucose content. Due to the specific design of the flow reac-

tor where the catalyst and the biomass are loaded into different reactors, the 

separation of each process (solvolysis and catalytic step) is accomplished and 

reaction conditions can be regulated separately. This enables the overall study 

of the catalytic fractionation of wood which is not possible under batch con-

ditions. The constant removal of products from the reaction medium makes it 

possible to detect unstable intermediates, thus the system has allowed a more 

thorough mechanistic investigation. The studies of the solvolysis step (in the 

absence of Pd/C) revealed, that the depolymerization of lignin is taking place 

to a large extent without the active participation of the catalyst, and the main 

role of the transition metal catalyst is the reduction of the alkene functionality 

of the obtained monomers, which leads to the formation of the stable mono-

meric products. 
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Chapter 3. Zeolite-assisted lignin-first 

fractionation of lignocellulose: Overcoming 

lignin recondensation via shape-selective 

catalysis (Paper IV) 

3.1 Background 

Results disclosed in the previous chapter revealed that the stabilization of the 

reactive monomeric species released into the solution during a catalytic frac-

tionation of wood is a crucial point of the process. Transition metal catalyzed 

reduction of the generated allylic alcohols is a well-established method. How-

ever, the use of expensive metals (Pd, Ru) may limit an industrial implemen-

tation of the process.[54,58] Another aspect which can be improved is valoriza-

tion of carbohydrates, especially the hemicellulose. This motivated us to seek 

for a new approach, where all components of the biomass are valorized in the 

absence of a transition metal catalyst.  

 

Zeolites are well established catalysts for conversion of carbohydrates into 

value-added products (furfural, 5-HMF, levulinic acid, etc.).[59,60] Moreover, 

zeolites are cheap and possess high stability and recyclability. The possibility 

to tune structural properties of zeolites makes them attractive candidates for 

shape-selective catalytic transformations.  

 

We envisioned zeolites as good candidates to convert the allylic alcohols re-

leased during organosolv pulping via transfer hydrogenolysis reactions into 

stable products. We also proposed that bimolecular condensations of the reac-

tive intermediates can be hampered due to the pore size constraint of the cat-

alyst and diffusion control. In addition, value-added products derived from 

hemicellulose and cellulose can be generated in the same process. 
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3.2 Model studies 

3.2.1 Stabilization of coniferyl alcohol 

Coniferyl alcohol (11) was chosen as a model substrate in order to test the 

proposed hypothesis, that zeolites with defined structure are able to stabilize 

allylic alcohols released from wood. Two types of zeolites, HY and BETA, 

were selected for the initial optimizations. Both zeolites consist of 12-mem-

bered ring channels. The main difference between these zeolites is the pres-

ence of large cavities in the structure of HY zeolite. These cavities can pro-

mote bimolecular reactions by stabilization of voluminous transition states. 

 

When compound 11 was subjected to the organosolv conditions in the pres-

ence of BETA zeolite for 30 min, 78% yield of monomers was achieved (Ta-

ble 3.1, entry 1). The main products were found to be trans- and cis-isoeugenol 

(10a–b), eugenol (10c) and quinone methide 12. In methanol, the total yield 

of monomers was much lower (29%). In isopropanol, compound 12 was not 

detected, and the total monomer yield constituted 80% (Table 3.1, entry 3). 

The formation of products 10a–c requires a reducing agent. By comparing the 

results obtained in different solvents (Table 3.1, entries 1–3), we propose that 

the alcohol acts as a reductant. Thus, lower yields of reduced products 10a–c 

were obtained in methanol (poor hydride donor); in contrast, these products 

were formed in high yields in isopropanol (good hydride donor). Kinetic stud-

ies revealed that compound 12 is an intermediate, which is converted into 

products 10a–c over time (Table 3.1, entries 1, 9–11). When the reaction was 

performed for a longer time in isopropanol, no decrease in monomer yield was 

observed (Table 3.1, entry 12). A slight decrease in monomer yield occurred 

when the reaction was performed in ethanol for 45–60 min (Table 3.1, entries 

10–11). Next, we tested three HY zeolites (HY-1, HY-2, HY-3) with different 

Si/Al ratios, and thus, different acidity. Performing the reaction with HY zeo-

lites, which structure includes large cavities, resulted in a significantly lower 

yield of monomers (22–28%, Table 3.1, entries 4–6). Since the starting mate-

rial was fully converted, and the reaction mixture turned brown, we propose 

that the lower yield was caused by coupling reactions. In the presence of ho-

mogeneous acid (HCl) instead of zeolites only trace amounts of monomers 

were detected, demonstrating a poor stability of the allylic alcohols in the 

acidic environment.  
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Table 3.1 Catalytic conversion of coniferyl alcohol 11 over zeolites. 

 

Entry Cat. 
Solvent 

(mL) 

Time 

(min) 

Yield 12 

(%) 

Yield 

10 (%) 

Total mon-

omer yield 

(%) 

1 BETA EtOH 30 16 57 78±4 

2 BETA MeOH 30 18 7 29±1 

3 BETA iPrOH 30 0 70 80±4 

4 HY-1 EtOH 30 0 16 25±1 

5 HY-2 EtOH 30 0 23 28±1 

6 HY-3 EtOH 30 0 20 22±1 

7[a] no EtOH 30 0 0 40±2 

8[b] HCl EtOH 30 0 1 1 

9 BETA EtOH 15 44 31 75±4 

10 BETA EtOH 45 0 62 62±4 

11 BETA EtOH 60 0 62 62±4 

12 BETA iPrOH 60 0 67 83±4 

Reaction conditions: 20 mg catalyst, 6 mg model compound 11, solvent: ROH/H2O 

(4.5 mL/0.3 mL), T = 200 °C. BETA (Beta zeolite, Si/Al=12.5), HY-1 (Y zeolite, 

Si/Al=15), HY-2 (Y zeolite, Si/Al=20), HY-3 (Y zeolite, Si/Al=30). Other products 

detected in the reaction mixture included: vanillin, hydroxypropyl guaiacol and ethers 

of coniferyl alcohol. [a] The obtained monomeric products were found to be ethyl 

ethers of coniferyl alcohol 11. [b] Solvent: 4.5mL of EtOH, 0.3mL of 4M HCl. 

