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TBD triazabicyclodecene 
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1. Introduction 

Alcohols are very common functional groups in organic molecules and poly-

mers (Figure 1a). Besides affecting the chemical and biological properties of 

molecules and materials, alcohols offer great synthetic utility, of which oxida-

tion to carbonyls (Figure 1b) is one of the most pivotal reactions both in nature 

and in organic synthesis.  

As implied in Figure 1b, the oxidation of various kind of alcohols can lead to 

key intermediates in a total synthesis (e.g. towards (+)-hexacyclinol[1] and 

febrifugine[2]) or in a multi-step chemical process (such as oxidation of 

lignin).[3] Ketones and aldehydes are useful functionalities enabling a tremen-

dous amount of chemical reactions for further synthetic opportunities.  

Stoichiometric oxidants are commonly used to perform the oxidation of al-

cohols but they often suffer from unnecessary waste production (poor atom 

economy) and low cost-efficiency.[4] Instead, nature uses ambient air as the 

terminal oxidant and metalloenzymes to catalyze the alcohol oxidation.[5,6] In 

such a process, the only unavoidable side product is H2O2 or H2O, which makes 

the atom economy much greater compared to most of the stoichiometric oxi-

dants.[6] Moreover, enzyme as a catalyst lowers the activation energy needed to 

overcome the energy barrier prior to alcohol oxidation, which means that cata-

lytic oxidations require less (heat) energy than uncatalyzed version. Thus, 

catalysts accelerate the reactions and may enable alcohol oxidations, which 

could be otherwise impossible.  

Many of the known enzymes catalyzing the oxidation of alcohols incorporate 

a metal center at their active site.[6] Galactose oxidase (GO) is a copper-

containing enzyme, which is not only known to catalyze the oxidation of galac-

tose, but has been found to mediate the oxidation of various alcohols to alde-

hydes.[7] Inspired by this effective natural system, chemists have evoked so-

called biomimetic systems to mimic the natural catalysis. During the last dec-

ades, numerous types of aerobic Cu-based catalyst systems have been devel-

oped to expand the substrate scope towards previously challenging 

alcohols.[8,9]  

Despite the high research interest towards biomimetic Cu-systems, there is 

still plenty of room for improvement, particularly due to the crucial im-

portance of alcohol oxidations in laboratories and chemical industry (including 

biorefineries) and due to the continuous goal towards more sustainable chem-

istry. The main purpose of this doctoral thesis is to study some key challenges 

accompanied with and beyond those previously described aerobic Cu-catalyzed 
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methods and their applications. Simultaneously, the aim is to improve the cat-

alytic efficiency and economy. The thesis work is outlined in three parts. 

 

 

Figure 1. a) Examples of alcohol containing natural molecules and polymers, b) useful synthetic 
carbonyl intermediates or final products derived via (selective) alcohol oxidation. 

The first part of the thesis focuses on the advent and development of biomi-

metic Cu-catalyst systems for aerobic alcohol oxidations to aldehydes and ke-

tones. Building on the overview of previously reported methods, the idea was 

to study chemoselectivity with challenging diol substrates and address the op-

timal catalyst system for different classes of primary alcohols. 

The second part of the thesis contributes to the synthesis of C8–C19 frag-

ment of calyculin C (Figure 1a), an extremely rare and highly bioactive natural 

product.[10] While the synthesis serves as an ideal example featuring alcohol 

oxidation, the primary focus was here on the construction of the challenging 

C10–C13 stereotetrad unit. 

The third and final part forms the major emphasis of this thesis. The versa-

tile synthetic utility of aldehydes and ketones also applies to biomass pro-

cessing (Figure 1b, bottom). Decreasing petroleum reserves and increasing 

concerns on our environment highlight the importance of renewable carbon 

resources. An attractive example is woody biomass, which mainly constitutes 

of cellulose, hemicellulose and lignin (Figure 1a). While the carbohydrate part 

has been successfully converted to various kind of renewable materials, fuels 
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and chemicals, conversion of lignin faces significant challenges as majority of 

the material is still burned for energy production.[11] 

Lignin is the second most abundant polymer in nature (after cellulose) and 

serves as an ideal feedstock for the production of renewable aromatic materials 

and chemicals.[12] However, successful depolymerization to simple and valua-

ble products requires judicious activation of the polymer and subsequent con-

trolled cleavage of the most repetitive key bonds within the polymer.[13] 

The ultimate goal of this thesis is to tackle this challenge by oxidative activa-

tion and subsequent controlled depolymerization to deliver value added aro-

matic products. The methodology development is solely based on aerobic Cu-

based catalyst systems and culminates in successful application to both isolat-

ed birch lignin and to one-pot strategy starting from birch and pine sawdust. 
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2. Aerobic Cu-Catalyzed Alcohol Oxida-
tion 

This Chapter provides an overview from early discoveries to recent advances in 

homogeneous Cu-catalyzed alcohol oxidations most relevant to this thesis.  

Following the introduction from enzymatic to biomimetic catalysis, the litera-

ture discussion focuses on the methodology development highlighting mecha-

nistic studies, substrate scope and sustainability. 

2.1 Natural catalysts  

Nature is a common source of inspiration for the development of new inven-

tions in chemistry. Organic chemists are especially interested in natural prod-

ucts and how to synthesize them but also the way in which Nature is preparing 

them. Biosynthesis describes the process where the natural molecules are 

formed step by step. Besides substrates and energy (such as heat energy or sun 

light), natural catalysts are often involved, and among the most important of 

them are enzymes. In fact, they exist in every living system, such as plants, 

animals and microorganisms, and are responsible of most of the chemical pro-

cesses in these systems. Almost all enzymes are proteins while a few are cata-

lytic RNA molecules. It is estimated that approximately half of all proteins 

contain metals in their active site. Nature provides metalloenzymes that con-

sist of earth abundant metal ions such as Mg, Ca, Zn, Mn, Fe, Co, Cu, V and 

Mo. The metal center plays a key role in the biocatalytic pathways.[6,14] 

One of the cornerstone reactions metalloenzymes catalyze is alcohol oxida-

tion. Most common enzymes responsible for these transformations are alcohol 

oxidases (AOx). AOx use molecular oxygen as the terminal oxidant and pro-

duce hydrogen peroxide as the co-product. Both flavin- and copper-dependent 

AOx exists, typical examples of which include glucose oxidase and galactose 

oxidase (GO), respectively. GO is known to oxidize various alcohols to alde-

hydes. In nature, produced by fungi, GO catalyzes the oxidation of D-galactose 

(Scheme 1).[5] GO is a type II mononuclear enzyme containing a Cu atom in the 

active site that carries a tyrosine residue as radical mediator, which in collabo-

ration with CuII is responsible for a two-electron oxidation process.[6] 
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Scheme 1. Mechanism of the GO-catalyzed oxidation of alcohols such as D-galactose.[5]  

Compared to chemocatalytic oxidations, wild-type GO has a relatively narrow 

substrate scope. In this light, even though enzymes can be considered the in-

spiration and significant basis for the development of biomimetic transition 

metal-catalyzed oxidations, this communication goes also in reverse.  

The wide spectra of organometal-catalyzed transformations explored in the 

last few decades have evoked the interest to discover fully biocatalytic mimics 

pursued by natural metalloenzymes. In addition, the abiotic approach using 

artificial enzymes expands the possibilities in enzymatic catalysis. Introducing 

new metal ions or substituting the existing ones in the active site of enzymes 

has enabled chemomimetic reactions, where the enzyme is “taught” to mimic a 

known chemical reaction. For instance, bioengineered GO variants have found 

scope extension even to secondary alcohols and aminoalcohols.[6,15,16] 

Enzymes as biocatalysts in organic synthesis are gaining more and more at-

tention due to the continuous development of this field. One of the key im-

provements has been recent advances in molecular biology such as gene syn-

thesis, genome sequencing and directed evolution of proteins, which together 
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have reduced the development times and price of biocatalysts.[6] On the other 

hand, discovery of new applications for natural enzymes in bioorganic synthe-

sis is another intriguing topic.[17,18] Other ongoing challenges are the better 

recovery and reuse of enzymes aiming to tackle the major drawbacks in bio-

catalysis: the high cost and biowaste generation.[6]  

In fact, despite the promising field of biocatalysis, much still needs to be 

done to overcome issues related to limitations in substrate scope, scale up, 

recycling and tolerance. Meanwhile, the great communication between bio-

catalysis and organometal catalysis continues to help their endeavour towards 

new innovative and sustainable solutions. 

2.2 Biomimetic Cu-catalyst systems 

 

Development of biomimetic catalyst systems has opened up new opportunities 

in the field of alcohol oxidation. Major complementary benefits over natural 

catalysts include the rapid catalyst development due to easy handling, wide 

tolerance for reaction medium and conditions as well as large selection of 

readily available and relatively inexpensive catalyst components. Compared to 

biocatalytic systems, transition metal-catalyzed reactions are also generally 

more feasible to scale up due to limited technology and infrastructure for en-

zymatic chemical reaction on industrial scale. Moreover, the structural sim-

plicity of catalyst components offers numerous instrumental, computational 

and experimental studies to gain insights to the mechanistic details, which in 

turn accelerate the methodology development. In fact, decades of intensive 

research in the field of biomimetic Cu-catalyzed alcohol oxidations has greatly 

expanded the substrate scope and led to a large pool of information on catalyt-

ic cycles. 

To date, four main types of aerobic Cu-based systems performing the alcohol 

oxidation step have been studied (Scheme 2). In addition to structural differ-

ences, the systems deviate in the manner how the alcohol substrate is oxidized. 

Generally, the substrate oxidation step occurs either via hydrogen atom trans-

fer (HAT) or hydride anion transfer by a specific (co-)oxidant. The nature of 

the co-catalyst largely defines the exact oxidation mechanism, which in the last 

resort depends on the whole reaction system. 

In the first system (Scheme 2, Type A), a ligand-copper framework activates 

the molecular oxygen, which directly oxidizes the subsequently coordinated 

alcohol substrate without a cofactor. Following the initial work by Brackman 

and Gaasbeek in 1966,[19] much effort has been put to understand the activa-

tion of molecular oxygen by copper species.[20] The ligand assisted Cu/O2 oxi-

dation system is typically limited to activated (benzylic and allylic) alcohols 

and often requires elevated temperatures and high oxygen pressure. Basic ad-

ditives (or high pH) are usually beneficial. Examples of recent protocols in-

clude Cu/DAPHEN (9,10-diaminophenanthrene) catalyst systems in alkaline 

aqueous solution reported by Repo and co-workers[21,22] and catalytic CuCl2 

employed with Cs2CO3 (1.2 equiv.) reported by Zhang and co-workers.[23] 
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Scheme 2. Mechanistic illustration of four main types of Cu-catalyzed alcohol oxidation 
steps.[8,24–30] 

The second type features a typical GO mimetic introduced by Stack and co-

workers[24], in which the copper atom is coordinated to an axially chiral bi(2-

naphthylamine) type moiety forcing the Cu framework to a non-planar coordi-

nation geometry (Scheme 2, Type B). Equipped with phenoxy moieties bearing 

appropriate substituents such as ortho-thioethers as radical stabilizers, the 

tetradentate ligand system resembled the active site of GO. Here, the respon-

sible oxidant is a phenoxyl radical, which abstracts the hydrogen from the al-

cohol substrate just like in natural GO. 
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In the third type of aerobic copper oxidation system, the cofactor is an azo-

compound (Scheme 2, Type C). Here the substrate oxidation occurs through 

an intramolecular hydride transfer from an alkoxo ligand to an azo ligand. 

Significant contribution in this area has been made by Markó and co-

workers.[30–33] 

The fourth and final type features a nitroxyl radical such as 2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPO) (Scheme 2, Type D). Although already 

introduced in 1966 by Brackman and Gaasbeek[19] using di-tert-butylnitroxyl, 

these types of systems have rather recently gained a lot of attention. Much 

work was invested on the development of new Cu-nitroxyl systems to address 

the challenges of substrate scope and catalyst activity. In addition, several re-

search groups have contributed to examine the mechanistic paradigm of these 

processes, which have turned out to be unambiguous considering the exact 

role of the nitroxyl species. Consequently, three most common pathways for 

the alcohol oxidation have been outlined based on experimental and computa-

tional studies (Scheme 2, Type D, models 1–3).  

In the first model, postulated by the group of Sheldon,[25] the nitroxyl species 

(TEMPO) is coordinated to copper in η2 manner. Here, the oxygen atom of 

TEMPO abstracts the Cα–H hydrogen atom from the alcohol substrate. Steric 

bulk arising from the methyl substituents of TEMPO typically prevent the oxi-

dation of secondary alcohols but is not an issue with primary alcohols, offering 

a chemoselective approach in the presence of both types of alcohol moieties. 

Later, our group (Kumpulainen and Koskinen)[26] performed kinetic studies to 

investigate the catalytic activity dependence on catalyst components. The ki-

netic dependence of TEMPO and copper (CuII precursor) were found to be 1.15 

and 2.25, respectively, which was an indication of a binuclear system involving 

Cu2O2 species per one TEMPO molecule. Therefore, these findings were not 

consistent with Sheldon’s model and led to an alternative mechanistic postula-

tion, which included a bimolecular HAT (Scheme 2, Type D, model 2). Later, 

Stahl and co-workers[27] came up with a slightly modified presentation using a 

CuI precursor. The details of the binuclear system and bimolecular HAT will be 

discussed more in section 2.2.3. 

Around the same time, the group of Baerends[28,34] postulated an alternative 

model, in which TEMPO is coordinated to Cu in η1 manner via the oxygen at-

om. Calculations implied that hydrogen abstraction by nitrogen was more fa-

vorable than by oxygen atom of TEMPO (Scheme 2, Type D, model 3). Some-

what later, Stahl and co-workers[29] made additional calculations and experi-

mental studies and ended up to the same conclusion. The three different pos-

tulations have all reasonable experimental support but deviate from computa-

tional support. However, the differences in catalyst species such as copper pre-

cursor and base additives influence the overall oxidation catalyst cycles, and 

most importantly, affect the reactivity of various kind of alcohols. Develop-

ment and scope for the methodologies based on types B–D as well as mecha-

nistic details especially of Cu/nitroxyl-catalyzed oxidation will be discussed in 

the following sections. 
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2.2.1 Galactose oxidase mimics 

Ever since the discovery of GO as an efficient catalyst mediating the two-

electron oxidation of alcohols to aldehydes, chemists have evoked a variety of 

catalytically active GO mimetics. Over the last decades, the electronic structure 

of the oxidized form of GO (Scheme 1, structure B) has been extensively inves-

tigated using small molecule analogues comprised of metal–salen type phe-

noxyl radical complexes.[35,36] In 1998, pioneering work by Stack and co-

workers led to development of highly active GO mimetics, which catalyzed the 

aerobic oxidation of benzylic and allylic alcohols under mild conditions. The 

small molecules featured an axially chiral bi(2-naphthylamine) moiety, which 

forces the copper center to adopt a non-planar geometry with the ligand 

framework (Scheme 3). 

 

 

Scheme 3. Typical GO small molecule mimic [CuIIBSP] catalyzing the oxidation of activated 
alcohols.[24] 

The most active small molecule GO mimic was [CuIIBSP], which upon oxida-

tion of benzyl alcohol reached turnover number (TON) up to 1300 in neat con-

ditions and 400 in concentrated acetonitrile solution over 20 h. Cinnamyl al-

cohol and even 1-phenylethanol as a secondary alcohol could be oxidized with 

TONs of 30–60 depending on the conditions. In contrast, unactivated (ali-

phatic) alcohols showed no reactivity. Both lithium and sodium alkoxides were 

suitable bases.  

To address the mechanism of the reaction, the researchers recorded a rela-

tively large kinetic isotope effect for α-protons (PhCH2O-/PhCD2O-, 

kH/kD = 5.3) and a slightly negative Hammett ρ value (-0.14) for p-substituted 

benzylic alcohols. These values were very close to those obtained for native 

GO. Moreover, although spectroscopic evidence was not found for the peroxy-
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intermediate [CuIIBSP(OOH)]●, qualitative evidence of H2O2 production as 

well as 1:1 concomitant oxygen consumption/aldehyde production were real-

ized. The gathered information led to a mechanistic proposal, which was very 

similar to native GO (Scheme 3 and Scheme 2).  

2.2.2 Azo-mediated systems  

In 1996, Markó et al.[31] reported a powerful aerobic copper-catalyst system 

that oxidizes a wide range of alcohols into aldehydes and ketones under mod-

erate conditions (Scheme 4). The key component was the azo compound di-

tert-butyl azodicarboxylate (DBAD) and its derivative di-tert-butyl hydrazodi-

carboxylate (DBADH2) turned out to be even more active. 

 

 

Scheme 4. Cu/DBADH2-catalyzed aerobic oxidation of alcohols to carbonyl compounds.[31] 

Later, Markó’s group reported an improved protocol achieved by enhanced 

solvent effect of fluorobenzene and optimized amount of base (25 mol% 

K2CO3).[32] Notably, protected chiral 1,2-aminoalcohols could be oxidized with-

out racemization. While sterically hindered alcohols were oxidized with high 

rates and selectivity, simple linear alcohols such as decanol could not reach 

high conversions (Scheme 5). This rather surprising lack of reactivity prompt-

ed the group to work forward with the protocol. 

 

 

Scheme 5. Cu/DBAD-catalyst system for versatile alcohol oxidation.[32]   

Inspired by the ubiquitous presence of N-heterocyclic ligands in biologically 

active copper-containing proteins, Markó and co-workers turned to such com-

pounds.[30] Although only 4-dimethylaminopyridine (DMAP) and N-methyl 

imidazole (NMI) were reportedly tested, NMI was found to be an ideal addi-

tive. The catalyst system was now capable to oxidize also aliphatic primary 

alcohols in good to excellent yields (Scheme 6).  
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Scheme 6. Improved Cu/DBAD-catalyst system for primary alcohols.[30]  

The postulated mechanism included an intramolecular hydrogen transfer from 

the alkoxo ligand to the azo ligand, which released the aldehyde product and 

generated copper(I)hydrazide (Scheme 2, type C). Subsequent incorporation of 

dioxygen and reorganization of the ligand framework allows another alcohol to 

coordinate and a new catalytic cycle follows.[30]   

2.2.3 Nitroxyl radical mediated systems  

The early pioneers of aerobic Cu-catalyzed alcohol oxidations, Brackman and 

Gaasbeek, presented already more than 50 years ago how methanol could be 

oxidized to formaldehyde using copper(II)phenantroline complex and di-tert-

butyl nitroxide as a radical promoter. The role of the promoter was believed to 

take place in concurrent hydrogen abstraction and reduction of the copper(II) 

species to copper(I) (Scheme 7), thus a mechanism similar to the one wit-

nessed later with GO, where the promoter was a phenoxy radical.   
 

 

Scheme 7. First example of aerobic Cu/nitroxyl radical-catalyzed oxidation of alcohol to alde-
hyde.[19] 

Even though the early discovery of nitroxyl radical-promoted Cu-catalyzed 

oxidation showed great potential to new opportunities in the field, it took 

about 20 years until another pioneering project was released. The group of 

Semmelhack investigated copper-catalyzed oxidations using TEMPO as the 

nitroxyl radical under aerobic conditions. Notably, the reaction performed well 

at ambient temperature using 5 mol% CuCl/TEMPO in DMF and saturating 

the solution with dioxygen. A wide scope of benzylic and allylic alcohols was 

found to oxidize to the corresponding aldehydes in good to excellent yields.[37] 

Aliphatic alcohols, however, turned out to be unreactive with this system. 
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Knochel and co-workers[38] reported fluorous biphasic reaction conditions 

(Figure 2). Here, the copper salt (CuBr∙Me2S) was employed with a perfluoro-

alkyl substituted bipyridine ligand and TEMPO in a mixture of perfluorooc-

tane and chlorobenzene at 90 °C. Notably, this rather unusual system repre-

sented the first Cu/TEMPO-based protocol capable to oxidize also aliphatic 

alcohols to aldehydes in high yields. Even secondary alcohols were oxidized to 

ketones with comparable yields. Due to the fluorous ligand and biphasic sys-

tem, the catalyst could be recycled several times with reproducible results for 

the oxidation of para-nitrobenzylalcohol. 