3.2.2 Study of β-O-4′ model compounds 

Given the acidic properties of zeolites, acidolysis of ether linkages in lignin is 

a potential pathway for the lignin transformation during the zeolite-assisted 

organosolv pulping of wood. In order to investigate the reactivity of zeolites 

towards acidolysis of the β-O-4′ bond in lignin, we preformed reactions with 

model compound 13 (Scheme 3.1, Table 3.2).  
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Scheme 3.1 Conversion of model compound 13 catalyzed by BETA zeolite. 

 

Table 3.2 Conversion of model compound 13 catalyzed by BETA zeolite under orga-

nosolv pulping conditions. 

 

         Yield (%) 

En-
try Solvent Conv.(%) 16 17  18  19 14  15  

1 EtOH 93.4 27.8 8.3 5.6 2.0 4.2 50.0 

2 EtOH [a] 94.3 33.5 9.7 2.4 2.4 2.0 43.8 

3 EtOH [a, b] 3.7 2.3 0.0 0.0 0.0 0.8 0.4 

4 iPrOH[a] 92.1 37.0 12.9 4.0 0.2 4.6 30.5 

5 iPrOH[a, b] 4.4 0.8 0.0 0.0 0.0 0.4 0.0 

Reaction conditions: 16.5 mg BETA (Beta zeolite, Si/Al=12.5), 60 mg model com-

pound 13, solvent: ROH/H2O (2 mL/0.04 mL), t = 2 h, T= 200 °C. [a] T = 180 ºC, t = 

3 h. [b] without catalyst. 

The obtained results demonstrated that the BETA zeolite is able to catalyze 

cleavage of the β-O-4′ ether, however to a moderate extent (Table 3.2). We 

assume that the limited cleavage and accumulation of the dimeric products in 

case of model 13 is caused by a hampered diffusion into the pores of the cat-

alyst. In order to prove this, we decided to study lignin model compounds with 

varying steric hindrance, as well as zeolites with different structures.  



31 

 

 

Scheme 3.2 Reactivity of lignin model compounds (20–22, 27) of different steric hin-

drance. 

 

Table 3.3 Conversion of model compounds (20–22, 27) of different steric hindrance 

over BETA, HY, and ZSM-5 zeolites. 

 

              Yield/Conv. (%) 

Entry Model T 

(°C) 

Cat. 23 28 24/16/

25 

26 Conv. 

1 20 150 BETA 71 - 89 10 99 

2 20 150 HY-1 32 - 75 6 99 

3 20 150 ZSM-5 <1 - <1 <1 <1 

4 21 150 BETA 63 - 85 13 99 

5[a] 22 180 BETA 64 - 86 15 99 

6 27 190 BETA - 49 - - 50 

7[b] 27 170 BETA - - - - <1 

Reaction conditions: 20 mg catalyst, 60 mg model compound, solvent: dioxane/water 

(2 mL/20µL), t = 5 h, T = 150 °C. [a] t = 3.5 h, [b] t = 6.5 h. 

 

First, the reactivity of model 20 with no substituents was studied in the pres-

ence of different zeolites with a similar acidity, but different structures; 

BETA, HY-1 and ZSM-5. ZSM-5 zeolite contains smaller pores, compared to 

HY-1 and BETA, which are composed of 10-membered rings. The reaction 

with BETA and HY-1 zeolites resulted in full conversion of the starting ma-

terial, while no reaction occurred in the presence of ZSM-5 zeolite (Scheme 

3.2, Table 3.3, entries 1–3). This result clearly demonstrates that structural 

parameters of a catalyst are crucial for the transformation. When the diffusion 

of the substrate inside the pores of a zeolite is hampered (as in case of ZSM-5 

zeolite) no reaction occurs. 
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Based on above, we propose that cleavage of the β-O-4′ bond takes place in-

side the pores of the catalyst, and that the reaction cannot proceed on the sur-

face of the catalyst. The reaction with bulky model 27 and BETA zeolite pro-

vides an additional support for this. The cleavage of model 27 did not occur 

under the applied reaction conditions, and only the product of dehydration was 

formed when increasing the reaction temperature (Table 3.3, entries 6–7).  

Comparison of the results obtained with HY-1 and BETA zeolites revealed 

that even though full conversion of model 20 was achieved for both catalysts, 

the yield of phenylacetaldehyde 23 was much lower in the case of HY-1 zeo-

lite. In addition, we detected the product of the aldol condensation of phenyla-

cetaldehyde in the reaction mixture. Such performance of BETA and HY ze-

olites are in line with the previously observed for coniferyl alcohol 11. We 

propose that the formation of a bulky transition state leading to the condensed 

product is impeded by the pore-size constraint of BETA zeolite.  

 

Reactions with models 21 and 22 also resulted in a full conversion. Although 

higher temperature was required to convert the more sterically hindered model 

22 (Table 3.3, entries 4–5).  

3.2.3 Stability of phenylacetaldehyde in the presence of zeolites 

In order to further investigate the hypothesis that BETA zeolite is able to min-

imize the bimolecular condensations of the reactive monomers, the stability 

of phenylacetaldehyde 23 in the presence of BETA and HY-1 zeolites was 

investigated. The reaction was performed under organosolv pulping condi-

tions in an ethanol/water mixture with different concentrations and different 

substrate to catalyst ratios. It was found that regardless of the concentration 

and the catalyst to substrate ratio, the rate of selfcondensation of phenylacetal-

dehyde is significantly lower in the case of BETA zeolite, compared to HY-1 

zeolite (Figure 3.1).  
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Figure 3.1. Stability of phenylacetaldehyde 23.  BETA (catalyst/substrate = 0.6, 

concentration of 23 = 10 mg/mL),  BETA (catalyst/substrate = 11, concentration of 

23 = 2 mg/mL),  HY-1 (catalyst/substrate = 0.6, concentration of 23 = 10 mg/mL), 

 HY-1 (catalyst/substrate = 11, concentration of 23 = 2 mg/mL). T = 200 °C. 

3.3 Zeolite-assisted pulping of wood 

 

In the final part of this study, we investigated the reactivity of birch wood 

under zeolite-assisted organosolv pulping conditions. With the optimized re-

action conditions (Table 3.4, entry 7) 20 wt% yield of lignin-derived mono-

mers calculated on the lignin content (44 wt% of theoretical maximum, based 

on the amount of β-O-4′ bonds) was achieved. It is worth to mention that pre-

viously reported acid catalyzed pulping methodologies were able to generate 

monomers in yields ranged from 2 to 10 wt%.[61,62] Even though the reaction 

of coniferyl alcohol 11 in isopropanol resulted in higher yields of monomers 

(Table 3.1, entry 3 and 12), performing the pulping of wood in isopropanol 

was not beneficial (Table 3.4, entry 8).  

 

Importantly, apart from lignin, the carbohydrate part of the wood was also 

transformed into value-added products (Figure 3.2). Furfural and ethyl furfu-

ral were the main products derived from the hemicellulose fraction. 41 wt% 

yield of these products, obtained under the optimized conditions (Table 3.4, 

entry 7) corresponds to 52 mol% yield calculated on the hemicellulose con-

tent. Cellulose was converted into the ethyl ether of 5-HMF, levulinic acid and 

ethyllevulinate in a total yield of 21 mol% calculated on the cellulose content 
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of wood. In addition, 55 mol% of the cellulose was preserved as a solid pulp 

(Table 3.4). 

 

Table 3.4 Zeolite assisted pulping of wood. 

 

Entry Catalyst T (ºC) 
Lignin monomers 

(wt%) 

Furfural+Ethyl 

furfural (wt%) 

1 BETA 180 4.4 6 

2 BETA 200 7.9 32 

3[a] BETA 200 13.1 26 

4 BETA 220 16.9 9 

5[b] BETA 200 4.5 24 

6[c] BETA 200 6.3 36 

7[a] BETA 220 20 41 

8[a,d] BETA 220 17.8 - 

Reaction conditions: 50 mg catalyst, 200 mg wood, solvent: ROH/H2O (4.5 mL/0.5 

mL), t = 2 h. Yield calculated as: mass of products/mass of lignin or mass of (furfu-

ral+ethylfurfyral)/mass of hemicellulose. [a] 100 mg wood, 25 mg catalyst, [b] 4.75 

mL EtOH, 0.25 mL H2O, [c] 4 mL EtOH, 1 mL H2O, [d] 4.5 mL iPrOH, 0.5 mL H2O. 

 

Table 3.5. Products, obtained from the carbohydrate part of birch wood. 

 

Wood 

(mg) 

Solid 

residue* 

(mg) 

Ethyl levuli-

nate+levulinic 

acid (mg) 

Ethylether of 

5-HMF (mg) 

Furfural+5-

ethyl furfural 

(mg) 

100.7 20.8 4.5 2 10.4 

Reaction condition: 25 mg BETA, 220 °C, solvent: EtOH/H2O (4.5 mL/0.5 mL), t = 

2 h.*Solid residue was calculated as (mass of the solid residue on the filter paper – 

mass of the catalyst). 
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Figure 3.2 Main products obtained from lignin and cellulose/hemicellulose during the 

zeolite-assisted pulping of wood. 

 3.4 Mechanistic discussion  

 

Based on the results obtained with model compounds and wood, we propose 

the following pathway for the zeolite-assisted pulping. The process begins 

with the solvolytic cleavage of an LCC. The released fragments include: poly- 

and oligosaccharides, monomeric (mainly sinapyl and coniferyl alcohols), ol-

igomeric and dimeric products derived from lignin. The released allylic alco-

hols undergo etherification, isomerization and transfer hydrogenolysis with 

the solvent. An important intermediate in the process is the vinylogous qui-

none methide. The transfer hydrogenation of the quinone methides with the 

solvent over the catalyst furnishes the main products (Scheme 3.3). As has 

been demonstrated with model 11, C–C couplings of the reactive intermedi-

ates are minimized in the presence of BETA zeolite. Given the low yield of 
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monophenolics obtained in the reaction with HY zeolites and mineral acid 

(Table 3.1, entries 4–6, 8), such a reactivity of the BETA zeolite is attributed 

to the shape selectivity of the catalyst. We propose that bimolecular reactions 

are hampered to a great extent due to the diffusion limitations and the inability 

of the BETA zeolite to accommodate large transition states leading to the for-

mation of the condensed products. Studies of the condensation of phenyla-

cetaldehyde in the presence of HY and BETA zeolites support this hypothesis. 

Dimeric compounds released from lignin can undergo a partial cleavage over 

zeolites to produce an additional amount of monomeric products, as has been 

demonstrated with model compounds 13, 20–22 (Table 3.2, 3.3).  

 

 
 

Scheme 3.3 The transformation of lignin during the zeolite-assisted pulping of wood. 

 

Poly- and oligosaccharides, formed from cellulose and hemicellulose undergo 

the depolymerisation on the surface of the catalyst, producing C-5 and C-6 

sugars, which further convert into furfural, levulinic acid, 5-HMF and their 

derivatives inside the pores of a zeolite.  

3.5 Conclusions  

In conclusion, the work described in this chapter demonstrates a new version 

of the lignin-first approach. The developed methodology allows to convert all 

three components of lignocellulose (cellulose, hemicellulose and lignin) into 
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value-added products in a single process without the need of a transition metal 

or stoichiometric additive. The problematic recondensations during the orga-

nosolv pulping are minimized via shape-selective catalysis. We demonstrated 

with model studies that zeolites with defined structures are able to transform 

reactive allylic alcohols into stabilized products. The investigation of the re-

activity of zeolites with different structures of pores revealed that the BETA 

zeolite is able to minimize the undesirable C–C couplings generally taking 

place during the acid-catalysed pulping of biomass. The yields of monophe-

nolics in the reaction with birch wood (20 wt%) are superior to the previously 

reported for the acid catalyzed pulping (2-10 wt%). [61, 62] In addition, this pro-

tocol allows to generate value-added products derived from carbohydrates.  

  



38 

 

Chapter 4. Pd/C-catalyzed hydrogenolysis of 

dibenzodioxocin lignin model compounds 

using silanes and water as hydrogen source 

(Paper I) 

 

 

4.1 Background 

As mentioned in Chapter 1, studies of lignin model compounds representing 

different interunit linkages are crucial for the understanding of the mechanism 

of lignin transformations. The dibenzodioxocin structure is an 8-membered 

ring, which is formed via β-O-4′, 5-5′, and α-O-4′ bonds. It constitutes up to 

7% of linkages in soft wood lignin. The dibenzodioxocin motif gives rise to 

three polymeric chains, and thus is a branching point in the lignin structure 

(Figure 4.1).[7] In spite of the significance of this moiety, there is a lack of 

comprehensive studies of its reactivity. The reports regarding the reactivity of 

this motif are scarce, and those studies were mostly performed under harsh 

reaction conditions and led to the formation of a mixture of products. Exam-

ples include thermal decomposition[63] and photo degradation of the dibenzo-

dioxocin model compounds[64,65], as well as studies of the reactivity of the mo-

tif under Kraft and soda pulping reaction conditions[66]. In addition, there are 

a few reports regarding the synthesis of dibenzodioxocins.[67,68] 

 
Figure 4.1 Dibenzodioxocin motif in lignin structure. 