Soon after, Sheldon and co-workers[25] came up with a single-phase 

Cu/TEMPO-based system (Figure 2). The main improvement to the Sem-

melhack’s protocol was achieved by using a simple 2,2’-bipyridine (BiPy) lig-

and, which enabled the oxidation of benzylic and aliphatic alcohols under mild 

conditions. Using t-BuOK as the base and aqueous MeCN as solvent, the oxi-

dation of activated alcohols was fast at room temperature using ambient air as 

oxidant. Even 1-octanol could be completely oxidized to octanal at 40 °C, alt-

hough with much slower rate. 

Another recyclable Cu/TEMPO catalyst was reported by Ragauskas and co-

workers[39] who developed a Cu(ClO4)2/4-acetamido-TEMPO-catalyzed oxida-

tion system using DMAP as ligand and an ionic liquid as reaction medium 

(Figure 2). Benzylic and allylic alcohols were successfully oxidized, but aliphat-

ic alcohols suffered from poor reactivity. Soon thereafter, the group followed 

up with a neat protocol, where 4-pyrrolidinopyridine acts as a ligand for CuBr 

(Figure 2).[40] Hexane soluble aldehydes could be separated from the catalyst, 

which was reusable two times without significant loss in activity. Activated 

alcohols were oxidized fast (reaching turnover frequency up to 200 1/h), while 

aliphatic alcohols showed no reactivity.  

 

 

Figure 2. Early Cu/TEMPO-based catalysts effective for activated and (non-)activated alcohols. 

The group of Repo studied Cu/TEMPO systems in aqueous reaction 

medium.[41] Deviated from previous developments, the catalyst system was 

built on 2-N-arylpyrrolecarbaldimine ligands, which have structural similari-

ties with bipyridine and classical salen-type ligands. Once a few candidates 

were screened, p-fluorophenyl-substituted ligand L1 provided highest activity 
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(Scheme 8). The key adjustments included moderately high pH, which is re-

quired to activate the catalyst in this case. 

 

 

Scheme 8. Cu/TEMPO-catalyzed oxidation of benzylic alcohols in moderately alkaline water.[41] 

The group also reported an aerobic CuSO4/Phen/TEMPO system (Phen = 1,10-

phenantroline) in hot alkaline water, which was effective for benzylic alcohols 

including examples of secondary alcohols.[42] The proposed mechanisms for 

the above mentioned alkaline systems were similar to the postulation by Shel-

don and co-workers.[25] However, one major difference was discovered. CuI 

reoxidation was achieved by oxygen instead of TEMPO as postulated in Shel-

don’s pathway (Scheme 9). Experimental studies included high resolution ESI-

MS analyses, which helped to identify several complexes such as 

(phen)Cu(BnOH)+ and (phen)Cu(TEMPO)+. These species confirmed the co-

ordination of TEMPO and the alcohol to Cu. Noteworthy, catalysts such as 

Cu/L1 are stable in alcohol solutions but become active in aqueous alkaline 

conditions (typically pH > 11), where one ligand from the initial complex is 

cleaved, which opens two new coordination sites at the copper center. 
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Scheme 9. Mechanism for the Cu/TEMPO-catalyzed alcohol oxidation in alkaline aqueous 
media postulated by Repo and co-workers.[42]  

Around the same time, our group (Kumpulainen and Koskinen) was working 

on a total synthesis of amaminols. The planned synthesis included transfor-

mation of a sensitive allyl alcohol (1) to the corresponding aldehyde 

(Scheme 10).[43] Particularly, impurities such as acids would have been delete-

rious and thus a fast, mild and chemoselective procedure was needed. From 

the considered methods available, MnO2 was chosen for the study. Although 

the oxidation performed well in a small scale, scaling up becomes problematic 

due to the large excess of MnO2 needed (10 to 20 equiv.). To overcome this 

challenge, development of a scalable and efficient oxidation protocol was initi-

ated.  

 

 

Scheme 10. Challenging oxidation of an allylic alcohol as a part of total synthesis of Amaminol 
A.[43] 

Allyl alcohol 1 turned out to be prone to degradation under excessive light or 

heat, and in the presence of Brønsted and Lewis acids. Therefore, Kum-

pulainen and Koskinen searched for an aerobic oxidation protocol, which 

would use O2 as the terminal oxidant and produce only H2O or H2O2 as the by-

product. From the available methodologies, Sheldon’s Cu/TEMPO-based sys-

tem seemed the most promising one (Scheme 11). In order to avoid solubility 

problems of hydrophobic substrates, the water content was decreased to 1–
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2 vol%. However, the oxidation of allylic alcohol 1 gave varying results, ranging 

from excellent catalytic activity to almost totally inactive catalyst performance. 

After several trial oxidations, poor reproducability led to a development of a 

new protocol. As a part of the methodology design, the role of the catalyst 

components on the activity was carefully surveyed.[26] 

 

 

Scheme 11. Sheldon’s oxidation of geraniol to citral.[25]  

The development was executed using trans-2-hexen-1-ol as the model sub-

strate (Scheme 12). First, the influence of different bases was studied. KOH 

(dissolved in small amount of H2O) and several amine bases were investigated. 

These included triethylamine (TEA), 1,4-diazabicyclo[2.2.2]octane (DABCO), 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), NMI, DMAP and proton sponge. 

Kumpulainen and Koskinen found that the activity of the amine bases general-

ly correlated with their basicities: the stronger the base, the higher the reactivi-

ty. Proton sponge, however, showed the poorest activity and KOH caused the 

catalyst to prematurely precipitate out of the solution. DBU (10 mol%) turned 

out to be the most active base with 5 mol% CuBr2/BiPy/TEMPO in MeCN. 

 

 

Scheme 12. Model reaction system for allylic oxidation.[26] 

With the optimal system in hand, the effect of each catalyst component was 

investigated by varying the concentration of a target component while main-

taining the others constant. This allowed to obtain correlations with alcohol 

concentration and revealed the optimal ratio of catalyst species. Initial rate 

method helped to determine accurate correlations for those, which did not 

completely follow a second-order plot. Consequently, optimal ratio for 

Cu/BiPy/DBU was found to be 1:1:2. Kinetic correlation was near first-order 

for TEMPO (1.15), whereas copper exhibited approximately second-order de-

pendency (2.25). This observation was not consistent with the mechanistic 

postulation by Sheldon and co-workers,[25] where TEMPO is coordinated to Cu 

in η2 manner. In such case the kinetic factors for Cu and TEMPO should be 

equal (Scheme 2, Type D1). Therefore, a binuclear copper system was envi-

sioned. Based on the gathered experimental data and the previous literature 

on oxygen activation, Kumpulainen and Koskinen proposed an alternative 

mechanism (Scheme 13). 
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Scheme 13. Mechanism for Cu/TEMPO-catalyzed alcohol oxidation postulated by Kumpulainen 
and Koskinen. L = ROH, MeCN or neutral type NR3 σ-ligand.[26] 

Species A enters the cycle with the help of a strong base and TEMPO. During 

this process, first alcohol molecule is oxidized while CuII species reduces to CuI 

(B). An equilibrium helps the alcohol to replace the leaving group (X or OH) 

leading to complex D. Next, oxygen incorporates in a dissociative way via two 

species of E forming a binuclear copper(II) complex F. Here, TEMPOH trig-

gers the alcohol oxidation, which is the rate-determining step (RDS). One oxy-

gen atom abstracts a hydrogen from the alcohol, while TEMPOH reduces the 

other oxygen atom. This generates complexes G and H, and TEMPO, which 

rapidly oxidizes the other alcohol attached to the CuII complex H. HRMS anal-

yses helped to identify the major and minor complexes, of which CuI species 

were dominating during the oxidation course. A possible deactivation of the 

catalytic species G was attributed to the formation of insoluble copper oxides 

or hydroxides. 

Once the mechanism was postulated, the catalyst system was evaluated for 

substrate scope. While benzyl alcohol was oxidized fast to benzaldehyde, an 

improvement for allylic alcohols was realized by switching DBU to NMI. This 

allowed oxidation of allylic alcohols to aldehydes in only 0.5 to 2 h 

(Scheme 14). In contrast, aliphatic alcohol (decanol) turned out to be poorly 

oxidized and required a copper(I) precursor (CuBr) with a mild base (NMI). 

However, this catalyst system suffered from premature precipitation resulting 

in varying results. This prompted to modify the catalyst system. 
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Scheme 14. CuBr2/TEMPO-based catalyst system for the oxidation of activated alcohols (GC 
yields in parentheses).[26] 

A solution was found with the help of a loose counter ion: Cu(OTf)2 performed 

the oxidation of decanol in 5 h to complete conversion. Water was suspected to 

have a detrimental effect to the catalyst deactivation. In fact, in the presence of 

molecular sieves decanol was completely converted to decanal already in 3 h. 

The scope was then expanded to various kind of aliphatic alcohols. The catalyst 

system tolerated several functional groups such as amine, silyl and benzyl 

ethers, and lactone (Scheme 15). Unfortunately, the chiral 2-aminoaldehyde 

suffered from partial racemization, which was attributed to the presence of 

DBU being a relatively strong base. 

 

 

Scheme 15. Cu(OTf)2/TEMPO-based catalyst system for the oxidation of aliphatic alcohols (GC 
yields in parentheses).[26] 

The key difference between the reactivity of activated and unactivated alcohols 

lies in the pKa values and C–H bond dissociation energies. Compared to ben-

zylic alcohols, aliphatic alcohols have a pKa of O–H ∼2 units higher.[44,45] This 

property makes the Cu-alkoxide formation more demanding with aliphatic 

alcohols. Moreover, Cα–H bonds are about 10 kcal/mol stronger for aliphatic 
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compared to benzylic substrates, and so the hydrogen abstraction requires 

more energy for the unactivated substrates.[27]  

As discussed above, CuBr served as an example of CuI salt, which did not re-

quire a strong base such as DBU to initiate the catalyst cycle. Following this 

advantage, Stahl and co-workers[46] continued the work with CuOTf  as cop-

per(I) precursor, which enabled to oxidize various types of alcohols including 

chiral amino alcohols without immediate epimerization (Scheme 16).  

 

 

Scheme 16. CuOTf/TEMPO-based catalyst system for the oxidation of alcohols (yields of crude 
products determined by NMR are shown in parentheses).[46] 

Somewhat later, Stahl and co-workers published a mechanistic study for the 

catalytic oxidation.[27] The postulation by Kumpulainen and Koskinen was 

partly confirmed featuring some differences during the turnover. However, it 

is important to note that kinetic studies were focused on benzylic and aliphatic 

alcohols using a CuI precursor, whereas Kumpulainen and Koskinen recorded 

the kinetic factors based on allylic oxidation using a CuII precursor.[26] Stahl’s 

group found that regardless of the alcohol, first-order dependence on oxygen 

pressure and mixed first/second-order correlation for [Cu] were obtained.[27] 

Oxidation series with CyCH2OH revealed first-order kinetics for [TEMPO] and 

saturation dependence on [CyCH2OH], whereas oxidation of BnOH exhibited 

no dependence on [TEMPO] and [BnOH]. 

UV-visible and electron paramagnetic resonance (EPR) spectroscopic data 

together with measured kinetic isotope effects helped to propose the turnover-

limiting step and a catalyst resting state for benzylic and aliphatic alcohol oxi-

dations. The predominant presence of CuI species was observed during benzyl 

alcohol oxidation, thus confirming the earlier observation for allylic alcohol 

oxidation.[26] In addition, TEMPOH was mostly observed in the case of BnOH 

oxidation suggesting CuI/TEMPOH as the resting state. In contrast, oxidation 

of an aliphatic alcohol, CyCH2OH, revealed a significant presence of both CuI 

and CuII. For the more reactive benzylic alcohol, catalyst oxidation appeared to 
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be the rate-limiting step, while multiple steps were believed to control the 

turnover of aliphatic alcohol oxidation.  

Once rate laws (based on the kinetic studies) were derived and additional in-

sight was gained by kinetic isotope effects and Hammett studies, an overall 

mechanism for the aerobic alcohol oxidation was postulated (Scheme 17).[27]  

Starting with a CuI species A, the catalyst oxidizes first to CuII-superoxide B, 

which reacts with a second CuI center leading to a peroxo-bridged binuclear 

CuII species C, thus a mechanism similar to that postulated earlier in Scheme 

13. Next, TEMPOH activates the catalyst by H-atom transfer forming a CuII–

OOH (D) and a CuI byproduct. It was speculated that in the beginning of the 

reaction when no TEMPOH is available, the alcohol substrate reacts with cata-

lyst species C in a slower rate to form CuII–OOH (D) and CuII–OCH2R (F) spe-

cies. Water (or alcohol) would cleave the peroxide bond of D by forming H2O2 

and CuII–OH species E (or CuII–OCH2R (F)). Finally, the alcohol oxidation 

step is mediated by TEMPO, which abstracts one of the H-atoms from the 

CuII–alkoxide F in a bimolecular fashion (Scheme 2, Type D2). Here, CuII and 

TEMPO work in concert performing a two-electron/one-proton transfer pro-

cess. 

 

 

Scheme 17. Mechanism for Cu/TEMPO-catalyzed alcohol oxidation proposed by Stahl and co-
workers.[27] 
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However, around the same time Baerends and co-workers published compel-

ling studies identifying a low-energy pathway, which involved hydrogen trans-

fer from the alkoxide to an η1-coordinated nitroxyl.[28,34] These observations 

were later confirmed by the group of Stahl[29]  by DFT calculations for a route 

consisting a bimolecular oxidation and for a path involving an intramolecular 

hydrogen abstraction by a η1-coordinated nitroxyl (Scheme 2, Type D2 and 

D3).  

According to the lower energy barrier, the concerted two-electron alcohol ox-

idation with a closed-shell η1−nitroxyl−Cu adduct (Scheme 2, Type D3) was 

found to be favoured over the previously proposed bimolecular homolytic 

mechanism. In addition, radical probe experiments showed no evidence of 

discrete radical intermediates, and thus did not support the intramolecular GO 

type oxidation via η2−nitroxyl−Cu adduct, which is proposed to proceed via a 

ketyl radical intermediate (see Scheme 2, Type B and D1).[7,24,25] 

Soon thereafter, Brückner and co-workers[47] came up with yet another 

mechanistic postulation. In their studies based on a coupled operando 

EPR/UV-Vis/ATR-IR spectroscopy setup, the binuclear/bimolecular mecha-

nism (Scheme 13 and Scheme 17) as well as the intramolecular hydrogen ab-

straction (Scheme 2, Type D3) were disputed. Here, no direct evidence for a 

CuII dimer nor for the formation of CuII–OCH2R (F) species in the initial ab-

sence of TEMPOH were found (Scheme 17). Instead, the role of TEMPO was 

attributed to the activation of CuII-superoxide species (B, Scheme 17) forming 

a (BiPy)(NMI)CuII-O2
·–-TEMPO intermediate. Upon concomitant deprotona-

tion and coordination of alcohol substrate to CuII, the activated O2
·– abstracts 

the H-atom, after which the aldehyde product is released and the interaction 

between CuII site, TEMPO and O2
·– is broken according to EPR signals. Thus, 

these findings also contradict the η1−nitroxyl−Cu adduct (Scheme 2, Type D3).  

Further work 

Recently, our group worked further with the Cu/TEMPO protocol addressing 

the activity arising from copper counter ion. Although various copper com-

plexes are commercially available, those containing a bulky counter ion are 

relatively high-priced and thus do not appear feasible for larger scale applica-

tions. Considering this drawback, our group initiated an investigation on in 

situ made copper complexes using inexpensive salt additives.[48,49] 

The studies focused on finding an ideal combination of copper precursor and 

salt additive. Potassium and sodium salts of strong Brønsted acids were 

screened together with different copper precursors. Generally, the bulkier the 

additive, the more active the catalyst appeared. From the tested copper pre-

cursors, copper(I)chloride turned out to be the ideal choice combined with 

NaBF4 or NaPF6. In such cases, using only 3 mol% CuCl/BiPy/TEMPO, 

6 mol% NMI and 4 mol% additive, oxidation of 1-decanol to decanal was ac-

complished already after 4 h, at ambient temperature.[48,49]  

With the optimal catalyst system in hand, a substrate scope on was exam-

ined. Along with 1-decanol, several activated (benzylic and allylic) alcohols 

were fully converted to their corresponding aldehydes, which were isolated via 
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simple extractive work-up albeit some of the volatile aldehydes were lost dur-

ing the evaporation of extraction solvent (Scheme 18).  

 

 

Scheme 18. Additive-based aerobic Cu/TEMPO-catalyzed oxidation of alcohols. All aldehydes 
were isolated via extractive work-up (GC conversions are shown in parentheses).[48] 

Oxidation of 1-methyl-2-piperidinemethanol turned out to be problematic due 

to demethylation of the amine and unusual formation of a double bond. Since 

H2O2 is a possible intermediate co-product arising from Cu/TEMPO-catalyzed 

alcohol oxidation,[27] the demethylation was attributed to a Cu/H2O2-catalyzed 

process similar to the reported CuCl/TBPH-mediated N-demethylation in t-

BuOH.[50] 

Limitations and modifications 

Typical limitations of Cu/TEMPO-mediated alcohol oxidations include sub-

strates bearing chelating groups especially near to the alcohol unit. For in-

stance, phenols and free amines tend to inhibit the catalyst, most likely form-

ing less active or totally inactive complexes with Cu. In addition, adjacent al-

cohol, alkoxyl, ester or other oxygen groups, which are otherwise harmless, 

can coordinate to the metal and slow down the reaction. However, pyridines, 

anilines and most of the protected tertiary amines do not seem to inhibit the 

catalyst, which means that they most likely cannot replace the existing ligands 

(BiPy and NMI) nor prevent the coordination of the alcohol substrate.[46] 

Secondary alcohols are usually not reactive towards Cu/TEMPO catalysts, 

which on the other hand may offer a chemoselective primary alcohol oxida-

tion. At elevated temperatures, the oxidation of secondary alcohols is also pos-

sible albeit still slow and the risk of side reactions increases, too. To address 

the lack of reactivity towards secondary alcohols, less sterically encumbered 

nitroxyl radical co-catalysts have been realized. These include 9-

azabicyclo[3.3.1]nonane N-oxyl (ABNO) and 2-azaadamantane-N-oxyl (AZA-

DO) and a few other analogues. Replacing TEMPO with one of those, enables 

also the oxidation of sterically more hindered alcohols with comparable 
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rate.[51,52] These reactions appear useful for small scale applications, but the 

more complicated syntheses of ABNO and AZADO have direct influence to 

their price, which is substantially higher than for TEMPO and its close ana-

logues such as 4-OH-TEMPO and 4-AcNH-TEMPO. 
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3. Development of Selective Cu-
Catalyzed Primary Alcohol Oxida-
tions  

Given the relevant background in Chapter 2, aerobic copper/nitroxyl radical 

catalyst systems have become viable tools for the conversion of alcohols to 

carbonyls. Over the decades of research, much effort has been granted to un-

derstanding the mechanistic details of the catalytic cycles and to improve the 

efficiency of the oxidation processes. Considering the importance of alcohol 

oxidations in laboratories and industry, their continuous development is an 

essential goal.  

This part of the thesis continues the work initiated in our group while build-

ing on recent findings and current challenges in the field of Cu/nitroxyl-

catalyzed alcohol oxidations.  

3.1 Addressing the chemoselectivity 

Although several complementary studies have been recently performed to ad-

dress the versatility of aerobic Cu/nitroxyl radical-based catalysts, some areas 

have remained less explored. For instance, chemoselectivity has been demon-

strated in terms of steric factors between aliphatic and benzylic substrates fa-

vouring the more accessible and activated alcohols. In contrast, the scope for 

electronic effects is limited to unsubstituted phenyl ring and thus the effects of 

substituents have not been addressed with chemoselectivity. Another target for 

development lies in the catalyst loading, which in the light of cost-efficiency 

and sustainability should preferentially be minimized. The following studies 

aim to address these matters.       

3.1.1 Screening experiments 

1-phenylhexane-1,6-diol 2a was chosen as the model compound for the 

chemoselectivity study (Scheme 19). The substrate has two alcohol units posi-

tioned in 1,6-relationship, which means that the resulting aldehyde (or ketone) 

should not easily form a lactol as this equilibrium is far from favourable for a 

7-membered ring.  
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Scheme 19. Model reaction system for a challenging chemoselectivity study. 

Diol 2a was synthesized via one-pot reduction-Grignard reaction starting from 

ε-caprolactone and phenylmagnesium bromide (Scheme 20). This two-step 

procedure turned out to be productive affording 90% of the desired diol on 

20 mmol scale.  

 

 

Scheme 20. Two-step synthesis of 2a starting from ε-caprolactone. 

By realizing the copper counter ion as an important part affecting the catalyst 

activity, it is worth to study the influence of these components for the relative 

reactivity towards the two types of alcohol units. Based on the previous studies 

in our group described at the end of Chapter 2.2.3, CuCl serves as an ideal 

copper precatalyst for counter-anion-exchange reaction. Most likely, the key 

benefit does not lie in a rapid exchange but rather in the resulting equilibrium. 

Here, also the solvent plays an important part. When sodium salts are used, 

the anion exchange product is NaCl, which is insoluble in MeCN. This means 

that the equilibrium shifts towards this product, because the reverse exchange 

cannot take place (or is insignificant) as no NaCl is dissolved. For simple com-

parison, copper iodide is not an ideal precursor for the anion exchange reac-

tion, since NaI is moderately soluble in MeCN.  

In order to examine also copper complexes that are not commercially availa-

ble, several sodium salts of different Brønsted acids as the source of counter 

ions were screened (Figure 3). The stronger the conjugate acid, the weaker the 

anion could be predicted (charge more distributed due to electron withdrawing 

substituents). Also, the larger the anion, the less likely it coordinates to copper. 

Here, all the sodium salts are rather bulky but possess different electronic 

properties (pKa values of the conjugate acid vary). 

Interestingly, all the additives increased the activity of the copper catalyst 

compared to the reaction without additive (Figure 3). In addition to the alco-

hol oxidation products, NMR measurements revealed a small amount of lac-

tone (formed from 2b via lactol) but the quantity typically remained around 

5%. Inclusion of NaBF4 provided rapid oxidation to aldehyde 2b reaching the 

highest yield already within 2 h, after which the quantity dropped due to oxi-

dation of the secondary alcohol moiety. NaOTs and NaPF6 were slightly less 

active but provided higher selectivity for primary over secondary alcohol oxi-

dation. The bulkiest salt, NaBPh4, gave similar outcome albeit with a bit lower 

conversion rate. From the tested additives, sodium triflate produced the least 
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amount of aldehyde. NaOTf is also hygroscopic and thus not practically an 

ideal choice.  

 

 

 

 

Figure 3. Screening of salt additives. 

Moving on with the focus on copper counter ions, few commercially available 

copper salts were studied next (Table 1). While CuCl afforded 64% conversion 

and delivered 53% of aldehyde 2b after 5 h, CuBr performed much better 

reaching up to 82% conversion and 64% yield of 2b (Table 1, entry 1 and 2). 

However, CuI was capable of providing 91% conversion and 69% yield of 2b 

already after 3 h (Table 1, entry 3). Switching from CuI to CuII salt shut down 

the reactivity even though a stronger base (DBU) replaced NMI (Table 1, en-

try 4). As discussed in Chapter 2.2.3, CuII precatalysts require a stronger base 

than NMI to enter the oxidation cycle of unactivated (aliphatic) alcohols 

(Scheme 13).[26] However, the oxidation performed well when also NMI was 

used as the second base (Table 1, entry 5). The role of NMI is attributed to the 

activation of Cu and serves as a co-ligand rather than a base in the first 

place.[26,27,29]  

Next, for comparison, the previously employed CuCl/NaBF4 combination 

gave the highest activity reaching 93% conversion already in 2 h but was be-

hind CuI in terms of chemoselectivity since 2b oxidized faster to ketone 2c 

(Table 1, entry 6). The effect of NMI was studied by omitting it from the cata-

lyst system. The oxidation still reached moderate conversion and delivered 

51% of aldehyde 2b but did not prevent the oxidation of secondary alcohol 

(Table 1, entry 7). Finally, as CuI gave the best results in terms of highest alde-

hyde yield, the influence of temperature was studied using this copper salt. As 
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expected, running the reaction at 4 °C took longer time reaching 93% conver-

sion after 11 h, although selectivity was slightly improved as 72% of aldehyde 

2b was delivered (Table 1, entry 8). Nevertheless, running the reaction at am-

bient temperature is more practical and faster. 

Table 1. Screening of Cu precursors.  

 

    Yield (%)b  

Entry Cu source Time (h) 
Conversion 

(%)b 

aldehyde 
2b 

dicarbonyl 
2c 

Note (mol%) 

1 CuCl 
2 

5 

62 

64 

50 

53 

5  

6 
- 

2 CuBr 
2  
5 

75 
82 

60 
64 

8 
11 

- 

3 CuI 
2 
3 

76 
91 

63 
69 

8 
15 

- 

4 Cu(NO3)2·3H2O 2  3 3 0 DBU (3) 

5 Cu(NO3)2·3H2O 
2  
5 

65 
85 

55 
66 

6  
13 

NMI (3)  
DBU (3) 

6 CuCl 2 93 67 20 NaBF4 (4) 

7 CuCl 
2  

5 

43 

64 

39 

51 

3 

6 

NaBF4 (4) 

(no NMI) 

8 CuI 11 93 72  20 at 4°C 

a Diol 2a (0.3 mmol), solvent (0.3 mL), under air balloon. b Determined by GC based on the ratio of peak areas [prod-

uct/(products + starting material)]; conversion was confirmed with the aid of internal standard (biphenyl). 

 

Having established CuI as the most suitable copper precursor in terms of 

chemoselectivity and catalytic efficiency, attention was turned to the effect of 

nitrogen ligand and nitroxyl radical. In order to slow down the oxidations in 

terms of observing possible differences in outcome more clearly, the reactions 

were carried out in less concentrated solutions (0.25 M). First, no ligand was 

employed (Table 2, entry 1). Consequently, the oxidation was very slow and 

reached only 56% conversion. In the presence of BiPy, almost full conversion 

was reached after 4 h delivering aldehyde 2b in 70% yield (Table 2, entry 2). 

When the more electron rich ligand, 4,4′-dimethoxy-2,2′-bipyridine (diMeO-

BiPy), replaced BiPy, the oxidation performed slightly faster, however, includ-

ing more rapid transformation to dicarbonyl  2c as well (Table 2, entry 3). This 

is in line with the observation made by Sheldon and co-workers who witnessed 

higher reactivity for benzyl alcohol when diMeO-BiPy was employed instead of 

BiPy (albeit secondary alcohols were not reactive). Next, switching the ligand 

to bulkier Phen led to clear downshift in reactivity, as only 69% conversion was 

observed after 7 h with no improvements to chemoselectivity when compared 

to the reaction with BiPy after 2 h (Table 2, entry 4). 
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Table 2. Effect of ligand and nitroxyl radical.a 

 

     Yield (%)b  

Entry Ligand 
Nitroxyl 
radical 

Time 
(h) 

Conversion 
(%)b 

aldehyde 
2b 

dicarbonyl 
2c 

Selectivity of 
2b (%) 

1 - TEMPO 
2   

24 
28 
56 

17 
47 

0 
5 

60 
84 

2 BiPy TEMPO 
2 
4 

73 
93 

61 
70 

8 
18 

84 
75 

3 
diMeO-

BiPy 
TEMPO 

2 
4 

81 
95 

66 
64 

12 
26 

82 
67 

4 Phen TEMPO 
2 
7 

31 
69 

24 
58 

0 
8 

77 
84 

5 BiPy - 24 - - - - 

6 BiPy 
4-OH-

TEMPO 

2 

4 

38 

70 

28 

55 

1 

6 

74 

79 

a Diol 2a (0.2 mmol), solvent (0.8 mL), under air balloon.b Determined by GC based on the ratio of peak areas [prod-

uct/(products + starting material)]; conversion was checked with the aid of internal standard (biphenyl). 

 

Finally, the effect of nitroxyl radical was studied. As expected, the reactivity 

was completely shut down when no nitroxyl species were employed (Table 2, 

entry 5). Once TEMPO was replaced by the 4-hydroxy-substituted analogue, 

the activity of the catalyst dropped somewhat reaching 70% conversion after 

4 h. 

Once the actual catalyst components were established, the remaining reac-

tion system component was the solvent. With the main purpose to study the 

effect towards the chemoselectivity while aiming for sufficient oxidation rates, 

six solvents with diverse chemical and physical properties were studied. Be-

sides acetonitrile, two other candidates, dimethyl sulfoxide (DMSO) and pro-

pylene carbonate (PC), afforded reasonable oxidation rates (Figure 4). In con-

trast, 2-methyl tetrahydrofuran (2-MeTHF) reached only 19% conversion after 

16 h, while xylene and methyl ethyl ketone (MEK) showed barely any activity.  

DMSO and PC showed moderate activity, which encouraged to perform the 

reaction with PC at 60 °C. Rate increased somewhat albeit reaching only 73% 

conversion, after which the reaction did not proceed any more. Oxidation in 

DMSO continued even after 16 h, affording 91% conversion with 70% aldehyde 

2b yield after 25 h (data point not shown). However, similar result was ob-

tained with MeCN already after 3 h (Figure 4). In fact, MeCN gave best per-

formance, which did not come as surprise since many active Cu/TEMPO sys-

tems have been realized in the literature using this reaction medium. Major 

benefits of acetonitrile have been attributed to its high oxygen dissolution ca-

pacity and to stabilization/activation of Cu species via coordination effects. 
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Figure 4. Screening of solvents. 

The catalyst system was now established for the chemoselective primary alco-

hol oxidation of diol 2a, and it was time to study the possible effect of substit-

uents for the selectivity. 

3.1.2 Substituent effects 

Although sterical effects have been recognized as the major factor to control 

the chemoselectivity of Cu/TEMPO catalysts, electronic effects are known to 

contribute as well. Activated (benzylic and allylic) alcohols are generally easier 

to oxidize compared to less reactive aliphatic alcohols. However, relative elec-

tronic effects between different activated substrates are less studied. 

The group of Stahl conducted a Hammett study covering benzylic primary 

alcohols, which showed negligible electronic dependence for independently 

measured rates of different alcohols. However, a significant electronic depend-

ence was found from competition experiments, in which an equivalent amount 

of a para-substituded BnOH and unsubstituted BnOH were oxidized in the 

same pot. The Hammet plot revealed a preferential oxidation of electron poor 

benzyl alcohols (ρ = +0.33).[27] 

Due to the fact that electronic effects of the aromatic ring have not been 

studied for benzylic secondary alcohol oxidation by Cu/TEMPO catalysts, it 

appears interesting to consider the chemoselectivity in the presence of two (or 

more) types of alcohols. For instance, Stahl and co-workers[46] have demon-

strated the chemoselecivity in the presence of steric factors but the scope of 

electronic effects was not extended beyond unsubstituted benzylic and aliphat-

ic primary/secondary alcohols. One of the most challenging cases appears to 

be a selective oxidation of a primary aliphatic alcohol in the presence of an 

activated secondary alcohol unit. In this light, the electronic effects of the ben-
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zene ring could influence the chemoselectivity. Selective alcohol oxidation 

without the aid of protecting groups is an important factor in terms of robust 

and more sustainable organic synthesis. 

Therefore, to address the possible effect of electron density in the aromatic 

ring, four more diol substrates bearing different para-substituents at the aryl 

ring were synthesized via one-pot reduction-Grignard reaction starting from ε-

caprolactone and arylmagnesium bromide (Scheme 21).  

 

 

Scheme 21. Two-step synthesis of diols starting from ε-caprolactone. 

Each aromatic diol 2a–6a (Scheme 22) was subjected to the same conditions 

and first followed by GC to record reaction profiles. The aldehydes were 

formed in very similar rates and the maximum quantity was typically observed 

after 2.5 h when the conversion reached >90%. Around the same time, the 

color of the reaction mixture turned from dark brown to green. About one hour 

later, the quantity of the aldehyde product started to decrease slowly due to 

increasing oxidation of the secondary alcohol. As expected, none of the sub-

stituents had any significant effect to the primary alcohol oxidation but the 

rate and degree of secondary alcohol oxidation varied somewhat. However, the 

electron density of the aromatic ring did not correlate with the rate of second-

ary alcohol oxidation. Nevertheless, it is easy to see that the substituents barely 

affect the benzylic secondary OH oxidation. The present protocol furnished 

aldehydes 2b–6b in moderate isolated yield (Scheme 22).  

 

 

Scheme 22. Chemoselective primary alcohol oxidation of diols 2a–7a (GC yields in parenthe-
ses). 

For comparison to the aromatic substrates, a fully aliphatic diol 7a was also 

investigated (synthesized in 88% yield as in Scheme 21 but using propyl-
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magnesium chloride). As expected, the reaction was highly selective towards 

aldehyde 7b as no significant secondary alcohol oxidation took place. Once 

>98% conversion was reached, the aldehyde was isolated in 83% yield 

(Scheme 22).  

To conclude, the Cu/TEMPO-catalyzed alcohol oxidation favours sterically 

unhindered alcohols and thus typically enables a chemoselective oxidation of 

primary alcohols in the presence of secondary alcohols. The study herein not 

only confirmed this previously found trend with similar type of Cu/TEMPO-

based catalyst systems,[26,46] but showed that electron density of the aryl ring 

does not significantly affect the benzylic secondary alcohol oxidation and thus 

has no direct influence to the chemoselectivity.  

3.2 Scope and optimization for different classes of primary alco-
hols 

The activity of the Cu/TEMPO catalyst can be fine-tuned by judicious choice of 

counter ion as demonstrated in the last section (Figure 3 and Table 1). Chal-

lenging chemoselective primary alcohol oxidation in the presence of activated 

secondary alcohol was achieved best when copper iodide was used as the Cu 

precatalyst. However, highest catalytic activity was reached with CuCl/NaBF4 

and few other bulky sodium salts showed almost comparable reactivity. Utili-

zation of inexpensive additives with CuCl offers a viable alternative to com-

mercially available but pricy Cu complexes. Therefore, working forward with 

the additive-based Cu/TEMPO protocol, substrate scope covering several types 

of primary alcohols was recorded. Here, the idea was not only to extend the 

scope from those previously carried out in our group (Scheme 18) but also to 

put the recently determined kinetic factors[26,27] to test. In this light, the cata-

lyst system was optimized for each class of alcohols. 

First, citronellol as an aliphatic alcohol was studied. As disclosed in the pre-

vious section, 3 mol% of catalyst afforded fast rates and was sufficient to reach 

full conversion within few hours. Here, the same was true as citronellal was 

delivered in 96% yield after 4 h (Table 3, entry 1). The dependence of catalyst 

components to aliphatic alcohols has been determined by Stahl and co-

workers[27] and suggest a 1:1 relationship between (BiPy)Cu and TEMPO. Em-

ploying only 1 mol% of TEMPO while keeping others the same, the oxidation 

could not be finished within 8 h. 
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Table 3. Optimized additive-based Cu/TEMPO oxidation protocol for allylic, benzylic, heteroaro-
matic and aliphatic substrates.a 

 

Entry Alcohol 
Cu cat. 

(x;y mol%) 
Time 
(h) 

Aldehyde Yield (%)b 

1  3;3 4  96 

2  1;1 4.5  98 

3  1;1 4  
97 

(Z:E >99:1) 

4c 
(Z:E 82:18) 

 1;1 3.5  
89 

(Z:E 82:18) 

 
5 
 

 3;1 3.5  98 

6  5;1 2  97 

7  3;1 3.5  86 

8  3;1 3.5  89 

a General conditions: Alcohol (10 mmol), MeCN (10 mL), stirred open to air at rt. b Isolated yield. c 1 mmol scale.  

 

Moving on to allylic alcohols, the kinetic factors change to more favourable.  

First carried out with 2 mol% of Cu catalyst (4 mol% NMI), the oxidation of 

geraniol was finished already in 2.5 h. Once the catalyst loading was lowered to 

1 mol% (2 mol% NMI), the oxidation could still be finished in 4.5 h (Table 3, 

entry 2). This is an advantage, not only in terms of catalytic efficiency but also 

considering the oxidation of sensitive Z-allyl alcohols. Isomerization of (Z)-

α,β-unsaturated aldehydes to the thermodynamically more stable E-isomer is 

known to proceed in the presence of (nitrogen-)bases.[53] Among these, NMI is 

a mild catalyst but can still cause significant isomerization over time. There-

fore, employing NMI as little as possible can overcome this issue. In fact, the 

oxidation of nerol was completed in 4 h and most importantly, exhibited bare-

ly any isomerization affording (Z)-α,β-unsaturated aldehyde with >99:1 Z/E 

(Table 3, entry 3). To test this robustness further, a rather sensitive Z-allyl al-

cohol (82:18 mixture of Z/E isomers) was subjected to the same conditions. 

Here, the oxidation performed even faster delivering the corresponding α,β-
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unsaturated aldehyde in 89% yield without any sign of isomerization (Table 3, 

entry 4).  

According to the kinetic studies with an allyl alcohol (Scheme 12) by Kum-

pulainen and Koskinen[26], CuII exhibited roughly second-order correlation, 

while TEMPO gave first-order dependence. Stahl and co-workers[27] studied 

the kinetics for benzyl alcohol using CuI salt. They found first-order depend-

ence on Cu at low catalyst concentration but zero-order correlation for TEM-

PO. Because of the minor differences in the reaction systems, the results can-

not be directly compared to the case with allylic alcohols in Table 3. However, 

as the relative kinetic correlations are generally more favorable for activated 

(allylic/benzylic) than unactivated (aliphatic) alcohols, faster oxidation rate 

can be expected for the former as was indeed the case here. 

Next class of substrates was benzylic alcohols. Starting with anisyl alcohol, 

the protocol optimized for allylic alcohols was tested first. Surprisingly, the 

oxidation did not reach completion as only 52% conversion was recorded, after 

which the reaction barely proceeded. This suggested that the catalyst under-

went deactivation presumably due to prolonged stirring. According to kinetic 

profiles of Cu/TEMPO-catalyzed benzylic alcohol oxidation, TEMPO should 

exhibit zero-order dependence and Cu/BiPy follows first-order correlation at 

low concentration but second-order at higher concentration.[27] Thus, to speed 

up the oxidation to a reasonable rate, increasing only the Cu/BiPy/NMI load-

ing should do fine. Indeed, once the reaction was run with 3 mol% 

CuCl/NaBF4/BiPy, 6 mol% NMI and only 1 mol% TEMPO, complete conver-

sion to anisaldehyde was reached after 3.5 h (Table 3, entry 5).  

The electron donating MeO-substituent at the para position was then 

switched to electron withdrawing NO2-group. Surprisingly, the oxidation did 

not reach completion as after 2.5 h the catalyst precipitated out from the solu-

tion reaching only 57% conversion. Even repeating the reaction in dried MeCN 

did not improve the outcome. The catalyst deactivation was attributed to the 

nature of the alcohol substrate. However, full conversion to the corresponding 

aldehyde was reached once the Cu loading was increased to 5 mol% while 

maintaining the level of TEMPO at 1 mol% (Table 3, entry 6).  

Lastly, a couple of heteroaromatic substrates were also studied. For such 

compounds, the kinetics are expected to resemble those obtained for benzyl 

alcohol. Therefore, furfuryl alcohol was subjected to the same conditions as 

with anisyl alcohol. The reactivity was similar, as TLC revealed no starting ma-

terial left after 3.5 h (Table 3, entry 7). As expected, 2-thiophenemethanol was 

also converted to the corresponding aldehyde and showed no difference in 

reactivity (Table 3, entry 8). It should be noted that all the aldehyde products 

were obtained in analytical purity either via simple extractive work-up or fil-

tration through a pad of silica. 