Due to the importance of this motif and lack of research regarding its reactivity 

under mild catalytic conditions, we turned our attention towards the synthesis 
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of model compounds representing the dibenzodioxocin and development of 

methods for their catalytic transformations.  

4.2 Synthesis of model compounds 

We commenced our studies with the synthesis of model compounds represent-

ing the dibenzodioxocin moiety. Models 38 and 39 are more simplified ver-

sions of the motif, since they lack the phenolic hydroxyl group and the hy-

droxymethyl group at the β position. Model compound 40 is the most realistic 

representation of the dibenzodioxocin present in lignin (Figure 4.2).  

 

 
 

Figure 4.2 Dibenzodioxocin model compounds. 

 

Synthetic procedures are presented on Scheme 4.1.[67] The synthetic route to 

the models 38 and 39 starts with an SN2 reaction, followed by the reduction of 

the ketone and subsequent acid catalyzed cyclization. Low yields of the de-

sired product are the result of a Friedel-Crafts side reaction, leading to the 

irreversible formation of a 7-membered by-product. Model compound 40 was 

synthesized via a radical coupling of biphenyl component and coniferyl alco-

hol.  
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Scheme 4.1 Synthesis of dibenzodioxocin model compounds. 

4.3 Optimization of the reaction conditions 

Methods for a catalytic reductive cleavage of C–O bonds were previously de-

veloped in our group.[69] With those procedures in hand, we started an optimi-

zation of the reaction conditions for dibenzodioxocin model compound 38. 

We subjected compound 38 to Pd/C and NaBH4 in EtOAc/H2O mixture at 80 

°C. A full conversion of the starting material was achieved within 2 hours 

(Table 4.1, entry 1).  
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Table 4.1 Evaluation of hydride donors in the reductive cleavage of the dibenzodi-

oxocin motif. 

 

Entry Model [H] Equiv 
Time       

(h) 

Yield of 41b and 

(42/43 ) (%) 

1 38 NaBH4 2 4 >95 (>95) 
2 38 Et3SiH 3 4 >95 (>95) 

3 38 (MeO)3SiH 3 4 Traces 

4 38 Ph3SiH 3 4 Traces 

5 38 (EtO)3SiH 3 4 Traces 

6 38 Ph3SiH 4 4 7 (7) 

7 38 PMHS 3 4 20 (20) 

8 38 PMHS 8 4 52 (52) 

9 38 PMHS 8 16 >95 (>95) 

10 39 PMHS 8 16 93c (83c) 

11[c] 38 Et3SiH 3 4 Traces 
[a] Reaction conditions: model compound (0.03 mmol), Pd/C (5 mol%), sol-

vent: EtOAc/ H2O (0.2 mL/ 0.05 mL), T = 80 °C. [b] Determined by 1H NMR 

with mesitylene as an internal standard; [c] Isolated yield (compound 43 has 

been isolated in 83% yield), but full conversion of the starting material has 

been achieved; yield of compound 42 was determined by 1H NMR with me-

sitylene as an internal standard) [c] no water. 

 
Since the reductive cleavage of the dibenzodioxocin motif requires 2 equiva-

lents of a hydride donor, it is desirable to utilize environmentally friendly and 

cheap hydride sources. NaBH4 possesses several drawbacks, such as toxicity 

and safety issues. 

 

Silanes are known to be efficient hydride donors for the reduction of C–O 

bonds.[70,71] Evaluation of different silanes in the reductive cleavage of 38 re-

vealed that only Et3SiH and PMHS (polymethylhydrosiloxane) are suitable 

for the transformation (Table 4.1). PMHS is an air and moisture stable poly-

meric silane, which makes it easy to handle. Moreover, it is cheap and is gen-

erated as a by-product in a silicon industry. Importantly, it has been shown 

that PMHS can be regenerated after the transformation and used in consecu-

tive runs.[72] Given all mentioned above, PMHS was chosen as a hydride 

source and reaction conditions were optimized to achieve quantitative yields 

of compounds 41 and 42 by increasing the reaction time and amount of silane. 
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Model compound 39 possessing an additional methoxy group was subjected 

to the optimized conditions, which resulted in full conversion of the starting 

material, and products 41 and 43 were isolated in 93 and 83% yields respec-

tively.  

 

Since no conversion of the starting material was detected in the absence of 

water (Table 4.1, entry 11), the effect of water was investigated (Figure 4.3). 

The optimal ratio between EtOAc and H2O was found to be 4:1 – 2:1 (v/v). 

The ratio 4:1 was chosen for further reactions due to a higher homogeneity of 

the reaction mixture.  

 

When the reaction conditions were optimized, we applied them to the model 

compound 40, containing additional functionalities. This resulted in a lower 

conversion (55%) of the starting material (Table 4.2, entry 1). Thus, additional 

optimizations were undertaken.  

 

Figure 4.3 Evaluation of the optimal EtOAc to H2O ratio (Reaction conditions: 

model compound (0.03 mmol), Pd/C (5 mol%), solvent: EtOAc/ H2O (0.2 mL/0.05 

mL), T = 80 °C, t = 4h, Et3SiH (3 equiv)). 

 

Exchanging EtOAc to THF increased the yield to 75%. Higher solubility of 

the reactants in THF is a possible explanation. In addition, EtOAc can con-

sume the reducing agent via a reduction of the ester group.  However, full 

conversion was not achieved neither by increasing the reaction temperature, 

nor by the increasing the catalyst loading (Table 4.2, entries 2–4). An addition 

of a base (NaOH or K2CO3) had a pronounced effect on the reactivity of com-

pound 40, and biphenol 41 was isolated in high yield (Table 4.2, entry 5). Base 

can promote the hydride transfer from silane though the formation of a penta-

coordinated silicon species.[73] An alkaline medium may also promote the 
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cleavage of the benzylic C–O bond of the starting material via the deprotona-

tion of the phenolic group and the formation of a quinone methide intermedi-

ate.  

To make the process more sustainable, we tested the reaction in Me-THF, 

which is more stable than THF with regards to the formation of peroxides, and 

can be produced from biomass.[74] The solvent exchange did not affect the re-

activity, and compound 41 was isolated in 94% yield (Table 4.2, entries 6–7).  