Typically, ongoing oxidation of any alcohol substrate was evident by the last-

ing dark brown color of the reaction mixture. Color change to green/turquoise 

is often an indication of complete reaction/high conversion but could also 

mean that the catalyst is mostly in its resting state or has deactivated. Espe-

cially with aliphatic alcohols, the green color remains some time until it turns 
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to turquoise, which is a good indication that the reaction is completed. This 

can be explained by the saturation kinetics of unactivated alcohols, which 

means that once the substrate concentration approaches zero the oxidation 

rate slows down exponentially.[27] For this reason, oxidation of aliphatic alco-

hols is useful to run in highly concentrated solutions. 

3.3 Conclusions 

In summary, a challenging chemoselectivity study dealing with the oxidation 

of aliphatic alcohols in the presence of benzylic secondary alcohol was first 

carried out. Highest chemoselectivity combined with catalytic efficiency was 

achieved with aerobic CuI/BiPy/TEMPO/NMI catalyst system in MeCN at 

ambient temperature. Once the concentration of aliphatic alcohol ran low (af-

ter about 90% conversion), the rate of the oxidation slowed down rapidly (sat-

uration kinetics). This inevitable effect hampers the chemoselectivity in the 

presence of benzylic secondary alcohols regardless of the electronic nature of 

the aromatic ring. However, the present methodology demonstrated that satis-

factory yields (>60%) can be obtained once about 90–95% conversion is 

reached, and the reaction is not prolonged for hours. Typical color change 

from dark red/brown to deep green is a good indication to quench the reac-

tion. Employing only 3 mol% catalyst (6 mol% NMI), the present system 

showed improved efficiency to those previously reported. When the secondary 

alcohol was aliphatic (not activated), excellent chemoselectivity furnished the 

aldehyde product in high yield. It should be noted that a small amount 

(around 5–10%) of the aldehyde products were lost due to the formation of 

lactol/lactone products but this would not be the case with diols situated fur-

ther than 1,6-relation due to unfavourable equilibrium towards cyclization (as 

the entropy of activation, ∆𝑆‡, increases).  

Inclusion of NaBF4 as an anion exchange reagent led to in situ formed highly 

active and cost-efficient Cu catalyst, which rapidly oxidized both activated and 

aliphatic primary alcohols under air. Generally, only 1–3 mol% of catalyst (2–

6 mol% NMI) was enough to obtain aldehydes in high to excellent yields with-

out the need of flash chromatographic purifications. Moreover, basically no 

(< 1%) isomerization of sensitive (Z)-α,β-unsaturated aldehydes was observed. 

The in situ accomplished counter ion exchange strategy avoids the usage of 

expensive Cu complexes and most likely could be applied to other types of 

Cu/nitroxyl radical systems as well, for instance, to those suitable for second-

ary alcohol oxidations. On the other hand, one may reach out to even more 

sterically hindered nitroxyl radicals – optimal steric hindrance could prevent 

the hydrogen abstraction even from activated secondary alcohols but would 

still allow the oxidation of primary alcohols in reasonable rate. Fine tuning the 

catalyst, for example, with an optimal counter ion, could then help to adjust 

the activity.  
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4. Studies towards the Synthesis of the 
Calyculin C8–C19 Fragment 

4.1 Introduction 

Calyculins are a family of highly cytotoxic metabolites (Figure 5).[10] These em-

inently bioactive natural products were originally isolated from the marine 

sponge Discodermia calyx by Fusetani and co-workers.[54–56]  The sponge was 

found in the Gulf of Sagami, near Tokyo Bay, and D. calyx still remains the 

primary source of calyculins. Later, Dumdei et al. reported another calyculin 

containing marine sponge (Lamellomorpha strongylata) found near the East 

Coast of the South Island of New Zealand.[57] 

 

 

Figure 5. Structure of calyculins.[10] 

The calyculins exhibit a large variety of biological activities. The strong cyto-

toxicity of calyculins is due to their efficient and selective inhibition of protein 

phosphatases PP1 and PP2A, two enzymes responsible for dephosphorylation 

of serine/threonine residues of proteins found in eukaryotic cells.[58,59] PP2A 

has been implied in several disease states, since many cellular events are regu-

lated by reversible protein phosphorylation.[60–62] Numerous observations 

support the role of PP2A in tumorigenesis although PP2A inhibitors may also 

possess anti-tumour activity. PP2A activity and expression are decreased in 

drug-resistant breast cancer cells and Alzheimer’s disease, whereas targeted 

inhibition of PP1 is a potential strategy for minimizing the symptoms associat-

ed with Parkinson’s disease.[63–65] 

However, the detailed functioning of these enzymes (especially PP2A) is still 

not fully understood, and thus the discovery of appropriate small molecule 

inhibitors (such as calyculins) has proven invaluable to better understand the 

biological processes mediated by protein phosphorylation.[10] It should be not-
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ed that the natural calyculin sources do not provide enough materials for thor-

ough biological profiling of calyculins, and no practical synthesis has been de-

veloped so far to satisfy this need. 

This chapter focuses on the synthesis of the challenging dipropionate moiety 

located in the southern part of the calyculins. First, a brief overview of the re-

ported syntheses is given, which then leads to the contribution of this thesis: 

As a part of the total synthesis of calyculin C, our group has been looking for a 

new strategy to establish the challenging C10–C13 stereotetrad subunit.  

4.2 Previous syntheses 

Altogether six total or formal synthesis of calyculins have been reported 

(Table 4). The groups of Evans[66] and Smith[67–69] have described the total syn-

thesis of the enantiomer of calyculin A and B, respectively. In turn, naturally 

occurring calyculins A and C have been accessed via total synthesis by the 

groups of Masamune[70] (calyculin A) and Armstrong[71,72] (calyculin C). In ad-

dition, Shioiri’s[73,74] and Barrett’s[75] groups have reached advanced intermedi-

ates previously reported by Masamune and Evans, and thus carried out formal 

synthesis of natural calyculin A and ent-calyculin A, respectively. Koskinen 

group has been involved in the synthesis of individual key fragments.[76–86]    

Table 4. Overview of the reported total and formal syntheses of calyculins.[10] 

Research group Target molecule Number of stepsa Overall yield (%)a Notes 

Evans ent-calyculin A 33 0.54 total synthesis 

Masamune calyculin A 43 0.31 total synthesis 

Shioiri calyculin A 32 0.092 formal synthesis 

Smith ent-calyculin A 35 0.89 formal synthesis 

Armstrong calyculin C 30 0.018 total synthesis 

Barrett ent-calyculin A 34 0.9 formal synthesis 

a According to the longest linear sequence based on the reported starting materials. 

4.3 Overview of the C10–C13 dipropionate construction 

This section discusses the syntheses of the calyculin C10–C13 dipropionate 

unit accomplished via different strategies devised by the abovementioned re-

search groups. For the complete total syntheses of calyculins, the reader is 

referred to a review article.[10]  

The C9–C25 spiroketal-propionate moiety (Scheme 23) forms the core of the 

calyculins and is especially crucial for the delivery to the active site of the en-

zyme.[87] Bearing total 11 stereocenters and anti, anti, anti dipropionate stereo-

tetrad segment, the synthesis of this fragment is arguably the most challenging 

one. Summary of the key retrosynthetic strategies described by the different 

research groups is shown in Scheme 23. 
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Scheme 23. Retrosynthetic analysis of the dipropionate unit illustrating the pursued strategies 
(A–C) of different research groups (Pg = appropriate protecting group, FG = functional group 
suitable for coupling).  

The Evans group published the first total synthesis of ent-calyculin A.[66] In 

their strategy, chiral oxazolidinone auxiliaries served as key compounds to 

introduce and enhance the asymmetric induction, especially in the synthesis of 

the spiroketal-dipropionate fragment, delivering 6 out of 11 stereocenters rely-

ing on this method. Once the spiroketal moiety was assembled, the authors 

proceeded to construct the challenging stereotetrad unit (Scheme 24). Here, α-

chiral β-ketoamide 8 equipped with oxazolidinone derived auxiliary was 

enolized with TiCl4/i-Pr2NEt and then added to C13-aldehyde 9. As a result, 

syn-aldol adduct 10 was obtained as expected by the previously developed 

methodology described by Evans and co-workers.[88] As the anti, anti, anti-

stereotetrad was the target, the stereochemistry at C13 needed to be inverted. 

To do so, ketone 10 was first subjected to anti-selective reduction, which af-

forded diol 11. Next, the inversion of (S)-C13-OH was performed by a 

Mitsunobu reaction to deliver the corresponding (R)-C13-OAc. Steric hin-

drance due to adjacent methyl-groups around C11-OH secured the reaction to 

be selective towards C13-OH. Subsequent LiBH4 reduction then concomitantly 

removed the ester and the chiral auxiliary to furnish the skeleton of C9–C25 

dipropionate-spiroketal fragment 12 with the correct stereochemistry for ent-

calyculin A. 

 

Scheme 24. Establishment of stereotetrad 12 reported by Evans and co-workers.[66] 
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Masamune’s group reported the total synthesis of naturally occurring (–)-

calyculin A.[70]  They decided to approach the C10–C13 stereotetrad segment 

before assembling the spiroketal (Scheme 25). Using titanium-mediated Muk-

aiyama-type aldol reaction, the enol equivalent 13 was added to aldehyde 14, 

which was first exposed to Lewis-acidic TiCl4 forming a Cram-chelate between 

the BnO and CHO oxygens. The reaction afforded the expected anti-aldol ad-

duct 15 with a 10:1 diastereoselection. Subsequent stereoselective C15-ketone 

reduction by Me4NHB(OAc)3, acetal protection, debenzylation and Swern oxi-

dation delivered aldehyde 16. The next step was to introduce the remaining 

stereocenters of the stereotetrad. The authors reportedly tested several chiral 

reagents but only borolanyl triflate 17 afforded the desired anti-addition to 16 

affording 18 with very good (12:1) diastereoselectivity. 

 

 

Scheme 25. Preparation of dipropionate-lactone 18 described by Masamune and co-workers.[70] 

Shioiri’s group carried out the formal total synthesis of (–)-calyculin A.[73,74]  

Here, the dipropionate unit was built at a later stage of the synthesis, after the 

spiroketal moiety. Similar to Masamune’s strategy, the group used an aldol 

approach as well, but this time the enol equivalent was derived from the other 

side, while C14 served as the aldehyde partner (Scheme 26). Utilizing only the 

existing chiral centers at the enolate of C9–C13 lactone 19 the aldol reaction 

with aldehyde 20 gave a diastereomeric mixture of the adduct 21. The un-

wanted alcohol at C14 was replaced by hydrogen using Barton’s deoxygena-

tion, which afforded 22a together with a C13 epimer 22b in a 4:1 mixture. The 

wrong isomer was then further epimerized with MeLi, which led to the desired 

isomer 22a. The remaining manipulation was to transform the lactone to the 

target diol. This was done using Ziegler-Brückner conditions[89,90] to degrade 

the γ−lactone, which eventually delivered the desired diol. Subsequent acetali-

zation afforded the stereotetrad 23 in 56% yield from 22. 
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Scheme 26. Construction of dipropionate 23 reported by Shioiri and co-workers.[73,74] 

Smith’s group reported the total synthesis of ent-calyculin A & B.[67–69] Similar 

to the work of Shioiri’s group, Smith and co-workers also completed the di-

propionate unit after the assemblage of the C14–C25 spiroketal moiety.[69] 

However, in this strategy the C13–C14 coupling was carried out using vinyl-

cuprate addition (Scheme 27). This was done by forming the cuprate from vi-

nyl bromide 24 and letting it react with epoxide 25. The coupling was com-

pletely regioselective and furnished 26 as a sole isomer in 83% yield. O-

methylation, dihydroxylation of the alkene and subsequent oxidative cleavage 

afforded ketone 27, which was then reduced with DIBAL-H. The desired β-

alcohol 28 was successfully obtained in high selectivity (β/α >12:1) presuma-

bly due to internal delivery of hydride via pre-coordination with the C15-MeO 

group.  
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Scheme 27. Assemblage of the dipropionate unit 28 described by Smith and co-workers.[69] 

Armstrong’s group described the total synthesis of calyculin C.[71,72] Deviated 

from the previous strategies, the authors relied on double asymmetric cro-

tylboration on their way to the dipropionate core. Once the spiroketal unit was 

built, C12,C13-terminal alkene 29 was subjected to ozonolysis (Scheme 28). 

The resulting aldehyde was then crotylated with asymmetric Brown’s chiral 

allylborane (+)-30 followed by benzoyl protection, which successfully led to a 

single diastereomer (31). To construct the remaining stereocenters, olefin 31 

was again exposed to the same ozonolysis-asymmetric crotylboration se-

quence. However, this time the outcome suffered from low diastereoselectivity 

as the desired adduct 32 was isolated only in 40% yield while the undesired 

anti, syn, anti isomer was isolated in 30% yield. The different combinations of 

alcohol protecting groups applied at C25, C21 and C13 did not improve the 

diastereoselectivity and so the synthesis was continued with 32 in hand.  
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Scheme 28. Establishment of the dipropionate unit 32 reported by Armstrong and co-
workers.[71] 

Barrett’s group reported a formal total synthesis of ent-calyculin A.[75] The au-

thors’ strategy was to assemble the stereotetrad at a very late stage. Here, the 

C14–C15 coupling was carried out between a multichiral ketone 33 and C15-

aldehyde 34 bearing the spiroketal moiety (Scheme 29). The Aldol reaction 

was highly diastereoselective, but unfortunately led to an adduct with wrong 

stereochemistry at C15 (assigned based on 1H couplings in a PMP-acetal 6-

membered ring (36) derived from DDQ oxidation of 35). Before inverting the 

stereocenter, the existing structure turned out to be helpful for subsequent 

reduction of the C13 ketone 35 as the desired C13(R)-alcohol 37 was obtained 

in a 5:1 diastereomeric ratio. Stereochemistry of the two isomers were deter-

mined analyzing the C13, C15 derived acetonides (assignment of acetal 
13C NMR signals based on Rychnovsky’s rules).[91] The stereoselectivity was 

attributed to a possible ligand exchange at aluminum by the C15 alcohol and 

subsequent intramolecular hydride transfer of the complex. Finally, once the 

freshly prepared alcohol 37 was chemoselectively monosilylated at C13, the 

C15 stereocenter was inverted by oxidation-reduction sequence. Here, follow-

ing the Dess-Martin oxidation, a stereoselective DIBAL-H reduction took place 

to deliver the desired C15(R)-alcohol. The selectivity was suggested to arise 

from chelation-control by the Lewis-basic tetrahydrofuran ether. Finally, O-

methylation furnished the missing functionality at C15 and provided 38 in 

50% yield after four steps from 37.  
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Scheme 29. Construction of the stereotetrad unit reported by Barrett and co-workers.[75]  

The Koskinen group has been involved in the construction of individual frag-

ments of calyculins.[76–86] Habrant and Koskinen established the dipropionate 

unit relying on a double crotylation strategy, somewhat similar to Armstrong’s 

approach.[86] However, besides the fact that the stereotetrad was assembled 

before the spiroketal moiety, the previously encountered diastereoselectivity 

issue was tackled. Here, the first crotylation step using Brown’s method af-

forded a 6:1 mixture of diastereomers (Scheme 30) favoring the desired anti-

adduct 40a (in line with the Brown’s algorithm and the previous results of 

Armstron’s group[71]). Since the two diastereomers were inseparable, isolation 

was bypassed and the required aldehyde 41a was prepared by the successive 

dihydroxylation and oxidative cleavage.  

 

 

Scheme 30. Assemblage of the dipropionate unit 43a reported by Habrant and Koskinen.[86]  



Studies towards the Synthesis of the Calyculin C8–C19 Fragment 

44 

The second challenging crotylation step was based on (Z)-crotyltrifluorosilane 

42, a methodology described by Chemler and Roush.[92] This type of reaction 

has been shown to follow a bicyclic transition state, in which the crotyl reagent 

chelates with the β-alcohol group leading to anti, anti dipropionate unit with-

out the need of external source of chirality. After modifying the work-up pro-

cedure to milder (using SiO2 instead of harsh HCl/NaOH to hydrolyze the si-

lylene ketals) the substrate controlled crotylation turned out to be successful 

providing the expected diols cleanly. Once acetal protection was performed, 

the two diastereomers were separable and the identities of 1,3-syn diol ace-

tonides 43 were confirmed by the Rychnovsky’s rules[91] (analysis of acetonide 
13C signals). In this sequence the desired syn-adduct 43a was obtained in 66% 

yield from 40a over four steps including only one chromatographic purifica-

tion (Scheme 30).  

4.4 Stereoselective aldol addition-reduction approach 

Perhaps the most challenging part of the total synthesis of calyculin is to estab-

lish the correct stereochemistry of the stereotetrad unit. Several reports by 

individual research groups dealing solely with the synthesis of the dipropio-

nate-spiroketal/lactone unit reinforces the fact that tremendous efforts have 

been required. Still, most of the strategies demonstrated above partly suffered 

either from lengthy route (including the preparation of the coupling partners), 

poor diastereoselectivity, or opposite configuration of an individual stereocen-

ter, which required additional steps to invert the stereochemistry. Every now 

and then, hazardous chemicals were required to introduce and/or remove 

functional groups participated for the key steps (such as later removal of uti-

lized SCEt3 group by highly toxic mercury-based reagents).[70]  

Even though Habrant and Koskinen[86] significantly improved the efficiency 

(diastereoselectivity) of the second crotylation step by switching the originally 

employed (+)-B-methoxydiisopinocampheylborane (Armstrong group’s strat-

egy)[72] to (Z)-crotyltrifluorosilane, the double crotylation strategy later turned 

out to be problematic to scale up. 

Considering this drawback, we turned to an alternative strategy. It was envi-

sioned that a judicious asymmetric aldol addition-reduction sequence could 

establish the correct stereotetrad unit through a selective and potentially scal-

able process. To study this ambiguous goal, the previously synthesized alde-

hyde 39 or its close analogue was the natural choice for the rightward aldol 

substrate to start with. The enolate-partner, however, needed to be carefully 

selected. 

4.4.1 Compiling the plan 

Simplified retrosynthetic plan is illustrated in Scheme 31. Syntheses of (pro-

tected) fragments A[76], B[77] C[86] and D[78] have been previously completed in 

our group. Synthesis of the dipropionate subunit 44 of fragment C was dis-

cussed in Scheme 30, but is here aimed to be constructed via asymmetric aldol 

addition-reduction strategy. The synthesis of aldehyde-lactone 45 has been 
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previously developed in our group.[83,85,86] Aldehyde 47 was prepared from the 

corresponding alcohol in 94% yield applying the Cu/TEMPO oxidation devel-

oped in Chapter 3. 

 

 

Scheme 31.  Simplified retrosynthetic analysis of calyculin C.  

Establishing the detailed plan, that is, selecting first the enolate partner (from 

46) and reaction conditions, still calls some key background. Some years later 

after reporting the total synthesis of ent-calyculin A, Evans et al.[93] studied 

double stereodiffererentiating aldol reactions by varying the configurations at 

α- and β-chiral centers (Scheme 32). Excellent diastereoselection was obtained 

when the enolate and aldehyde α-stereocenters were matched (cases A, B) ir-

respective of the configuration of the aldehyde β-stereocenter. In turn, the ful-

ly mismatched reaction (case D) was found to be less selective. However, the 

partially matched reaction with aldehyde ent-II (case C) gave the most inter-

esting results. In this example, the enolate facial bias establishes a matched 

relationship with the aldehyde β-heteroatom and a mismatched relationship 

with respect to the normally dominant aldehyde α-stereocenter. Therefore, 

Felkin control was overridden in case C as this provided anti-Felkin aldol ad-

duct with 81:19 diastereoselectivity (Scheme 32). 
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Scheme 32. Evans’ double stereodifferentiating anti-aldol reactions between chiral reaction 
partners.[93] 

Karisalmi and Koskinen[83] studied the anti-aldol reaction using aldehyde 48 

and an α-chiral ketone 49 with bulky silyloxy group at non-chiral β-position to 

the enolate carbonyl. Unfortunately, after further manipulations to address the 

stereochemical outcome, the wrong anti-relation in the aldol adduct 50 was 

revealed (Scheme 33). Similar results were reported by Paterson[94,95] after 

reactions of (achiral) aldehydes with enolate partners bearing benzyloxy group 

at the same non-chiral β-position. In contrast, 1,4-anti-selectivity tends to be 

favored in case of α,β-chiral enolates similar to what Evans studied 

(Scheme 32). 