 
Table 4.2 Optimization of the reaction conditions for the reductive cleavage of 

model 40. 

 
 

Entry 
PMHS  

(equiv) 

Time 

(h) 

Temp 

(°C) 
Solvent 

Additive 

(equiv) 

Pd/C, 

mol 

(%) 

Yield 

41[a] 

(%) 

1 8 16 80 EtOAc/H2O - 5 55 

2 8 16 80 THF/H2O - 5 75 

3 8 20 110 THF/H2O - 5 72 

4 8 16 80 THF/H2O - 10 79 

5 8 16 80 THF/H2O 
K2CO3   

(1) 
5 88[b] 

6 8 16 80 
Me-

THF/H2O 

K2CO3 

(1.5) 
5 94[b] 

7 8 16 80 
Me-

THF/H2O 

NaOH 

(1.5) 
5 93[b] 

Reaction conditions: model compound (0.1 mmol), Pd/C (5 mol%), solvent (0.5 mL), 

H2O (0.125 mL), T = 80 °C. [a] Determined by 1H NMR with mesitylene as an internal 

standard; [b] Isolated yield. Compound 44 has been isolated in 88%yield. 

4.4 Kinetic studies 

During the course of the reaction, two C–O bonds of the dibenzodioxocin 

model are cleaved. In order to study the hydrogenolysis of them separately, 

we prepared two model compounds 45 and 46 (Table 4.3). Both models as 



44 

 

well as a cyclic dibenzodioxocin compound 38 were subjected to the reaction 

conditions, and the turnover frequencies (TOF) were measured in order to es-

timate the efficiency of the hydrogenolysis step (Table 4.3). We found that the 

benzylic C–O bond in compound 46 is cleaved much faster than the terminal 

C–O bond in the compound 45. Compound 45 was identified in the reaction 

mixture, when the reaction of the compound 38 was monitored by NMR, and 

no traces of the compound 46 were observed.  

 
Table 4.3 TOF numbers for model compounds 49-52 and cyclic model 38. 

 
 

Entry Compound 
TOF  

 (h-1) 

Stand. 

Deviation 

 (h-1) 

Reaction 

time 

(min) 

Conv. 

(%) 

1 38 30 4.5 10 24 

2 45 99 16 3 25 

3 46 1600 0 0.75 100 

4 47 0 - 240 0 
Reaction conditions: model (0.03 mmol), Pd/C (5 mol%), solvent: EtOAc/H2O 

(0.2 mL/ 0.05 mL), T = 80 °C, t = 4 h. TOF = conversion∙(amount of sub-

strate)/(amount  of catalyst)/time (mol/mol/h). 

 

It is worth to mention that the cleavage of the ether bond in the compound 47 

is a challenging transformation. And no reactivity was observed when com-

pound 47 was subjected to the reaction conditions. We propose that the proton 

of the neighboring phenolic group partially protonates the oxygen atom of the 

C–O bond via hydrogen bonding and thus facilitates the cleavage of the 

bond.[75] Interestingly, the cleavage of cyclic compound 38 proceeded slower 

than the cleavage of compound 45. The absence of the neighboring phenolic 

group and rigid structure of the ring are possible explanations for that.  
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4.5 Studies of the reaction with organosolv lignin 

To study the reactivity of the dibenzodioxocin motif in lignin, we carried out 

an experiment with ball-milled spruce sample. The reaction mixture was ana-

lyzed using 2D NMR (HSQC) experiment.  

 

It was found that the signals corresponding to the dibenzodioxocin structure 

disappeared in the course of the reaction. However, due to the low intensity of 

the signals it was hard to quantify the transformation.  

 

In order to be able to quantify the results, an experiment was designed where 

organosolv lignin isolated from pine was mixed with model compound 38 

(10% of the model + 7% of motif in the lignin). The reaction time was in-

creased to 36 hours, and the reaction was performed in THF/H2O mixture at 

80 °C. Upon the completion of the reaction, the reaction mixture was analyzed 

by HSQC experiment. In order to quantitatively estimate the transformation, 

we separately integrated the aliphatic and aromatic regions, and the region 

corresponding to alcohols and ethers before and after the reaction (Figure 4.4).  

 

According to the HSQC experiment, the cross signals corresponding to the 

dibenzodioxocin model 38 disappeared: α-CH (δH/δC 4.83/82.83 ppm) and β-

CH2 (δH/δC 3.59;4.35/75.31 ppm) and new cross signals corresponding to the 

product 41 appeared: aromatic (δH/δC 6.50/122.79 ppm and 6.71/110.50 

ppm). In addition, the lignin was also transformed during the reaction, when 

C–O bonds were reductively cleaved, and the ratio between alcohols and 

ethers (integral of 225 in starting material) decreased to 69, whereas the ali-

phatic region has increased from 68 to 271 during the reaction. This is con-

sistent with that nearly all benzyl alcohols, and ether bonds (except aryl-aryl 

ethers) were reductively cleaved during the reaction. 
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Figure 4.4 2D NMR spectrum. Partial HSQC correlation spectra in DMSO-d6: orga-

nosolv pine lignin and model compound 38 before the reaction (top), and the same 

mixture after the reaction (bottom). 
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4.6 Conclusions 

In the presented work, we have carried out the synthesis of new models rep-

resenting the dibenzodioxocin motif in lignin and have established a protocol 

for a mild hydrogenolysis of C–O bonds within its structure. Under the opti-

mized reaction conditions, high conversions could be achieved by using Pd/C 

as a catalyst and hydride donors such as NaBH4, Et3SiH, and PMHS in envi-

ronmentally benign solvents (Me-THF and EtOAc). We have also performed 

the reaction of the dibenzodioxocin model compound in the presence of lignin 

and have analysed it by 2D NMR (HSQC). It has been shown that the devel-

oped methodology can be applied to biomass valorization.  Kinetic experi-

ments with models, representing possible intermediates clearly demonstrated 

that the benzylic C–O bond cleaves much faster than the terminal ether bond, 

which is presumably cleaved with the assistance of the neighbouring phenolic 

group. In addition, the corresponding intermediate was observed in the reac-

tion mixture when a model of dibenzodioxocin was transformed. The cleavage 

of the cyclic dibenzodioxocin model compound proceeded slower than the 

cleavage of terminal and benzylic C–O bonds. We propose that the absence of 

the neighboring phenolic group and lower accessibility of C–O bonds due to 

the cyclic structure impede the reaction. 
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Chapter 5. Functionalized spirolactones by 

photoinduced dearomatization of biaryl 

compounds (Paper III) 

5.1 Background 

As has been described in the previous chapters, biaryls represent a 5-5′ bond 

in the lignin structure. This bond has the highest BDE among all types of 

bonds in lignin (115–118 kcal/mol). Due to their high stability, biaryls are 

retained intact during the majority of known processes for the treatment of 

biomass. Thus, biaryls can be considered as a renewable feedstock generated 

at the biorefineries.  

 

The dearomatization of one of the aromatic rings of a biaryl allows to convert 

this motif into a versatile building block with multiple reactive sites. In recent 

years, dearomatization reactions have gained significant attention especially 

with regards to total synthesis. The possibility to convert simple and available 

aromatic compounds into the complex and diversified structures makes the 

dearomative pathway especially attractive for the pharmaceutical chemis-

try.[76] 

Among the aromatic compounds, heteroarenes (thiophene, furan, pyrrole, pyr-

idine) are more prone to undergo dearomatization due to their reduced stabi-

lization energy compared to benzene and its derivatives.[77] Activated arenes, 

such as phenols and anilines also demonstrate higher propensity for dearoma-

tization. The dearomatization of such substrates mostly relies on the oxidation 

of a phenol functionality and the subsequent ipso nucleophilic attack (Scheme 

5.1A).[78–80]  

The dearomatization of unactivated arenes is known to be challenging. Several 

examples where the dearomatization of non-activated biaryls was induced by 

amidyl radicals are known. However, similar transformations of carboxyl rad-

icals resulted predominantly in aromatic 6-membered products. The different 

reactivity of N-centered radicals was attributed to different energies of the σ 

and π electronic states of the radicals, favoring the Ar-5 cyclization.[81–83] 
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Scheme 5.1 A: dearomative spirolactonization of pre-activated arenes. B: Visible 

light-induced dearomative spirolactonization of non-activated biaryls (this work). 

 

In our work we have realized a carboxyl radical induced dearomative spiro-

lactoniztion of unactivated biaryl carboxylic acids. The carboxyl radical was 

generated via a photooxidative pathway. The obtained compounds are highly 

functionalized and contain motifs found in relevant biologically active mole-

cules and materials (Figure 5.1).  

 

 
 
Figure 5.1 Examples of relevant compounds containing the spirolactone functional-

ity. 

 

5.2 Optimization of the reaction conditions 

For the initial optimization of the reaction conditions, ortho disubstituted 

biaryl carboxylic acid 48 was chosen as a model substrate and acridinium salts 

as photocatalysts.[84] After an initial screening of catalysts and solvents, we 

found that product 49 can be generated in 19% yield in acetone with 20 mol% 

of the catalyst i under air (Table 5.1, entry 2). In order to promote the oxidation 

of the carboxyl group via a deprotonation, we tested several organic and inor-

ganic bases.  
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Table 5.1 Optimization of the reaction conditions. 

 

 

 
 

Entry Cat. (equiv) Additive 

(equiv) 

Solvent Yield 

49 (%) 

Yield 

50 (%) 

1 i (0.2) none CH3CN 5 trace 

2 i (0.2) none acetone 19 trace 

3 i (0.2) DABCO(1) acetone 65 trace 

4 i (0.2) Et3N (1) acetone 20 trace 

5 i (0.2) Py (1) acetone 26 trace 

6 i (0.2) DBU (1) acetone 35 trace 

7 i (0.2) KOH (1) acetone 55 trace 

8 i (0.05) DABCO(1) acetone 15 trace 

9 i (0.05) TEMPO(1) acetone 37 trace 

10[b] i (0.08) DABCO(1), 

TEMPO(1) 

acetone 89 

(68) 

trace 

11 i (0.08) DDQ (1) acetone trace 48 

12[c] none DDQ (1) CH3CN trace 33 

13[d] none DDQ (1) CH3CN trace 63 

14[c] none DDQ (2) CH3CN 44 21 

15[c] none DDQ (4) CH3CN 72 16 

16[c] none DDQ (6) CH3CN 93 6 

[a] Reactions conditions: 0.05 mmol of substrate, solvent (1 mL), LED lamps 

(427 nm), t =12 h, air, r.t., NMR yields vs 1,3,5-trimethoxybenzene as an inter-

nal standard. [b] Reaction time: 4 h, (isolated yield). [c] LED lamps (440 nm), 

t = 20 min, Ar atmosphere, 22 equiv H2O. [d] Reaction time: 15 h. 

 

Addition of DABCO had a pronounced effect and improved the yield of the 

product to 65% (Table 5.1, entry 3). However, decreasing the catalyst loading 

to 5 mol% resulted in a significant drop in the yield. In order to improve the 
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yield of spirolactone with lower catalyst loadings, additives which can facili-

tate a hydrogen atom abstraction or regeneration of the catalyst were tested.  

 

The combination of DABCO and TEMPO allowed us to achieve 89% yield of 

the desired spirolactone 49 (Table 5.1, entry 10). These optimized conditions 

are further denoted as Condition A.  

 

Interestingly, addition of 1equiv of DDQ led to the formation of phenolic com-

pound 50 (Table 5.1, entry 11). Given that DDQ has an absorbance band in 

the same region as catalyst i, and an excited form of DDQ is a strong oxidant, 

we performed the reaction in absence of the acridinium salt. The obtained re-

sults revealed that DDQ alone can promote the transformation. By increasing 

the amount of DDQ and optimizing the reaction conditions (inert atmosphere 

and addition of water as a nucleophile were required), we were able to gener-

ate spirolactone 49 in 93% yield (Table 5.1, entry 16). The attempts to regen-

erate DDQ in order to carry out the transformation in a catalytic fashion were 

not successful. This set of conditions is further referred to as Condition B.  

 

5.3 Substrate scope 

In order to study the generality of the reaction, biaryl acids with different sub-

stituents on both aromatic rings were subjected to the Condition A and B (Ta-

ble 5.2). The first set of substrates contained a meta-xylene moiety (Ar1) and 

varying substituents on the Ar2 in para position to the biaryl linkage. Sub-

strates with electron donating groups (OMe, Me) and Cl were converted into 

the products in good yields in the case of the aerobic system (Condition A, 51, 

53–54). Introduction of the electron withdrawing group (NO2) resulted in a 

lower yield (52). This might be due to the higher oxidation potential of the 

substrate. The substrates bearing dimethyl substituted aromatic rings are 

known to undergo a facile overoxidation under aerobic conditions.[85] It is 

worth to underline that under the optimized Condition A, good yields were 

achieved with these challenging substrates. Under Condition B, products 51–

54 were formed in good to excellent yields. The introduction of OMe-group 

in ortho position to the Ar2 ring or exchanging the Ar2 to the pyridine moiety 

did not result in significant changes in the yield of products 55–56 for the both 

systems. 