 

 

Scheme 33. Previous cross-aldol in our group led to the wrong anti-aldol adduct.[83]  

In fact, as a part of the total synthesis of immunosuppressant sanglifehrin A, 

Nicolaou and co-workers[96] coupled α,β-chiral ketone 51 with achiral 

BnO(CH2)2CHO and they ended up with the anti-stereochemistry as shown in 

Scheme 34 (which is of our interest). This type of enolate bearing bulky β-

substituent would be similar to those studied by Evans’ group (Scheme 32) 

and thus could follow the observed trend with other similar aldehydes as well.  

 

 

Scheme 34. Anti-aldol addition reported by Nicolaou and co-workers.[96] 
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When projecting to couple with aldehyde 53 (Scheme 35), the case would be 

somewhat similar to the mismatched case D shown in Scheme 32. However, 

substrate 53  lacks the α-chirality and literature does not seem to provide such 

examples with enolates bearing bulky (silyloxy) group at chiral β-position, 

which in Evans’s examples with achiral aldehyde (i-PrCHO) has the tendency 

to force the α’-methyl anti to the aldehyde carbonyl thereby leading to 1,4-

anti-selectivity (α’:β). Therefore, relying on the results reported by the groups 

of Nicolaou and Evans, enolate 51 and aldehyde 53 were chosen for the study 

aiming to the calyculin C8–C19 skeleton 54 (Scheme 35).  

 

 

Scheme 35. Planned anti-aldol addition with selected chiral substrates.  

The reason why TES-protecting group was also chosen for the aldehyde-

lactone partner is that this duplicate case minimizes the overlapping of the 

proton signals in NMR, which can hamper the assignment of key protons po-

tentially crucial for stereochemical rationalization. Once one attempts to pro-

ceed the synthesis, it is advisable to change the protecting group as this could 

otherwise run in to chemoselectivity issues once deprotection and subsequent 

functional group interconversions take place. 

Further use of the terminal alkene 51 

The existing terminal alkene on 51 is useful in order to remove the protected 

alcohol next to it. This could be done by treating the liberated alcohol 55 with 

SOCl2, which gives rise to the corresponding chloride. This should rearrange to 

the more stable halide 56. Subsequent Ganem oxidation[97] would give an al-

dehyde 57, which after further oxidation to carboxylic acid 58, could be trans-

formed to a desired vinyl halide 59 via decarboxylative halogenation 

(Hunsdiecker reaction).[98] The vinyl halide would serve as an ideal coupling 

partner to eventually construct the tetraene-dipropionate-spiroketal fragment 

(CD, Scheme 31), preferably after the assemblage of the spiroketal moiety.[86]  

 

 

Scheme 36. Potential synthetic utility of terminal alkene 51. 
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4.4.2 Execution of the aldol addition-reduction 

When a boron enolate prepared from (Cy)2BCl and a ketone reacts with an 

aldehyde, an anti-addition product is known to form.[99] The large cyclohexyl-

ligands on boron forces the enolate to adopt E-geometry and this information 

then leads to anti-addition. Following this strategy, reaction conditions were 

adapted from the closely related literature and applied for the planned sub-

strate controlled cross-aldol reaction (Scheme 37).  

 

 

Scheme 37. Substrate controlled aldol reaction to form the C8–C19 dipropionate-lactone skele-
ton.  

The aldol reaction between enolate 51[100] and aldehyde 53 produced an insep-

arable mixture of diastereomers 60 in about 3:1 ratio. NMR analyses revealed 

two type of aldol adducts, expectedly the two possible anti-addition products.  

However, at this point it was mysterious which one of these was the major 

product. Therefore, to further investigate the stereochemical outcome, a 6-

membered ring was attempted to be formed. Determination of 1H coupling 

constants could reveal the relative orientation of H atoms as adjacent axial and 

equatorial protons have characteristic coupling values.  

The next step was to reduce the carbonyl to the desired alcohol, which should 

be syn to the other, C13-alcohol, and ideally would form the correct anti, anti, 

anti-stereotetrad. Fortunately, the literature provides useful methodologies for 

syn-1,3-diol targeted reductions.[101] From the available methodologies, chela-

tion-control by Et2BOMe and simultaneous hydride addition by NaBH4 was 

chosen. In this methodology, developed by Prasad and co-workers,[102]  the 

existing alcohol replaces the alkoxyl substituent on Et2BOMe while the car-

bonyl coordinates to the Lewis-acidic boron atom. The resulting complex forc-

es the hydride to be added from the opposite site of the plane, which necessari-

ly leads to 1,3-syn-diol. Although tandem aldol-reduction sequence utilizing 

the boroninate complex arising from the boron aldol reaction is known,[103] for 

the sake of clarity, the idea was to perform these steps separately. 

 

 

Scheme 38. Illustration of the chelate-controlled 1,3-syn-diol reduction.[102] 

The Lewis-acid (Et2BOMe) was prepared in situ from Et3B and MeOH follow-

ing the previously reported method.[104] Once the reagent was allowed to form 

and stirred with the substrate (60), NaBH4 executed the chelate-controlled 

reduction (Scheme 39). The reaction was followed by TLC and quenched once 

no change could be observed after prolonged stirring. Only one reduction 
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product was formed and it appeared that only the major diastereomer was 

fully converted while the minor aldol adduct was unreactive. No oxidative 

work-up or other methods were executed to cleave the boron-oxygen bonds as 

the 6-membered boron diol served as a useful source of stereochemical infor-

mation. Once purified by flash chromatography, the compound was character-

ized with the aid of numerous complementary analyses. 

 

 

Scheme 39. Syn-boron diol reduction (excluding the removal of the boronic ester to make use 
of the 6-membered ring). 

The recorded NMR spectral data for the boron-diol 61 included 1H, 13C, HSQC, 

COSY, and 1D, 2D NOESY with optimized mixing rate. Most of the protons 

could be assigned based on 1H coupling constants, and the identities were then 

confirmed with COSY and HSQC analysis (Figure 6). Note that for simplicity 

the numbering of the carbons starts here from 1 and should not be confused 

with the numbering in calyculin skeleton. In the 1H NMR spectrum, protons 

H7 and H9 overlap, which initially prevented the calculation of their coupling 

constants (Figure 6). Fortunately, 1D NOESY cleanly revealed the multiplicity 

of H7 that turned out to be triplet of doublets with coupling values of 9.8 and 

1.5 Hz. Since H8
B matched with 1.5 Hz the remaining coupling (9.8 Hz) turned 

out to be of same value between H7 and H6 as with H7 and H8
A. This obtained 

key information then helped to determine the relative stereochemistry in the 

6-membered ring. The coupling of H6 - H7 as well as H5 - H6 were actually both 

approximately 9.8 Hz, which corresponds to axial-axial relationships. Further 

support came from NOESY experiments. While the vicinal protons gave only 

weak NOE signal, H5 and H7 correlated much stronger through space 

(Figure 6). This clearly supports the all-axial orientation.  
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Figure 6. Summary of important coupling constants to rationalize the relative stereochemistry of 
the 6-membered ring. 

Therefore, the gathered information tells us that the substituents on the 6-

membered ring carbons are oriented anti, anti (Figure 6) and thus confirms 

the expected stereochemical fashion of the aldol and reduction steps: The aldol 

reaction followed the anti-addition pathway whereas the boron-mediated re-

duction proceeded via syn-addition. However, to solve the absolute stereo-

chemistry, further manipulations are most likely needed. Suggestions are giv-

en below.  

4.5 Conclusions and outlook 

The challenging substrate controlled cross-aldol addition and subsequent    

1,3-syn-reduction to construct the calyculin dipropionate unit was demon-

strated. The relative stereochemistry of the newly formed three stereocenters 

at C5 (C11), C6 (C12), and C7 (C13) was evidently assigned to be anti, anti. By 

contrast, in order to determine the absolute stereochemistry of syn-diol 61, 

further synthetic work would be required. One may attempt to obtain a crystal-

line compound for crystallography by just proceeding further in the synthesis, 

however the drawback is that crystallinity is typically hard to predict. Alterna-

tively, one could use the information of the existing stereocenters at the C3 

and C4 carbons (C9, C10 according to calyculin skeleton) by forming a 6-

membered ring through them. This could be done by making an acetal from 

oxygens attached to C3 and C5. To do so, the TES-protecting group at C3-

oxygen could be replaced by PMB-group and after the liberation of the boron-

diol, an attempt to remove the PMB group would lead to a PMP acetal between 

C3 and C5 oxygens.[83] Probable selectivity issues with the two TES-protected 

secondary alcohols could be circumvented by switching both of the protecting 

groups since this should not be a problem during the course. Excess of TBAF 

would liberate the alcohols. Next, PMB protections could be done with excess 

of PMBOC(NH)CCl3 catalyzed by BF3·OEt or La(OTf)3.
[105]

 Then, assuming that 

the robust boron-diol would remain still, it could be kicked out by a rather 

mild procedure such as using NaBO3·4H2O (NaOH/H2O2 would be dedri-

mental to the PMB-groups!). Now the liberated C5 oxygen should participate 

to the PMP-acetal formation upon treatment with DDQ as this has been wit-

nessed with vicinal hydroxyl-groups. This 6-membered ring bearing stereocen-
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ters with known configurations could help to determine the orientation of C5-

substituents by identifying first the relationship of H5, H4 and H3 as was done 

with the hydrogens in boron-diol ring.  

Having provided the proposal for possible future work, another project 

called my contribution. The following chapter returns to the methodology de-

velopment dealing with aerobic Cu-catalyzed alcohol oxidations, but this time 

the subject was beyond simple alcohols and eventually formed the ultimate 

focus of this thesis. 
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5. Oxidative Lignin Valorization 

5.1 Introduction to lignocellulose 

Life. In nature, it all begins from sunlight. Without sunshine, there would be 

no plants. Without plants, animal and human population simply would not 

exist. Food chain. Energy! The capture of solar energy by plants occurs accord-

ing to life’s essential reaction equation known as photosynthesis (eq 1). Be-

cause glucose is often the intermediate product of photosynthesis, the net 

equation if typically written as depicted in eq 2.[106] 

 

(1) 

 

(2) 

 

The energy is eventually stored in the form of cell wall polymers.[107] Besides 

being released in the form of nutrients and food, the energy stored in plants 

can be accessed in multiple other ways. While burning of plant biomass to 

produce fire has been conceived a long time ago before modern man, the utili-

zation of non-edible plants and crop residues for alternative renewable energy 

production has recently gained much attention.  

Diminishing petroleum reserves and concerns on environmental issues such 

as climate change are steering our society’s focus strongly towards renewable 

energy sources.[12,13] Lignocellulosic biomass is the most abundant renewable 

carbon resource on Earth.[108]  Forests are the largest producer of lignocellulo-

sic biomass with around 73 billion metric tons a year, which is almost half of 

the total plant-based biomass production.[109] Lignocellulosic biomass is rec-

ognized to potentially replace fossil-based feedstock in the future to establish a 

sustainable energy, chemical and material production. Lignocellulose mainly 

consist of the three cell wall polymers: cellulose (30–50%), hemicellulose (20–

35%) and lignin (10–40%).[108,110,111] A schematic structure of lignocellulose 

(cell wall) and its components are shown in Figure 7. 
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Figure 7. Schematic structure of lignocellulose and its three main components: cellulose (A), 
hemicellulose (B), lignin (C).[107,110]  

Among all lignocellulosic materials, woody biomass appears the most attrac-

tive one for biorefinery concepts since it does not compete with food produc-

tion. Existing biorefinery technologies cover numerous solutions for producing 

renewable chemicals, fuels and new materials from cellulose (Figure 7, struc-

ture A) and hemicellulose (Figure 7, structure B). For example, cellulose and 

oligosaccharides can be cracked by acidic digestion and further processed via 

fermentation to deliver a set of alcohols such as ethanol, n-butanol and hy-

droxymethylfurfural (HMF).[13] Another high impact product derived from 

cellulose is nanocellulose, which has been recently studied for several im-

portant material applications.[112] Hemicelluloses, in turn, are used in a num-

ber of value-added industrial applications such as emulsifiers, stabilizers, and 

binders in food, hydrogels, pharmaceuticals, and cosmetics among others.[113]  

Despite the wide bioproduct spectra derived from cellulose and hemicellu-

lose, biorefineries using lignin (Figure 7, structure C) as a feedstock are still 

very rare. In fact, while paper and pulp industry alone produces about 60 mil-

lion tons of lignin annually, barely 2% of this is utilized for further chemical 

processing.[11,114] Another major source of lignin comes from cellulose-based 

ethanol production with volumes up to 125 million liters of ethanol, reported 

in 2013 in the USA alone. While this capacity is expected to grow, it is im-

portant to note that for every liter of ethanol produced, 0.5–1.5 kg of lignin is 

generated. Unfortunately, it is still mainly classified as waste and burned to 

produce energy, rather than valorized.[11] 

Since the number of lignocellulosic biorefineries are projected to increase, 

the production of lignin will grow as well. Today, commercial lignin products 

are mainly low value lignosulfonates resulting from sulfite pulping and used 

for applications such as dispersing and binding. Due to the lack of value-added 
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lignin products the lignin markets have not reached more than 300 million 

euros per year. In order to improve the value of lignin, its heterogeneous 

complexity should be reduced by utilizing it for the production of value-added 

chemicals, fuels and materials.[114]  

Given the discussion above, it is obvious that for an economically viable 

biorefinery concept, complete valorization of the whole lignocellulose is an 

essential target, and thus a pivotal quest is to develop novel and sustainable 

technologies for lignin valorization as well.  

5.2 Lignin  

Lignin is the second most abundant polymer after cellulose and the dominant 

aromatic resource of the bio‐based economy. It covers almost 30% of the re-

newable carbon on our planet and accounts for roughly 40% of the energy con-

tent of lignocellulosic biomass.[115] Lignin is a three-dimensional amorphous 

polymer formed from methoxylated phenylpropane units (Figure 7, struc-

ture C). Like a resin, it fills the space between cellulose and hemicellulose 

holding the lignocellulosic material together. Hydrogen bonding connects cel-

lulose to its neighbor constituents, but hemicellulose and lignin are held to-

gether also by covalent bonding. These are known as lignin-carbohydrate 

complexes (LCC).[110,116] 

The overall lignin biosynthesis is a long and complicated process and thus 

not relevant to go through all the way in this thesis. Ragauskas et al.[111] and 

Rinaldi et al.[117] gave good overviews on this topic and provide selected refer-

ences to work specifically dealing with lignin biosynthesis. Nevertheless, it is 

crucial to introduce the primary lignin building blocks and highlight the key 

steps in the construction process. 

Natural lignin polymer is constructed from three primary building blocks: 

sinapyl, coniferyl and p-coumaryl alcohols (Scheme 40). In the lignification 

process, these three monolignols are joined together by C–C and C–O bonds 

thereby forming the repetitive syringyl (S), guaiacyl (G) and coumaryl (H) 

units within the resulting polymer, respectively.[108]
 Although the details of 

overall lignin biosynthesis are still under debate and much yet to be studied, a 

general biosynthetic route is well established. This is called the phenylpro-

panoid pathway, which starts from the amino acid phenylalanine (Phe), but 

also tyrosine (Tyr) has been proposed for monocot plants (grasses). At least 

eleven recognized enzymes and numerous steps are involved in the transfor-

mation of Phe (and Tyr) to sinapyl, coniferyl and p-coumaryl alcohols 

(Scheme 40).[111,117]  
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Scheme 40. Simplified lignin biosynthesis. Numerous enzymatic steps are involved for mono-
mer formation and for the lignification process. The three primary building blocks of native lignin 
are highlighted. 

The polymerization of monolignols, the lignification process, occurs through 

random phenol radical-radical coupling reactions affording several structural 

motifs.[12] These reactions are induced by laccases and peroxidases, which also 

participate in the final polymerization events, where the precise roles of the 

enzymes, however, are still only partially understood.[117] The initial steps in 

the lignification process include peroxidase/laccase mediated dehydrogenation 

of a monolignol, which is followed by radical coupling to form C–C and C–O 

bonds. This process called dehydrodimerization is repeated with monolignols, 

dehydrodimers or lignin oligomers to keep the polymerization going 

(Scheme 41). The final linkages are formed by nucleophilic trapping, where 

water molecule, phenol or alcohol adds to a quinone methide 

intermediate.[13,118] 

 

 

Scheme 41. Simplified lignification process illustrating the formation of typical lignin units. De-
hydrodimerization and polymerization continues with random monomers and oligomers. 
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Although laccases and peroxidases play key roles in the initial lignification 

process, it has been indicated that they do not control the subsequent polymer-

ization reactions. In fact, native lignins are formed completely racemic, which 

means that neither the enzymes nor the surrounding chiral polysaccharides 

induce any optical activity to the resulting lignin polymer. On the other hand, 

lignification occurs under certain diastereocontrol. The diastereomeric units, 

threo (syn) and erythro (anti), are formed by the addition of H2O to the qui-

none methide intermediate resulting in the most common lignin unit, aryl-

glycerol-β-aryl ethers, known as the β-O-4 linkage (Scheme 41). In β-guaiacyl 

ethers the two diastereomeric units are formed in approximately equal propor-

tions, whereas erythro-isomers dominate by around 3:1 ratio in β-syringyl 

ethers. Given the higher proportion of β-syringyl ethers found in hardwoods, 

erythro-isomers are also more prevalent in such wood species.[117] 

As mentioned earlier, lignin content in plant species have been reported to 

vary between 10–40% (dry weight basis). Lignin abundance generally increas-

es in the order of grasses < hardwoods < softwoods.[110] The composition of 

hardwood and softwood lignins varies in the proportions of the sinapyl, co-

niferyl and p-coumaryl alcohols. While about 90% of softwood lignin is con-

structed from coniferyl alcohol (G units), nearly equal proportions of sinapyl 

(S units) and coniferyl alcohols are found in hardwood lignin, although S units 

usually dominate (accounting for 45–75% proportion) depending on the 

hardwood species. This is exactly where the relative hardness of wood roots: In 

hardwood lignin, the aromatic framework is much more populated by MeO 

substituents, which creates a less elastic 3D structure compared to 

softwood.[12] Grass lignins, in turn, are formed from all three monolignols in-

cluding significant abundance of p-coumaryl alcohols (H units) lacking MeO 

substituents, which makes grasses typically the softest.[108,110] 

It is important to note that besides the three primary building blocks of H, G, 

and S units, there are also other molecular fragments participating in the for-

mation of the lignin polymer. In fact, there is no evidence of a plant consisting 

lignin derived solely from the three primary precursors.[108] Other units that 

have been identified include ferulates and coumarates (both found in lignin-

carbohydrate units)[116], ferulic acid, coniferaldehyde, sinapaldehyde, 5-

hydroxyconiferyl alcohol and p-hydroxybenzoate.[108]  

Lignin is composed of multiple type of linkages (Figure 8). For categorical 

reasons they are labeled as follows: Carbon atoms in the aliphatic side chain 

are defined with α, β and γ labels, and those found from aromatic rings are 

numbered 1–6. As mentioned above, the most abundant linkage found from all 

kind of lignins is the β-O-4 unit. Other typical linkages within the polymer 

include resinol (β-β), phenylcoumaran (β-5), aryl-aryl (5-5), β-1, spirodienone 

and dibenzodioxocin. The relative abundance of these motifs can vary a lot 

depending on the plant species. However, some linkages are more characteris-

tic for hardwood and some for softwood (Figure 8).  
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Figure 8. Representative hardwood and softwood lignin fragments with typical motifs (highlight-
ed). 

In softwood, the frequency of β-O-4 linkage varies from 35 to 60%, while in 

hardwoods the abundance is typically more than 50% and up to 75% have been 

determined for birch.[108,110] Due to the increased MeO-substitution in hard-

wood, formation of dibenzodioxocin and 5-5 linkages are minimized, which 

causes the hardwood lignin to form more linear structures compared to soft-

wood. Softwoods also typically contain more β-5 linkages (9–12%) than found 

in hardwood lignins (3–11%).[108,110,117] Different trends are found within the 

wood type category, but some species have highly unique lignin structures.  