 

Both systems were able to generate the spirolactone products from the tetra-

methyl susbstituted arenes (57–58) in moderate yields. Given the high pro-

pensity of such substrates to decompose under the oxidative conditions.[85] the 

obtained results are delightful.  
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Table 5.2 Substrate scope. Isolated yields. Condition A: Table 5.1, entry 10, Condition 

B: Table 5.1, entry 16, reaction time: 15 hours. aReaction time: 0.5 hours. bSubstrate: 

0.05 mmol, NMR yield vs. 1,3,5-trimethoxybenzene internal standard. 

 

 

When Ar1 was exchanged to an anthracene moiety, excellent yields of prod-

ucts were obtained in both systems (59–60). However, the substrate bearing 

both anthracene (Ar1) and naphthalene (Ar2) substituents resulted in the for-

mation of product 61 in moderate yield. This might be due to the increased 

bulkiness of the substrate.  
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The next group of substrates included the dimethoxy substituted biaryls. This 

class of substrates is challenging due to the lability of the methoxy group, 

which can undergo a substitution.[86] The substitution results in the formation 

of a 6-membered aromatic lactone (Scheme 5.2). Under the Condition A, very 

good yields of products 62–64 were obtained. Products 62 and 63 did not form 

under Condition B. Instead, the products from the substitution of the methoxy 

group were observed. Interestingly, when an additional methoxy group was 

introduced in the ortho position of the Ar2 ring, the desired product 64 was 

generated.  

 

 
 

Scheme 5.2 The formation of the 6-membered lactone. 

 

Substrates where Ar1 was represented as a naphthyl group, generated products 

65–68 in good (Condition B) or moderate (Condition A) yields. Lower yields 

could be explained by the exposed o-H, which results in the formation of the 

6-membered lactone product. In the aerobic system, the formation of endoper-

oxides may also contribute to the decreased performance of the system for 

those substrates.[87] Finally we decided to study monosubstituted substrates. 

To our delight, products 69–70 were generated in both systems in moderate to 

good yields.  

 

The investigation of the substrate scope of the developed reaction revealed 

that two discovered systems are able to generate spirolactones from the non-

preactivated biaryl carboxylic acids. The biaryls with dimethyl substituents in 

Ar1 demonstrated good performance, especially in the case of the Condition 

B. On the contrary, in the case of the biaryls with dimethoxy substituents on 

the Ar1, aerobic system (Condition A) performed better. Thus, the discovered 

systems are complementary. Importantly, both systems were able to produce 

the products from the monosubstituted biaryls. 

5.4 Mechanistic studies 

In order to gain insight into the reaction mechanism and explain the reactivity 

observed in both systems, a number of experiments were performed. When 

the reaction was conducted under dark conditions, no product formation was 

observed neither under Condition A nor under Condition B. This clearly indi-

cated that the transformation is photoinduced. Performing the reaction under 
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an inert atmosphere (Ar) in case of Condition A did not furnish the product. In 

order to understand the origin of the oxygen in the final spirolactone, we car-

ried out experiments with isotopically labeled oxygen (18O2) and water 

(H2
18O). The isotopic distribution of the product revealed that in case of Con-

dition A oxygen in the dienone structure stems from air; and in the case of 

Condition B – from water (Scheme 5.3a). In order to prove the role of the 

carboxyl group in the dearomatization, we performed the reaction with com-

pound 71 (methyl ester of biaryl carboxylic acid 48). No reaction occurred in 

that case (Scheme 5.3b). Given the fact that phenolic compound 50 was de-

tected when the reaction was performed with lower amounts of DDQ, we 

wanted to elucidate whether compound 50 is an intermediate in the reaction 

to spiro product 49 or if it is formed via a parallel pathway. Subjecting com-

pound 50 to the reaction condition A or B resulted in the formation of product 

in a low yield (Scheme 5.3c). This indicates that phenolic compound 50 is not 

an intermediate in this transformation.  

 

 

 
  

Scheme 5.3 Mechanistic studies: a. Isotopic labeling, b. Reactivity of ester 71, c. Re-

activity of phenol 50. 

 

The reaction mechanism 

 

Based on the experimental observations and previous reports we propose the 

following catalytic cycle (Scheme 5.4): 

 

The first step of the reaction is the same for the both systems (Condition A and 

B), which is the formation of carboxyl radical species A. In the case of the 
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Condition A, the formation of the radical is facilitated by the deprotonation of 

the biaryl acid by DABCO. The oxidation takes place by the excited state of 

photocatalyst (acridinium salt) or photooxidant (DDQ) (Condition A and B 

respectively). The photocatalyst is regenerated via an oxidation by oxygen 

from the air. The intramolecular cyclization leads to the dearomatized inter-

mediate B. From that point, two separate pathways for each of the systems are 

proposed. In the aerobic system (Condition A), intermediate B is trapped by 

the oxygen to generate intermediate C. The reaction between peroxyradical C 

and intermediate B produces intermediate E.[88] The final step is the hydrogen 

atom abstraction by TEMPO, which generates the desired spirolactone. The 

reduced form of TEMPO can scavenge the reactive oxygen species (superox-

ide), and as a result prevents the decomposition of the substrate.  

 

 

 
 

Scheme 5.4 Proposed reaction mechanism. PO: photooxidant, PC: photocatalyst. 

 

Under the anaerobic Condition B, intermediate B undergoes a second oxida-

tion to form carbocation D. The nucleophilic attack by water generates inter-

mediate F. The compound F can either rearomatize into phenolic by-product 
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50 or get oxidized by DDQ into spirolactone 49. With higher loadings of 

DDQ, the rate of the oxidation to the desired spirolactone increases and the 

dearomatization becomes a dominant pathway. 

5.5 The transformations of the final spirolacone 

As has been mentioned above, the dearomatization produce highly function-

alized products from simple and abundant substrates. The generated spirolac-

tones possess up to four different functional groups. In order to demonstrate 

the utility of the generated products, several transformations were performed 

(Scheme 5.5).  

 

 

 
 

Scheme 5.5 Further transformations of spirolactone 49. 