5.3 Fractionation of lignocellulose: Lignin isolation 

As mentioned earlier, lignin is a co-product from existing biomass processes 

such as paper and pulp industry or cellulosic ethanol production. However, the 

conventional pulping methods, such as the Kraft process,[119] which covers 

around 85% of all the pulping technologies, focus on obtaining high-quality 

cellulose while the lignin fraction suffers from severe modifications in the 

chemical structure. The method  operates with aqueous sodium hydroxide and 

sodium sulfide at high temperatures resulting in cleavage of interunit ether 

bonds.[110] In fact, besides α-ethers (lignin-carbohydrate bonds), most of the β-

O-4 bonds are also cleaved.[119] In addition, impurities such as carbohydrates, 

fatty acids and sulfur further lower the quality of lignin and thus hamper fur-
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ther chemical processing. For instance, sulfur is known to poison various tran-

sition metal catalysts. The average molecular weight (Mn) of technical Kraft 

lignin varies typically between 1 000 and 3 000 g/mol with polydispersity in-

dex (PDI) varying from 2.5 to 3.5. However, up to Mn = 15 000 g/mol has been 

reported.[110] 

In cellulosic ethanol production, enzymes are generally used to hydrolyze the 

carbohydrate fraction, which leaves behind a solid cellulolytic enzyme lignin 

residue. Operated at mild conditions the enzymatic process exhibits only mi-

nor structural changes in the lignin polymer. Compared to other fractionation 

methods, the phenolic hydroxyl content is relatively low whereas the β-O-4 

linkage abundance is high.[120] However, the major drawback of the cellulolytic 

enzyme process is that the obtained lignin typically contains relatively high 

amounts of carbohydrates and proteins as impurities.[11] Cellulolytic enzyme 

lignin has high average molecular weight (Mn varies between 17 000 and 

30 000 g/mol), which is more close to the molecular mass of native lignin.[108] 

Another mild lignin fractionation process is called organosolv pulping, which 

uses organic solvent or an aqueous mixture thereof typically in the presence of 

acid catalyst. The process is based on solvolysis, where especially hydrolysis 

takes place in acidic aqueous solvent mixtures. When ethanol is used, also eth-

anolysis takes place to liberate the lignin carbohydrate complexes. However, as 

a result the released lignin structure contains ethylated alcohols as well, 

whereas hydrolysis would have left alcohols unmasked. Depending on the sub-

sequent lignin processing method, masked alcohols can be considered either a 

disadvantage or a benefit. Thus, a judicious choice of organosolv pulping 

method is important for subsequent lignin valorization process. The molecular 

mass (Mn) of the recovered lignin polymers vary from 500 to 5 000 g/mol with 

PDI around 1.5.[110]  

A major benefit of organosolv processes is that highly pure lignin with only 

minor modifications to the native lignin structure can be obtained. Mainly 

lignin-carbohydrates are cleaved while most of the β-O-4 bonds usually sur-

vive.[110] However, prolonged acidic conditions at elevated temperatures can 

significantly modify the lignin polymer through different condensation reac-

tions.[117] Another drawback lies in varying yields of isolated lignin, which is 

highly dependent on both the solvent system and the target lignocellulose. For 

example, organosolv lignins are frequently isolated from hardwood, while re-

ports based on softwood are rare and often suffer from poor yield.  

While pulping methods, such as Kraft and organosolv, typically afford lignins 

free of carbohydrates due to efficient “peeling” of hemicellulose (Scheme 42a) 

several side reactions can occur especially during more harsh fractionation 

processes (Scheme 42b–d). These are typically acid- or base-catalyzed reac-

tions involving nucleophilic additions, but also thermal condensation and oxi-

dative coupling reactions are evident. In acid-catalyzed organosolv pulping the 

nucleophile is typically H2O or alcohol, while in Kraft pulping the nucleophile 

is usually S2- or HO–, although lignin units can also act as nucleophiles. 
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Scheme 42. Typical reactions occurring during different pulping methods (e.g. Kraft and Orga-
nosolv process): a) Cleavage of lignin-carbohydrate bonds, b) formation of quinone methide 
intermediate followed by nucleophilic addition, c) cleavage of β-O-4 aryl ether bonds and retro-
aldol elimination of 𝛾-CH2OH group to give formaldehyde, d) typical coupling and condensation 
reactions forming stable Ar–Ar and Ar–CH2–Ar bonds. A = acid (typically H+), B = base (typically 
HO–), Nu = nucleophile (HO–, RO–, S2– or nucleophilic site of lignin itself).[110,117] 

It has been anticipated that the lignin-carbohydrate complexes play a crucial 

role in recalcitrance towards lignocellulose fractionation. Ragauskas and co-

workers[116] put together all the proposed lignin-carbohydrate units found in 

lignocellulosic biomass. These include benzyl ethers (BE), phenyl glycosides 

(PG), 𝛾-esters (GE), ferulate/coumarate esters (FE/CE), and hemiacetal/acetal 

linkages (Figure 9). Ideally, lignocellulose is fractionated to completely liberate 

lignin from these units in high purity without damaging the structure of native 

lignin. However, as discussed above, this remains an ongoing challenge. 
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Figure 9. Proposed structures of lignin-carbohydrate units.[116]  

Bioengineering of lignin, which involves the manipulation of lignin biosynthe-

sis, has been proposed as potential technology for future biomass 

refining.[111,117,121] By selectively overexpressing one or more of the enzymes 

involved in the primary monolignol synthesis, one may control the final con-

tribution of that specific monomer to the lignin polymerization process. For 

example, all syringyl lignins, which are more homogeneous than the native 

lignins, can be obtained this way.  

Ideally, the genetic modifications would give rise to a plant with identical or 

even improved growth compared to the wild-type plant. The desired effect to 

the fractionation process would be that mild chemical or enzymatic processes 

would be enough for a complete deconstruction without damaging the lignin 

polymer, which could be then (or simultaneously) efficiently valorized to yield 

more homogeneous products. However, the challenge is to genetically engi-

neer such ambiguous lignin structures and at the same time maintain the full 

functionality of a plant. Moreover, the numerous questions concerning poten-

tial environmental effects, such as impact on soils and toxicity to insects, need 

be studied carefully. To reach these goals, long-term complementary research 

efforts from multiple fields are definitely required.[117,121] 

5.4 Towards oxidative lignin valorization: Natural catalysts 

Degradation of lignin in nature is caused by several species of white-rot fungi. 

More specifically, those species produce enzymes, mainly peroxidases and lac-

cases,[114,122–125] which oxidatively deconstruct the lignin polymer. Numerous 

mechanistic studies have suggested that the enzymatic oxidation targets aro-

matic rings via a single electron transfer (SET) process (Scheme 43). Here, an 

electron is removed from the electron rich aryl ring (most likely from a HOMO 

of an alkoxyl oxygen). This generates an arene radical cation A, which can di-

rectly induce the cleavage of the Cα–Cβ bond to provide aromatic aldehyde E. 
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Alternatively, upon deprotonation, this intermediate would lead to a ketyl rad-

ical B that can either undergo Cβ–O ether cleavage to yield 1,3-hydroxyketone 

C or oxidize to benzylic ketone D. Ultimately, each of these SET-induced 

cleavage and oxidation products are typically suspect to further oxidative con-

version. For instance, aldehydes E can overoxidize to give aromatic acids F 

and phenolic compounds G may oxidize to quinones such as H 

(Scheme 43).[13,126,127] 

 

 

Scheme 43. Enzymatic lignin degradation pathways.  

In addition to laccases and peroxidases, other lignin degrading enzymes in-

clude so-called auxiliary enzymes, which are unable to degrade lignin on their 

own but support the lignin degradation, for example, by providing H2O2 for 

the ligninolytic peroxidase. They also help to reduce generated intermediates 

thereby facilitating the overall process. At least eight auxiliary enzymes have 

been identified to date. These include, for example, glyoxal oxidase, galactose 

oxidase and glucose oxidase. Few others have been listed as potential lignin 

degrading enzymes and new candidates are still expected to appear.[114] 

Let us now turn to one of the primary lignin degrading enzymes, laccase, 

which is most relevant for this thesis. Laccases are multi-copper oxidoreduc-

tases found in various kind of plants, fungi and bacteria. Known as polyphenol 

oxidases, laccases catalyze the oxidation of phenolic compounds with simulta-

neous reduction of molecular oxygen to water. Laccases exist mainly as mon-

omeric glycoproteins (MW: 50–130 kDa). While plant laccases are presumed 

to participate in lignin biosynthesis, fungal laccases are known to degrade lig-

nin especially at acidic pH by catalyzing the one-electron oxidation of phenolic 

groups.[114,128,129]  

The active site of laccase has four copper atoms, which are classified into 

type 1 (T1) copper and a three-nuclear cluster, types 2 and 3 (T2/T3) as depicted 

in Figure 10. The T1 copper atom is trigonally coordinated with two histidine 

and one cysteine and an axial ligand, either methionine (bacterial) or leu-

cine/phenylalanine (fungal laccase). Type 1 Cu is the actual site for substrate 

oxidation due to its relatively high redox potential of around +790 mV. Besides 

the redox potential, the accessibility of the active site (particularly T1 Cu) is 



Oxidative Lignin Valorization 

63 

another key factor. Concomitantly with the substrate oxidation, reduction of 

molecular oxygen to release H2O takes place at the trinuclear cluster 

(T2/T3).[129] 

 

 

Figure 10. Representative structure of the active site typically found in laccase.[129] 

Hydrogen bonding and salt bridging between the Cu atoms are mainly respon-

sible for the stability of laccases. In the native form of laccase, each copper 

atom is in oxidation state +II. This property is attributed to the fact that lac-

cases are capable of demethylate, decarboxylate and demethoxylate phenolic 

and methoxylated acids.[114] Laccases oxidize phenolic compounds into phenol 

radicals, which can then further oxidize to quinones or undergo dimerization 

and polymerization reactions, such as in the lignification process 

(Scheme 44).[129] 

 

 

Scheme 44. a) Simplified mechanism of laccase-mediated substrate oxidation, b) example of 
hydroquinone oxidation.[129]  

While laccases are capable to oxidize phenols, the reduction potential is gener-

ally not enough to oxidize non-phenolic substrates. In order to overcome this 

redox barrier, a mediator is needed. An appropriate mediator is first oxidized 

by laccase, after which the mediator then oxidizes the substrate (Scheme 45b).  

Once the reduced laccase has been oxidized by O2, the overall process starts 

again. Typical redox mediators include 1-hydroxybenzotriazole (HOBt), 2,2’-



Oxidative Lignin Valorization 

64 

azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS), 3-hydroxyanthranilic 

acid (HAA) and TEMPO (Scheme 45a).[129,130]  

 

 

Scheme 45. a) Examples of typical laccase mediators, b) simplified mechanism for laccase-
mediator redox cycle.[129,130] 

In 1987, fungal laccase was found to have at least a minor role in lignin biodeg-

radation.[131] Early studies with laccases presumed that only phenolic moieties 

of lignin would be subject to oxidation. However, Bourbonnais and Paice later 

showed that also non-phenolic β-O-4 lignin model compounds could be oxi-

dized by laccase (from Trametes versicolor fungi).[131] As discussed above, oxi-

dation only took place when an appropriate mediator such as ABTS was pre-

sent. After 3 days incubation about 12% of the model substrate oxidized to ke-

tone (Scheme 46). No reaction took place solely with laccase or ABTS.  

 

 

Scheme 46. Oxidation of β-O-4 lignin model compound using laccase/mediator system.[131] 

Later, Kawai et al.[132] as well as Srebotnik and Hammel[133] showed that HOBt 

is another active mediator for laccase (produced by Trametes versicolor or 

Trametes villosa). In fact, oxidation of a 14C-labeled β-O-4 model compound 
14C-62 by laccase/HOBt system gave rise mostly to ketone 14C-63 (53%), which 

showed improved activity to the previously introduced laccase/ABTS system 

(Scheme 47a).[133] HOBt is oxidized to nitroxide radical by laccase, after which 

it is an active oxidant and likely plays a major role in the lignin oxidation step. 

Some cleavage products were also detected; acid 14C-64 (4%) and hy-

droxyketone 14C-65 (1%). Starting materials were labelled with carbon isotopes 

to ease product distinguishing and quantification. 

Interestingly, control reactions solely with aldehyde 14C-68 or ketone 14C-63 

did not lead to acid 14C-64, which confused the researchers leaving the path-
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way to acid 14C-64 mysterious. Unlike fungal peroxidases, the laccase/HOBt 

system did not cleave the non-phenolic β-O-4 lignin systems directly after SET 

oxidation to yield aldehyde 14C-68. Instead, a benzylic alcohol oxidation was 

the major transformation, which was, however, later proposed to arise indeed 

from the radical cation intermediate as shown in Scheme 43.[134] Interestingly, 

β-1 model compound oxidation produced ketone 14C-67 as well, but this time 

also aldehyde 14C-7 was formed without any sign of acid 14C-64 

(Scheme 47b).[133] Therefore, the lack of phenoxy group apparently made the 

direct homolytic Cα–Cβ cleavage more favorable. 

 

 

Scheme 47. Laccase /HOBt mediated oxidation of β-O-4 model compounds.[133] 

The scope was then expanded to synthetic guaiacyl lignin polymer, which was 

prepared by the aid of T. villosa laccase. After permethylation, UV difference 

spectrophotometry analysis revealed the phenolic content to be less than 1%. 

Once the polymer was subjected to oxidation by laccase/HOBt, GPC analysis 

revealed depolymerization of the synthetic lignin (nominal Mn = 4 800 g/mol) 

by roughly 80% after 24 h.[133] 

Intrigued by the initial laboratory studies of laccases and peroxidases, the 

discovery of new lignin degrading (auxiliary-) enzymes have thereafter been 

expanded by a great number of different research groups.[114] However, despite 

decades of intensive research spent in the field of enzymatic lignin degrada-

tion, this intriguing technology is still facing major challenges due to ineffi-

cient deconstruction of macromolecular lignin. To address these challenges, 

chemists have evoked biomimetic catalyst systems, such as transition-metal 

catalyzed oxidations, which have recently gained a lot of research attention.[13] 
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5.5 Common strategies 

Since the most common linkage found in all kinds of lignin types is the β-O-4 

unit (40–70%), a controlled cleavage of this repetitive linkage appears an ideal 

strategy. Besides the key Cβ–O bond of this linkage, the adjacent Cα–Cβ is pre-

sent equally, and thus mathematically, either of these two bonds represents an 

attractive target. However, in terms of chemistry, one of these bonds should be 

weaker in energy. Density function theory (DFT) calculations performed for a 

typical β-O-4 lignin model compound IIa, imply that the Cβ–O bond is slightly 

weaker in energy (248 kJ/mol) compared to the Cα–Cβ (264 kJ/mol) 

(Table 5).[135] Interestingly, for phenolic model compound Ia, the bond disso-

ciation energy (BDE) of Cβ–O is much higher than for IIa. In fact, the alternat-

ing HO- and MeO-substituent patterns affect the bond energies, which vary 

from 225 to 300 kJ/mol.[117] 

Furthermore, the BDE can significantly change when functional group trans-

formations take place.[136] For instance, oxidation of the secondary alcohol Ia 

reduces the energy of Cβ–O by 61 kJ/mol.[135]  Interestingly, for phenolic model 

IIa the energy of Cβ–O decreases by 87 kJ/mol resulting in only 161 kJ/mol. 

Oxidation of the primary alcohol Ia has similar effect, as the resulting alde-

hyde weakens the Cβ–O bond by 51 kJ/mol (Table 5).  

Table 5. Calculated bond dissociation energies for native type and oxidized β-O-4 lignin model 
systems.[135,136] 

 
 

Calculations made for Cα–Cβ bond showed an opposite trend, at least upon 

secondary alcohol oxidation. Benzylic oxidation of IIa raised the BDE of Cα–Cβ 

by 30 kJ/mol. However, recent studies have demonstrated  that once the ke-

tone has been formed, further activation by Cβ–H oxidation can trigger the 

cleavage of Cα–Cβ bond.[137]  

Alternatively, oxidation of the primary alcohol results in rather unstable in-

termediate, which in turn, can be activated for a subsequent Cα–Cβ (and Cβ–O 

bond) cleavage.[138] Thus, a controlled cleavage of the β-O-4 linkage could be 

achieved by a selective, and preferably catalytic, oxidation of either of the alco-

hols. 

Today, a great number of catalytic oxidation systems have been realized with 

lignin model compounds and actual lignin samples. Besides enzymatic[114], and 

organocatalytic[138] systems, transition metal catalysis[13,139] has shown a prom-
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ising tool to address a cost-efficient and selective deconstruction of lignin 

(model) systems to simple aromatic monomers. 

Most of the TM-catalyzed oxidation strategies focus on benzylic secondary 

alcohol oxidation of lignin β‐O‐4 units. Depending on the subsequent step, the 

obtained ketone typically undergoes Cα–Cβ and/or Cβ–O cleavage either in 

oxidative[135,140–143] or reductive[144–147] fashion. Combined oxidation and reduc-

tion steps create an overall redox-neutral process. Resulting cleavage products 

are, for example, simple aryl acids (oxidative cleavage), aryl ketones (redox-

neutral), aryl enones (redox-neutral) and aryl diketones (oxidative) among 

others together with phenols or derivatives thereof. 

5.6 Biomimetic Cu-catalysis 

Having realized how lignin degrading enzymes (such as laccase) work through 

their metal containing active sites and together with mediators, chemists have 

thereafter evoked biomimetic models to mimic the biocatalysts. Various tran-

sition metals, including those found from natural enzymes, have served as key 

catalysts for a number of studies aiming to oxidatively depolymerize lignin into 

simple aromatic molecules.[13,139] Since this thesis focuses on the development 

of aerobic copper catalysis, an overview of related methods developed before 

and during my own experimental research (Chapter 6) is given below. 

First, let us go back to 1966, when the early pioneers working on Cu-

catalyzed alcohol oxidations to carbonyls, Brackman and Gaasbeek, were one 

of the first ones to realize further oxidative reactions of aldehydes and ketones 

with copper and dioxygen.[148] In their study, the researchers showed how line-

ar aliphatic aldehydes containing at least three carbon atoms degrade by one 

carbon-carbon bond at a time losing the original aldehyde moiety as formic 

acid or methyl formate and to produce new aldehyde with one methylene less 

until acetaldehyde was the final product. The optimized reaction took place in 

MeOH using a copper-pyridine complex, triethylamine and dioxygen at 40 °C. 

MeOH also participated to the reaction yielding methyl formate alongside 

formic acid. Once monitored and measured the consumption and production 

of each molecule, two overall reaction equations were postulated 

(eq 3 and 4).[148] 

 

(3) 

 

(4) 

 

The work by Brackman and Gaasbeek has certainly served as a platform for 

ever-since-developed cleavage reactions mediated by Cu/O2 species. Modifica-

tions of the reaction conditions, such as pH, medium and temperature, as well 

as introduction of new copper complexes have opened numerous new oppor-

tunities in the field.[8]  
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5.6.1 Oxidative cleavage of alcohols 

Although laccase was recognized as lignin degrading enzyme already decades 

ago and first laccase-mediated oxidations were carried out with lignin models 

more than 20 years ago, studies with biomimetic Cu-systems for lignin valori-

zation initiated much later. In this light, Baker and co-workers[149] were among 

the first ones to investigate chemical Cu-catalysis for oxidation of lignin model 

compounds.  

Inspired by the enzymatic oxidations, building on the previous studies of Cu-

catalyzed aerobic alcohol oxidations including the work by Lafranchi et al. on 

Cu-mediated oxidative cleavage of 1,2-ethanediol,[150] Baker and co-workers 

initiated their studies using homogeneous Cu-catalysis for the oxidation of 

lignin model compounds.[149] Model studies were commenced with a simple 

model compound, 1,2-diphenyl-2-methoxyethanol (69). Using cuprous chlo-

ride (20 mol%) and TEMPO (30 mol%) as cocatalyst in pyridine-d5 (100 °C) 

under aerobic conditions, a catalytic cleavage of model 69 afforded benzalde-

hyde 70 (84%) and methyl benzoate 71 (88%) as the major products (Scheme 

48).  

 

 

Scheme 48. Oxidation of simple lignin model 69 with aerobic CuCl/TEMPO system.[149] 

No apparent ketone intermediate was observed. Further investigations sub-

jecting the corresponding ketone of 69 to the same conditions turned into a 

different direction. After 18 h, the reaction reached 87% conversion affording 

mostly methyl benzoate (85%) and benzoic acid (76%), while aldehyde was 

formed as little as 5%. This outcome was clearly not line with the one obtained 

with model 69. 

Thus, seeking for an alternative mechanistic solution excluding a ketone in-

termediate, further control reactions were performed. Since cerium ammoni-

um nitrate (CAN) is known as a single electron oxidant, the group tested it 

with model 69. This oxidation gave 80% conversion affording benzaldehyde 

70, methyl benzoate 71 and MeOH in 4 : 1 : 1.8 ratio. According to the major 

product benzaldehyde, the outcome was close to the Cu/TEMPO catalyst. 

Thus, a SET-initiated pathway for the C–C bond cleavage of 69 seemed a pos-

sible route towards benzaldehyde 70.  

Next, to study the catalytic cleavage with more lignin-like model compounds, 

a 13C-labeled β-O-4 lignin model compound 13C2-72 was synthesized. Exposing 

this molecule to the catalytic conditions was not successful due to poor catalyst 

activity and lifetime (results were not reported). Once the oxidation was per-

formed using stoichiometric amount of CuCl/TEMPO, 70% conversion was 

reached after 18 h (Scheme 49). Product distribution included aryl aldehyde 

73(36%), aryl acid 74 (9%), phenol 75 (5%), ketone 13C2-77 (2%), formic acid 
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(5%) and traces of dehydrated ketone 13C2-78 (1%) as shown in Scheme 49. 

Once bubbled again with oxygen after 18 h checkpoint, the reaction was pro-

longed to 40 h, after which minor changes to the product distribution were 

observed (Scheme 49).[149] 

 

 

Scheme 49. Oxidation of lignin model compound 13C2-72 with stoichiometric CuCl/TEMPO/O2. 
Conversion and yields are reported after 18 h and 40 h.[149] 

The possible intermediacy of ketone 13C2-77 was studied by subjecting it to the 

same conditions as in Scheme 49. After 18 h, the only product observed was 

enone 13C2-78 (18%) resulting from the dehydration of the primary alcohol. 

Thus, ketone 13C2-77 was ruled out as being an intermediate on the way to al-

dehyde 73. Since the obtained product distribution resembled those previously 

reported with known one-electron oxidants,[127,151,152] a conclusion was made 

that CuCl/TEMPO would oxidize model 13C2-72 by a SET-pathway. This would 

result in Cα–Cβ bond cleavage giving rise to aldehyde 73 (see Scheme 43). 

Later, Sedai and Baker developed a Cu/TEMPO system capable to oxidize 

lignin model compounds also in catalytic amounts.[153] Realizing the beneficial 

effect of nitrogen-ligands and base such as mono and bidentate pyridine ana-

logues, screening these candidates with different reaction solvents and copper 

precursors eventually afforded an aerobic CuOTf/2,6-lutidine/TEMPO system 

(Scheme 50).  

Studies with non-phenolic β-O-4 model compound 72 afforded aldehyde 73 

as the dominant Cα–Cβ cleavage product. In addition, some Cα–O aryl ether 

cleavage was observed through the formation of phenol 75 and quinone 79. 

Further conversion of these unstable aromatics was attributed to the poor 

mass balance of the “right side”-aryl moiety. As ketones 77 and 80, and enone 

78 were also detected, secondary alcohol oxidation was a minor side reaction, 

while evidence for primary alcohol oxidation was not gathered.  
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Scheme 50. Cu/TEMPO/2,6-lutidine-catalyzed aerobic oxidation of non-phenolic model com-
pound 11, and components (solvents, Cu sources, ligands) used for screening the optimal sys-
tem.[153] 

In the case of phenolic model compound 81, the selectivity of the oxidation 

changed remarkably (Scheme 51). After 18 h, ketone 82 was the major prod-

uct. This time also aryl-Cα bond cleavage took place, which was evident by the 

formation of 2,6-dimethoxybenzoquinone 84 and enal 85, which represented 

an unusual CAr-Cα cleavage product. Interestingly, no obvious Cα–Cβ cleavage 

products were detected at this stage. However, monitoring the reaction re-

vealed the initial presence of syringaldehyde 86 (3% after 6 h) which disap-

peared during the next 6 h.  

 

 

Scheme 51. Cu/TEMPO/2,6-lutidine-catalyzed oxidation of phenolic model compound 81.[153] 

Given the formation of ketone 82 as the main product, the presence of a phe-

nol group on 81 apparently favored the benzylic alcohol oxidation. Although 

the details of this mechanistic behavior were not discussed, ketone may arise 

from two different routes. First, the secondary OH oxidation could follow the 

extensively studied Cu/TEMPO mediated cycles.[26,27,29,154] At elevated temper-

atures, TEMPO may overcome the steric barrier typically arising when at-

tempted to oxidize secondary alcohols. However, another pathway seems more 

plausible. A single-electron oxidation of the phenol-containing ring could lead 

to a para-quinone methide/enol intermediate which can simply tautomerize to 

ketone by a proton transfer from the enol to quinone oxygen. In such a case, 
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the benzylic H is most likely abstracted by TEMPO[25–27,29,37,154] or Cu-phenoxyl 

radical complexes,[7,155] although it has been proposed that also CuII-peroxo 

species may abstract H-atom from weak C–H bonds.[27,156]   

Next, once the reactivities were established with model compounds, Baker 

and co-workers applied the Cu-based system to oxidation of organosolv lignin, 

isolated from mixed hardwoods (aspen, maple and birch) by aqueous ethanol 

extractions (1:1 EtOH/H2O).[157] GPC analysis gave average molecular weight 

distribution of Mw = 1660 g/mol and Mn = 640 g/mol. In order to dissolve lig-

nin completely, the reaction solvent was switched from toluene to DMF. After 

each experiment, molecular weight distribution was recorded (Table 6). 

Table 6. GPC results for different lignin samples before and after oxidation.[157]  

Entry Experiment Mw(g/mol)a Mn(g/mol)a PDI  

1 Ligninb 1660 640 -  

2c CuOTf/TEMPO/2,6-lutidine 410 230 1.80  

3c TEMPO/2,6-lutidine (no Cu) 490 240 2.06  

4 DMF ctrld 820 350 2.36  

a Here rounded to nearest denary. b Untreated hardwood organosolv lignin. c 10 wt% CuOTf, 10 wt% TEMPO, 100 wt% 2,6-

lutidine. d No cat. components. All oxidations: solvent = DMF, T = 100°C, air (P = 8.2 atm), time = 18 h. 

 
Oxidation with CuOTf/TEMPO/2,6-lutidine showed about 75% decrease in the 

average molecular weight (Mw) (Table 6, entry 2). It turned out that the out-

come was similar without copper (Table 6, entry 3). This suggested that radical 

reactions, not mediated by copper, contributed to the depolymerization. A con-

trol reaction without catalyst showed about 50% decrease in the molecular 

mass. 

HSQC analysis recorded before and after the oxidations revealed the abun-

dance of typical lignin linkages (Figure 11). The aliphatic linkages A–D all dis-

appeared after the oxidation with CuOTf/TEMPO/2,6-lutidine catalyst. Oxida-

tion degree was determined based on the relative abundance of S units and the 

oxidized S’ carbonyl units. The ratio of S’ to S increased from 0.26 to 0.73, 

which meant that about 24% of the S units were oxidized to carbonyls.  

 

 

Figure 11. Major linkages observed and quantified by HSQC analysis before and after the 
Cu/TEMPO-catalyzed oxidation.[157] 
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Despite the observed depolymerization also to low-molecular weight units, no 

monomers were obtained. Radical recombination of the reaction intermediates 

was proposed as a side reaction thus resulting in inefficient depolymerization. 

Soon after Baker and and co-workers[149] had released their initial work on 

Cu/TEMPO-based oxidations of lignin model compounds, the group of Stahl 

reported chemoselective metal-free oxidation of secondary alcohols in 

lignin.[158] In this study, the researchers tested several metal catalysts as well, 

and one of them was a Cu/TEMPO-based catalyst system, which was derived 

from their previously developed primary alcohol oxidation protocol.[46] The 

catalyst was comprised of 10 mol% Cu(OTf)(MeCN)4/BiPy/TEMPO together 

with 20 mol% NMI (Scheme 52). The aerobic oxidation was performed in ace-

tonitrile at 60 °C for 24 h affording veratraldehyde 89 as the major product. 

The aromatic aldehyde was believed to arise from primary alcohol oxidation 

followed by base-catalyzed retro-aldol reaction. However, no further studies 

were made to rationalize this hypothesis, while the focus was on the TEM-

PO/H+-catalyzed secondary alcohol oxidation. Later, the latter led to a devel-

opment of a promising two-step strategy consisting of benzylic secondary al-

cohol oxidation and a subsequent formic acid-induced depolymerization of 

lignin (isolated from aspen wood) delivering phenolic monoaromatics.[159] 

 

 

Scheme 52. Cu/TEMPO-catalyzed oxidation affording veratraldehyde as the major product.[158] 

5.6.2 Oxidative cleavage of ketones 

Deviating from Baker’s strategy, in which ketone intermediates were bypassed 

when non-phenolic model compounds were used, Wang et al. studied copper 

catalysts for oxidative cleavage of lignin model ketones affording aromatic ac-

ids (Scheme 53).[135] This work was actually published around the same time I 

had made the initial discoveries on the selectivity-substrate dependence of 

Cu/TEMPO-based OH-oxidations followed by Cα–Cβ cleavage producing either 

aromatic aldehydes or acids from β-O-4 lignin model compounds.[49] 

 

 

Scheme 53. Cu-catalyzed oxidative cleavage of aromatic ketones to acids (and phenols).[135] 

As discussed earlier, the oxidative cleavage of C–C bond next to a carbonyl 

group actually originated from the initial work by Brackman and Gaasbeek,[148] 
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who first recognized that Cu/O2 systems are capable of cleaving such activated 

C–C bonds. Ever since, several groups have contributed in expanding the 

methodology for organic synthesis and investigated the mechanistic pictures of 

those events.[34, 52–54]   

Wang et al. established their work around a two-step strategy. Secondary al-

cohols were first oxidized with VOSO4/TEMPO (20 mol%) affording simple 

ketones in 82–98% yields (Scheme 54a). However, the oxidation of β-O-4 lig-

nin model 87 bearing the primary alcohol substituent suffered from moderate 

yield of ketone 88 (53%) partly due to Cβ–Cγ retro-aldol cleavage affording 

20% of ketone 89 without the γ–OH substituent (Scheme 54b). The system 

was also tested with actual lignin. Application to Alcell lignin resulted in 36% 

conversion of the β-O-4 alcohols that were oxidized to ketones Scheme 54c) 

(determined by HSQC analysis). 

 

 

Scheme 54. Vanadium/TEMPO-catalyzed oxidation of benzylic alcohols to ketones.[135] 

Working forward with the model compounds, the obtained ketones were stud-

ied for further oxidation. The solvent was exchanged to MeOH and a few cop-

per salts were screened to study the influence of Cu precursor. Once the high-

est conversion was reached with Cu(OAc)2 as the copper source, several nitro-

gen ligands were screened using this Cu salt. In general, bidentate ligands 

(phenanthroline, bipyridine) were the most effective, and monodentate ones 

(NMI, 4-methylpyridine) more suitable than multidentate ligands.  

With the optimal system in hand, several β-O-4 ketones lacking the CγH2-OH 

were tested for their reactivity (Table 7).[135] In each case the acid product was 

obtained in good to excellent yields, while phenols with MeO-substitution suf-

fered major loss once the reaction was quenched. In addition, the phenolic 

model afforded 4-hydroxybenzoic acid and non-substituted phenol in good 

yields (Table 7, entry 6). Once the reaction temperature was increased to 

150 °C, application to β-O-4 ketone 88 bearing the CγH2-OH group (dominant 

in native lignin β-O-4 units) was also successful affording veratric acid 91 in 

92% yield, although no phenol product was obtained (Scheme 55). Attempts to 
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conduct the benzylic secondary alcohol oxidation (Scheme 54) and the oxida-

tive cleavage in one-pot without changing the reaction medium were not suc-

cessful.[135] 

Table 7. Simplified scope for the Cu-catalytic cleavage of simple β-O-4 ketones.[135] 

 
 

Entry Temp. (°C) Ar Ar’ Acid (%) Phenol (%) 

1 80 Ph Ph 95 85 

2 80 Ph 5’-MeO 95 27 

3 90 Ph 3’,5’-di-MeO 99 3 

4 90 4-OMe Ph 95 90 

5 100 4,5-di-OMe 5’-MeO 85 0 

6 80 4-OH Ph 68 81 

Conditions: Ketone (0.2 mmol), Cu(OAc)2 (20 mol%), 1,10-phenantroline (20 mol%), MeOH (2 mL), O2 (0.4 MPa), 80– 

100°C. Yields are based on esterified products (using BF3·OEt2). Quantification was based on GC-MS analysis using 

internal standard (p-xylene). 

 

 

Scheme 55. Cu-catalyzed cleavage of β-O-4 ketone 88. [135] 

As the above-mentioned Cu(OAc)2-based systems were limited to ketones, the 

lack of a one-pot catalytic reaction system starting from alcohols remained yet 

to be explored. Working forward with this concept, Wang et al.[141] tested dif-

ferent conditions. Once a few solvents were screened, DMSO was chosen for 

subsequent reactions and several basic additives were studied. Typically, three 

different products were formed: benzoic acid 93, acetophenone 94 and in 

some cases also benzaldehyde 95 (Scheme 56).  

Whereas organic bases such as pyridine and DBU had barely any effect on 

the conversion of 96, inorganic bases K2CO3, NaOH and KOH boosted the re-

activity and favored the acid product 93 (in this order). It turned out that oth-

er solvents tested were not as effective as DMSO, which could be attributed to 

the versatile solvation properties of DMSO: It is not only a good solvent for 

various salts, but it also enhances the reactivity of anions by strong interaction 

with the cations.[4]  

Finally, once the optimal system was comprised of DMSO as the solvent and 

KOH as the base, a few structurally different nitrogen ligands also with chelat-

ing groups were screened (Scheme 56c). After 2 h monitoring, 8-

hydroxyquinone (L2) was the most active, while the highest yield of 93 (66%) 

was obtained with 1,10-phenantroline (L1). Compared to those, di-picolinic 
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acid (L3) was less active and only modestly selective, while Salen (L4) afforded 

only 16% conversion, albeit with highest selectivity (89%). Therefore, the best 

result (highest yield for 93) was obtained with phenanthroline (L1).  

 

 

Scheme 56. a) Cu/base-mediated oxidation of phenylethanol 92 to afford benzoic acid 93, ace-
tophenone 94 (and benzaldehyde 95). b) All the components screened for the reaction are 
shown, of which the optimal system is bolded. c) Conversion of 92 and selectivity for 93 after 

2 h.[141]   

Once the optimized protocol was applied to lignin model alcohols, simple β-O-

4 ethanolaryl ethers with varying MeO-substitution patterns reacted all well 

affording the corresponding aryl acids in good yields (Table 8). 

Table 8. Scope for the Cu-catalytic oxidative cleavage of β-O-4 model compounds.[141]   

 

Entry Ar Ar’ Acid (%)a 

1b Ph Ph 79 

2 Ph 5’-MeO 73 

3 Ph 3’,5’-di-MeO 70 

4 4-OMe Ph 72 

5 4-OMe 5’-MeO 64 

6 4-OMe 3’,5’-di-MeO 75 

7c 87 87 49 

Reagents: Alcohol (0.2 mmol), Cu(OAc)2 (20 mol%), 1,10-phenantroline (20 mol%), KOH (200 mol%), DMSO (2 mL), O2 

(0.4 MPa). a GC Yields are based on esterified products (using BF3·OEt2) according to internal standard (p-xylene). b 80 °C, 

6 h. c 140 °C. 

 

The more native lignin type model, β-O-4 glycerolaryl ether 87 was also con-

verted to veratric acid 91 in 49% yield, although a higher reaction temperature 
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(140 °C) was required. Phenolic model compounds were not reported, and the 

right aryl phenoxy moiety could not be recovered suggesting that phenols do 

not survive under the harsh reaction system. 

The background of the alcohol oxidation step was not discussed, while the 

focus was on the C–C bond cleavage. However, some discussion could be given 

at this point. Based on the vast literature on aerobic copper-catalyzed alcohol 

oxidations, those Cu-systems employed without nitroxyl radicals or aza-

compounds are quite rare and substrate-limited.[8] In one generally proposed 

mechanism, ligand activated (L)CuI-OH complex binds to alcohol, after which 

the resulting complex is oxidized by molecular oxygen to result in a µ-peroxo 

CuII species (Scheme 57).[8] Simultaneous homolysis of the peroxide bond and 

proton abstraction from the substrate gives rise to an aldehyde product and 

regenerates the Cu-catalyst. On the other hand, Repo and co-workers showed 

that ligand assisted CuII-catalyzed oxidation of veratryl alcohol is effective at 

high pH (12.6–13.3), which indicated that deprotonation of the alcohol prior to 

copper coordination was an essential step in the mechanism.[162] In fact, sever-

al base-assisted oxidations without the need of aza-compound or co-oxidant 

have been realized, but the substrate scope is mostly limited to activated (al-

lylic or benzylic) primary alcohols.[8,22,23] 

 

 

Scheme 57. Cu-mediated oxidation of alcohols without co-catalyst.[8] 

Given the discussion above, it seems that strong base was the key to mediate 

the copper-catalysis for the alcohol oxidation step by providing that sufficient-

ly high temperature and oxygen pressure are used (likely required for the H-

abstraction shown in Scheme 57). Considering the subsequent step after alco-

hol oxidation to ketone, intermediate analysis was performed for suspected 

intermediate products hydroxyketone 96 and benzoyl formic acid 97. While 

the latter was not prone to give acid 93 more than 8%, the hydroxyketone 96 

was proposed as a potential intermediate since it reacted fast to acid 93 

(Scheme 58).  
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Scheme 58. Cu-mediated oxidation of alcohols without co-catalyst.[141] 

Next, kinetic isotope experiments (KIE) were built around the suspected in-

termediate 97. A secondary KIE was observed when -OH, -CH- and -CH3 

groups of alcohol 92 were deuterated, whereas a primary KIE was attributed 

to the –CD3 labeled ketone. The obtained results implied that the oxidation of 

92 was fast and the subsequent Cα–Cβ cleavage occurred through Cβ–H oxida-

tion, which appeared as the rate determining step for the overall process. 

 

 

Figure 12. Kinetic isotope effect values (kH/kD) for deuterium-labeled compounds derived from 
alcohol 92 and ketone 93.[141]  

The proposed mechanism of the Cα–Cβ bond cleavage was thus attributed to 

the suspected hydroxyketone intermediate 96 (Scheme 59). Further oxidation 

to phenyl glyoxal 98 would be followed by two competing steps, oxidation to 

benzoylformic acid 97 or formation of a hydrate intermediate (99) followed by 

a 1,2-hydride shift to 100, after which decarboxylation would trigger the Cα–Cβ 

bond cleavage affording benzaldehyde 95 (Scheme 59). This kind of pathway 

has been studied already when phenyl ketones were oxidatively cleaved to 

benzaldehydes with copper iodide/O2 system in DMSO.[163]   
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Scheme 59. Suggested mechanism for the Cu-catalyzed oxidative cleavage of alcohols giving 
rise to aryl acids.[141] 

It should be noted that the shown mechanism is only appropriate with hy-

droxy-ketones, which has two Cβ-hydrogens: one is removed during glyoxal 

formation and the second is required for the 1,2-hydride shift. Thus, for lignin 

mimicking β-O-4 ketones the proposed hydride shift cannot take place since 

there would be no hydrogens available anymore, not to mention β-O-4 ketone 

90 bearing the CγH2-OH group. Therefore, another mechanistic presentation 

would be required to rationalize the oxidative cleavage of β-O-4 lignin model 

compounds. Coming back to this later, related discussion is provided in the 

experimental part concerning this topic (Chapter 6) 

Although the developed aerobic copper-catalyst systems discussed above 

showed good potential with lignin model compounds, applications to actual 

lignin samples were not reported. This may be attributed to the complexity of 

lignin polymers and the unstable nature of phenol products under the harsh 

conditions comprising high pH, elevated temperatures and high oxygen pres-

sure. 