 

 

The reaction of spirolactone 49 with bromine resulted in the formation of 

product 72, via the bromination and subsequent elimination reaction. A nitro-

gen atom was introduced in the molecule via the oximation of the keto group 

of the spirodienone with methoxyamine. Imine 73 was generated in 89% yield. 

A Diels-Alder reaction with cyclopentadiene resulted in the formation of bi-

cyclic product 74.  

  

Interestingly, reduction of the keto functionality in spirodienone 49 with 

NaBH4 furnished the aromatic compound 50, which has been detected as a by-

product in the case of the Condition B. This gives additional support to our 

mechanistic proposal, where dienol E rearomatizes into the phenolic product 

50 (Scheme 5.6). 
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Scheme 5.6 The rearomatization of the reduced spirolactone 49. 

5.6 Conclusions 

 

In conclusion, we have developed two methodologies to generate highly func-

tionalized spirolactones from non-phenolic biaryls. In both systems (aerobic 

photocatalytic and anaerobic photooxidative), the carboxyl radical induces the 

dearomative spirolactonization of a biaryl carboxylic acid. The reaction pro-

ceeds under mild reaction conditions and visible light which makes it applica-

ble to complex substrates where harsh reaction conditions could lead to side 

reactions. The two systems are complementary to each other and can be used 

for the formation of the desired spirolactone where either inert or dry reaction 

conditions are needed. We have also demonstrated that final products can eas-

ily be converted into more complex structures via an installation of additional 

functional groups. 
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Closing remarks 

The work described in this thesis has been focused on the valorization of bio-

mass and biomass-derived products. It resulted in the development of two new 

catalytic fractionation methods. The first is a Pd-catalyzed reductive fraction-

ation of lignocellulose under flow conditions. Performing the pulping in con-

tinuous flow revealed important mechanistic insights of a catalytic organosolv 

pulping of wood. Sinapyl and coniferyl alcohols were found to be the main 

reactive intermediates in the process. The Pd-catalyzed reduction of the allylic 

alcohols released from the wood resulted in close to the theoretical maximum 

yield of lignin-derived monomers. In this process we achieved a high retention 

of cellulose, while hemicellulose was utilized as hydrogen donor for the re-

duction of the lignin. 

 

The second fractionation method relied on a new strategy for the stabilization 

of the reactive intermediates. By using zeolites with a well-defined structure 

(BETA zeolite), we were able to stabilize the allylic alcohols via transfer hy-

drogenation reactions. Moreover, we have demonstrated that due to the shape 

selectivity of the BETA zeolite, the undesirable bimolecular recondesations 

of monomers can be minimized. In this protocol, we were able to produce 

value added products from all three components of biomass in a single pro-

cess. 

 

The second part of the thesis is devoted to model compound studies, repre-

senting dimeric and trimeric structures in lignin. The investigation of the re-

activity of dibenzodioxocin motif filled a gap in the knowledge regarding lig-

nin interunit linkages. In addition to some mechanistic findings, we demon-

strated that cheap and stable polymeric silane (PMHS) can serve as an efficient 

and benign hydride donor for the hydrogenolysis of C–O bonds in lignin. In 

the last part of this work, we aimed to create a methodology for the generation 

of useful synthetic building blocks from potentially bio-derived biaryls. Using 

a visible-light catalyzed dearomatization, we were able to generate highly 

functionalized products from simple biaryl carboxylic acids.  

 

The methods developed in this thesis bring new tools to the field of biomass 

conversion. This thesis demonstrates an application of a flow system, shape 
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selective and visible light catalysis and alternative hydrogen donors to the pro-

duction of valuable molecules from a renewable feedstock. The work pre-

sented herein does not deliver any final process, but shows new concepts that 

hopefully will be further developed in the future. 
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Populärvetenskaplig sammanfattning på 

svenska 

I den här avhandlingen har jag studerat hur vi i framtiden ska kunna 

använda biomassa som råvara. Majoriteten av allt material som används 

idag kommer från råolja till exempel; bränsle, mediciner, färgämnen, 

plast och smaker. Problemet är att det tar lång tid att ackumulera råolja. 

Så det är viktig att studera hur vi kan  använda alternativa råvaror. 

Lignocellulosa, det vill säga de oätliga delarna av biomassa, är en bra 

kandidat att substituera råolja med, för att lignocellulosa är förnybar 

och kolneutral (när ett träd växer upp konsumerar det koldioxid från 

atmosfären och lika mycket av koldioxid släpps ut när trädet bränns 

upp). Lignocellulosa består av tre polymerer: cellulosa, hemicellulosa 

och lignin. Det finns redan många produkter från cellulosa till exempel: 

fibrer, polymerer, och sockerarter. Men det finns nästan inga produkter 

från lignin. 

  

I min avhandling utvecklade jag metoder för att kunna producera 

viktiga molekyler från lignin. Lignin är en mycket komplex polymer 

med många olika bindningar. I en del av arbetet syntetiserades modeller 

av ligninpolymeren och dess reaktivitet studerades. I den andra delen 

tillämpades dessa  kunskaper på verklig biomassa (träråvara). Vi 

utvecklade två olika metoder för separering av de tre komponenterna av 

biomassa där vi samtidigt omvandlar dessa strömmar till värderfulla 

molekyler, som kan användas till framställning av till exempel material 

eller mediciner. 
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Appendix C 

 

Table 1C. Some relevant examples of lignin-first depolymerization meth-

ods. 

Feedstock Cat. T, °C Solv. 

Reduc-

ing 

agent 

Yielda

, % 
Ref. 

Birch Pt/C, Rh/C 200 

Dioxane/ 

H2O 

/H3PO4 

H2 42 
[89] 

Birch Pd/C 210 
EtOH/H2

O 
no 40 

[90] 

Genetically 

modified 

poplar 

Pd/C, 

ZnCl2 
225 MeOH H2 40–54 

[91] 

Birch Ru/C 250 MeOH H2 50 
[92] 

Birch Pd/C 250 
MeOH/ 

H3PO4 
H2 42 

[54] 

Birch 
Ni/W2C/A

C 
235 H2O H2 39 

[93] 

Birch Ni/C 200 MeOH no 32 
[94] 

Corncob 

LiTa-

MoO6+Ru/

C 

230 
H2O/H3P

O4 
H2 23.4 

[95] 

Birch 
Pd/C, 

Al(OTf)3 
180 MeOH H2 55 

[57] 

Corn stove 

 
Ni/C(H+) 200 MeOH H2 32 

[96] 

aYield (wt%) of monomers calculated on lignin content. 
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