5.6.3 Summary 

The discovery of fungal laccase as one of the primary lignin degrading enzymes 

in nature and the early observations of Cu/O2 systems to cleave activated C–C 

bonds has led to the development of biomimetic Cu-based systems for the 

cleavage of lignin model systems. The selectivity of the diverse types of Cu cat-

alysts varies from SET-processes to C–H and OH oxidations offering great 

opportunities for aerobic oxidative conversion of lignin. However, successful 

application to actual lignin remains an ongoing challenge. 
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6. Development of Cu-Catalyzed Oxida-
tive Lignin Valorization 

6.1 Introduction 

In Chapter 5, we learned about lignin and the concepts behind its utilization. 

Here the weight is put on introducing the valorization strategy of this thesis. 

First, let us first recall some key background. 

 Lignocellulosic biomass is the most promising renewable carbon resource 

on our planet. It is mainly comprised of cellulose, hemicellulose and lignin. 

While cellulose and hemicellulose are successfully converted to various chemi-

cals, fuels and materials, around 95% of the lignin fraction is still burned for 

energy production instead of being processed for value-added products. For an 

economically viable biorefinery concept effective utilization of lignocellulose as 

whole is a pivotal target.[11–13,108,110,111]  

Although the exact structure of lignin depends on the plant type, the most 

abundant linkage found in all native lignin types is the β‐O‐4 glycerolaryl ether 

bond (Figure 13). Given the frequency of this linkage (40–70%) it appears an 

ideal target to deconstruct the lignin polymer to simple aromatic 

monomers.[108,110] However, successful depolymerization requires a selective 

method to activate this linkage for controlled cleavage. Since nature uses en-

zymes to degrade lignin under aerobic conditions, oxidation appears one po-

tential strategy. 

 

 

Figure 13. Representative structure of a lignin fragment. Repetitive β-O-4 linkages (blue) and 
alcohol units (black and green) are highlighted.  
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In fact, as disclosed in Chapter 5.5 oxidation of either of the aliphatic alcohol 

units next to the β‐O‐4 linkage changes the bond dissociation energies of Cβ–O 

and Cα–Cβ bonds. Especially the aryl ether bond (Cβ–O) weakens in conse-

quence to alcohol oxidation. For instance, according to DFT calculations sec-

ondary alcohol oxidation lowers the BDE of Cβ–O bond by 20–35% depending 

on the dimeric lignin model compound (see Chapter 5.5, Table 5).[135,136] Simi-

larly, primary alcohol oxidation to aldehyde decreased the energy of Cβ–O by 

17% in a phenolic model system.[136] Alternatively, further activation of oxi-

dized lignin may also result in significant weakening of the adjacent Cα–

Cβ bond. 

Compared to secondary alcohol oxidation, primary alcohol oxidation strate-

gies appear less common. A possible reason for the relative lack of this ap-

proach is likely the challenge to achieve a chemoselective oxidation of a steri-

cally hindered aliphatic alcohol in the presence of activated (benzylic) second-

ary alcohol. 

For an economically viable and sustainable chemical process, cost-efficient 

and environmentally benign reaction system is a pivotal factor. The majority of 

the developed depolymerization strategies are based on a two-step process 

requiring reaction medium changes, purification of the intermediates and/or 

subsequent reagent and catalyst additions following the first step. In contrast, 

one-pot reaction systems based on a cascade process appear less common. A 

successful cascade can save substantial amounts of process costs by means of 

reduced amount of time, energy, process steps, reagents/catalysts and sol-

vents. 

Given the above-mentioned advances, this thesis aims to develop a catalytic 

oxidation system, which would enable lignin deconstruction in a cascade pro-

cess. For such a chemical process, a selective oxidation should target an inter-

mediate, which would directly react further to eventually give the desired 

product under the reaction conditions.  

The fact that aliphatic 𝛾-aldehydes have proven difficult to isolate, they could 

serve as unstable key intermediates in lignin degradation. For this reason, a 

chemoselective primary alcohol oxidation appears an attractive strategy. As 

demonstrated in Chapter 2 and Chapter 3, copper/TEMPO catalysts are rec-

ognized by their selectivity for primary alcohols in the presence of more hin-

dered secondary alcohols. In this light and motivated from the previous work 

in our group[26,48] as well as others’ modifications,[9,153,158] the development of a 

new Cu/TEMPO-based catalyst system for oxidative lignin valorization turned 

into a specific goal of this thesis. 

6.2 Method I[49] 

6.2.1 Catalyst system development 

Oxidation studies were initiated with a guaiacyl type β-O-4 model compound 

101a, which represents a typical lignin subunit (Figure 13). The idea was to see 

which kind of components and conditions are beneficial to the oxidation out-
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come. Based on the previous work, aerobic Cu/BiPy/TEMPO systems have 

shown high selectivity and activity for primary alcohol oxidations. Therefore, 

several reaction solvents were first screened using CuCl/BiPy/TEMPO as the 

initial catalyst system at 60 °C and under O2 atmosphere (Table 9). Acetoni-

trile and 2-methyltetrahydrofuran (2-MeTHF) provided the highest conver-

sions (30%), the former solvent with slightly higher selectivity (47%) towards 

the major product aldehyde 102a (Table 9, entries 4 and 5). In contrast, a 

1:1 mixture of MeCN and t-BuOH gave the best selectivity (86%), but a low 

conversion (14%) (Table 9, entry 7). Aqueous MeCN provided good selectivity 

(70%) but suffered from low conversion (23%). This was attributed to the for-

mation of inactive Cu(OH)2 species since the reaction mixture turned 

blue/turquoise (Table 9, entry 6). Such species have been isolated before and 

shown to suffer from low catalyst activity.[164] 

Table 9. Screening solvents for the Cu-catalyzed oxidation of 101a.a 

 

Entry Solvent Conversion (%) Yield of 102a (%) Selectivity (%) 

1 EtOAc 14 3 21 

2 MeOH n.r. 3 - 

3 Toluene 18 8 44 

4 2-MeTHF 30 12 40 

5 MeCN 30 14 47 

6 MeCN/H2O (1:1) 23 16 70 

7 MeCN/t-BuOH (1:1) 14 12 86 

a 0.1 mmol of diol 101a (0.1 M). Conversions and yields (a percentage of the theoretical yield based on the initial amount of 

starting material) were determined by 1H NMR using dimethyl sulfone or 1,3,5-trimethoxybenzene (TMB) as internal stand-

ard. n.r. = not resolved. 

 

It was presumed that the oxidation of the sterically hindered primary alcohol 

101a requires elevated temperatures to reach high conversions. Thus, the in-

fluence of different copper counter ions and their initial oxidation states (I and 

II) in the reaction were studied at 80 °C first under initially anhydrous condi-

tions (Table 10, entries 1–6). To begin, in comparison to CuCl, halogen anion 

analogues CuBr and CuI were slightly weaker in activity while CuBr2 exhibited 

hardly any reactivity. Addition of NMI had no positive influence when CuBr2 

was used. Interestingly, Cu(OTf)2, which has a loose non-coordinating anion, 

was highly active with 73% conversion; unfortunately, the product composi-

tion could not be resolved. Control reactions related to entry 1 either without 

CuCl, bipyridine or TEMPO addressed (almost) total loss of catalyst activity, 

thus pointing out their essential role. This observation is also consistent with 

previous studies on aerobic Cu/BiPy/TEMPO-catalyzed alcohol oxidations. 

The next stage was to study the effect of salt additives. As pointed out in 

Chapter 3, the copper counter anion can have a significant effect on the prima-

ry alcohol oxidation rate and catalyst turnover. Generally, the bulkier (charge 
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more hindered) the counter anion was, the more active the catalyst appeared. 

Gratifyingly, better results were obtained with sodium tetrafluoroborate and 

sodium hexafluorophosphate whereas the bulkiest one, sodium tetraphenyl-

borate, exhibited weaker performance due to low aldehyde selectivity 

(Table 10, entries 11–13). The reason is not clear; perhaps NaBPh4 reacts with 

other components. For instance, in the presence of acidic compounds, the ani-

on can undergo protonolysis to give triphenyl borane and benzene.[165] Proto-

nolysis could be induced by formic acid, which was expected to form as an in-

termediate product and subsequently oxidized to CO2.[166] The origin and fate 

of formic acid will be addressed in the next section. Another explanation for 

the poor performance of NaBPh4 could be that Cu(BPh4)/Ln species is even too 

bulky if BPh4
- prevents copper to coordinate with the hindered alcohol 101a.  

Table 10. Studying Cu-catalyst systems for the oxidation of 101a affording 102a as the major 
product.a 

 

Entry Cu source Base additive Salt additive Conversion (%) Yield of 102a (%)  

1b CuCl - - 42 23 

2b CuI - - 35 19 

3b CuBr - - 33 20 

4b CuBr2 - - 8 3 

5b CuBr2 NMI - 7 3 

6b Cu(OTf)2 NMI - 73 4 

7b CuCl NMI - 38 21 

8b CuCl NMI NaBF4 43 23 

9b CuCl - NaBF4 46 30 

10 CuCl - NaBF4 41 26 

11 CuCl NMI NaBF4 50 30 

12 CuCl NMI NaPF6 34 28 

13 CuCl NMI NaBPh4 47 13 

14 Cu(OTf)2 NMI & DBU - 71 25 

15c Cu(OTf)2 t-BuOK - 96 2 

16d CuCl NMI NaBF4 18 13 

17e CuCl NMI NaBF4 47 25 

18f CuCl NMI & DBU NaBF4 48 19 

19g CuCl NMI NaBF4 45 19 

20h CuCl NMI NaBF4 55 24 

21i CuCl NMI NaBF4 47 23 

a 0.1 mmol of diol 101a (0.1 M). Conversions and yields were determined by 1H NMR using TMB (or dimethyl sulfone) as 

internal standard. Solvent: b Dry MeCN, c 2:1 MeCN:H2O, d 4:1 MeCN:H2O. e 20 mol% NMI, f 5 mol% NMI and DBU. g Air 

balloon. Ligand: h diMeO-BiPy, i Phen.  
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Next, to see if the initial copper oxidation state has relevance, cop-

per(II)triflate was re-investigated in the presence of DBU.[26] As a result, high-

er activity was observed, but selectivity towards the aldehyde product de-

creased (Table 10, entry 14). DBU (pKaH = 13.5 in H2O) as a stronger base than 

NMI (pKaH = 7 in H2O) is believed to assist the first alcohol oxidation step by 

deprotonation of the alcohol allowing the formation of the CuII-alkoxide spe-

cies.[26,164] Once the alcohol is oxidized by TEMPO, the CuII complex reduces to 

CuI complex and enters the actual catalytic cycle (see Chapter 2.2.3, Scheme 

13).[26] Provided that this is also true here, the improved delivery of aldehyde 

102a (Table 10, entries 6 and 14) can be explained by a higher degree of alco-

hol 101a oxidation. Further experiments to address this hypothesis will be 

elaborated in the next section.  

Interestingly, when switched to a much stronger alkoxy base t-BuOK 

(pKaH = 17), the selectivity was completely lost, and the product distribution 

could not be rationalized (Table 10, entry 15). 1H NMR of the crude mixture 

implied that some degree of coupling/oligomerization has taken place. The 

base is strong enough to deprotonate alcohols and phenols or generate eno-

lates from enolizable carbonyls, which are all good nucleophiles especially at 

elevated temperatures. In turn, aldehyde 102a, for instance, is a good electro-

phile. 

Surprisingly, the addition of NMI in initially anhydrous conditions had a 

negative effect, but in non-dry solvent its presence turned out to be beneficial 

(Table 10, entries 8–11). This could be explained by the suggested usefulness 

of H2O in the presence of NMI. Due to coordination of NMI, catalytic H2O (in-

stead of the hindered primary alcohol 101a) forms the proposed relevant 

[(BiPy)CuII(NMI)(OH)]+BF4- species prior to the alcohol coordination and 

oxidation steps and thus may speed up the overall catalytic cycle.[27] However, 

when the reaction was carried out in 4:1 MeCN:H2O (Table 10, entry 16) the 

oxidation was sluggish suggesting that only a little amount of water could ac-

celerate the reaction, but excess amounts can cause premature deactivation of 

the catalyst.  

Changing the loading of NMI had a minor effect on the conversion to 102a 

since no significant difference to the reaction outcome was observed whether 

10 mol% (Table 10, entry 11) or 20 mol% of NMI (Table 10, entry 17) was used. 

In contrast, combining NMI and DBU with CuI catalyst led to significant de-

crease in selectivity towards 102a (Table 10, entry 18). This negative effect 

presumably arises from the excessively basic conditions since DBU is not re-

quired when CuI precursor is employed and here DBU may have another role 

as a base. Given the comparable conversion with and without DBU (Table 10, 

entries 11 and 18), the extra base seems to increase the proportion of side reac-

tions. 

Next, the effect of oxygen was examined. Oxidation under air instead of oxy-

gen atmosphere delivered less 102a implying rate dependence on O2 concen-

tration (Table 10, entries 19 and 11). Finally, replacing bipyridine with a more 

electron rich analogue, diMeO-BiPy, or bulkier Phen also resulted in decreased 

reactivity towards 102a (entries 20, 21 vs 11).  
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After the catalyst components were established, concentration and time were 

optimized together with catalyst loading (Table 11). When employing 10 mol% 

of catalyst, 0.1 M substrate concentration was optimal to complete the reaction 

in 20 h. In turn, when 20 mol% of catalyst was employed, a lower concentra-

tion (0.05 M) turned out to be beneficial in terms of aldehyde 102a selectivity 

but resulted in prolonged time (40 h) to reach reaction completion.  

Table 11. Effect of temperature, concentration and catalyst amount.a 

 
Entry Conc. (M) Temp. (°C) Cat. (mol%) Conv. (%) Yield of 102a (%) 

1 0.1 25 10 36b 11b 

2 0.1 50 10 47b 20b 

3 0.1 80 10 50 30 

4 0.04 80 10 41 24 

5 0.2 80 10 61 29 

6 0.1 80 20 76 (82)c 45 (47)c 

7 0.05 80 20 64 (82)c 42 (52)c 

a 0.1 mmol of 101a, under O2 (balloon). Conversions and yields were determined by 1H NMR using TMB as internal stand-

ard. b After 65 h. c Values within parenthesis after 40 h.   

 

Following the optimal conditions in non-dried medium two other β-O-4 lignin 

model compounds with varying 3,4,5-alkoxy substitution on the left aryl ring 

were investigated (Table 12). Interestingly, the substituent pattern did not re-

ally affect the delivery of the aldehyde (102a–c). Ketones as secondary alcohol 

oxidation products (of 101a–c) were hardly detected (around 1% by NMR). 

Moreover, any sign of aromatic acids as potential overoxidation products was 

excluded by NMR and HPLC analysis.  

Formates 103a–c were most likely generated through catalyzed formyl 

transfer from 104a, which was supported by a control reaction of 101a com-

bined with 1 equivalent of aryl formate 104a increasing the yield of 103a from 

7% to 34% (Scheme 60). The phenoxy moiety suffers from poor mass balance, 

which is due to further conversion of 2-methoxyphenol to afford insoluble 

products (confirmed by a control reaction), perhaps via 2-methoxy-1,4-

benzoquinone.[153] Before the 1H NMR analysis, reaction mixtures were filtered 

through a plug of silica, so all the insoluble products together with copper spe-

cies were adsorbed on SiO2. In any case, building on the similar results ob-

tained with these three model compounds (101a–c), the electronic effects of 

the left aryl ring do not seem to have significant influence on the Cα–Cβ cleav-

age process. 
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Table 12. Cu-catalyzed oxidation-cleavage cascade of structurally different β-O-4 model com-
pounds.a 

 

Entry Conversionb Products and yieldsb 

    

1c 
2d 

52% 
80% 

 30% 
52% 

 7% 
12% 

 6% 
4% 

    

3c 
4d 

53% 
84% 

 28% 
51% 

 7% 
8% 

 3% 
7% 

    

5c 
6d 

52% 
84% 

 27% 
51% 

 7% 
8% 

 2% 
5% 

a General conditions: Cu cat. = CuCl/NaBF4/BiPy/TEMPO/NMI, 0.2 mmol of diol (101a–c) in MeCN (0.1 M), 80 °C, O2 

(balloon). b Determined by 1H NMR using TMB as internal standard. c 10 mol% of Cu cat., 0.1 M of 101, 20 h. d 20 mol% of 

catalyst, 0.05 M of 101, 40 h. 

 

 

Scheme 60. Control reaction to confirm the origin of formate 103a. 

To gather more insight to the oxidation course, a reaction profile for diol 101a 

was recorded next. NMR monitoring revealed a relatively fast initial conver-

sion (Figure 14). Aldehyde 102a was formed with similar selectivity during the 

whole course. The quantity of minor products remained low, which strength-

ens their role as reaction intermediates. Initial traces of aldehyde 105 disap-

peared after 2 h. The plausible fate seemed to be Cβ–H oxidation, which was 

supported by the formation of TEMPO-trapped species 106. Next section fo-

cuses on the reaction pathways aiming to gather a comprehensive mechanistic 

picture of the oxidative depolymerization.  
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Figure 14. Reaction profile for the oxidation of 101a (internal standard = TMB). 

6.2.2 On the mechanism of the cleavage pathways 

After having established the Cu-catalyzed oxidation system (method I), focus 

was turned to the operating reaction pathways. Copper/TEMPO-based oxida-

tions of β-O-4 lignin model substrates have previously been suggested to fol-

low a concerted base-catalyzed retro-aldol[158] or a SET-induced Cα–Cβ cleav-

age pathway[153] (Scheme 61). However, due to limited mechanistic studies 

available and differences between the reaction systems, a more informative 

study on the (oxidative) cleavage process was clearly needed to fully rationalize 

the operating pathway(s). For simplicity, α- and β-labels are used in the same 

manner for all type of β-O-4 lignin model compounds. For example, an oxida-

tion of the secondary α-alcohol gives rise to a ketone with an adjacent β-

phenoxy substituent, even though adjacent substituents for a ketone are tradi-

tionally labeled as α-substituents in organic chemistry.  
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Scheme 61. Previously proposed pathways associated with other Cu-based oxidations of β-O-4 
lignin model systems.[153,158] 

Influence of the β-methyl alcohol 

First, the relevance of the β-methyl alcohol substituent was examined. Substi-

tuting it with a hydrogen still maintains the β-O-4 linkage but would show how 

the product distribution changes in the absence of this alcohol unit. In fact, 

these compounds are often used to mimic the β-O-4 lignin linkage from vari-

ous lignin sources and have served as key model substrates for a number of 

different catalytic strategies.[135,144,146,147,167]  

After exposing compound 101d to the copper-TEMPO oxidation, p-anisic ac-

id (102d), instead of p-anisaldehyde, was obtained (Table 13).[20] This time 

aryl formate 104a was also delivered in larger amounts. This significant in-

crease is likely due to two possible reasons: (1) The change in cleavage process 

giving rise to acid (102d) instead of aldehyde and/or (2) the absence of prima-

ry alcohol as a formyl acceptor while secondary alcohol (alternative acceptor) 

is now consumed during the reaction.  

Table 13. Optimizing reaction system for the oxidation-cleavage cascade of 101d.a 

 

Entry Conditions Conv. (%) 107a (%) 102d (%)b 104a (%)b 

1b 5 mol%, 80 °C 81 2 40 45 

2 10 mol%, 80 °C >99 6 62 55 

3 10 mol%, 60 °C >99 45 25 33 

a Alcohol 101d (0.2 mmol), MeCN (0.1 M), O2 (balloon), 20 h (Cu cat. = CuCl/NaBF4/BiPy/TEMPO/NMI). Conversions and 

yields were determined by 1H NMR using internal standard (TMB). b Rough estimation due to poor 1H peak resolution. 

 

On the other hand, any H2O present and arising from the alcohol oxidation 

could also hydrolyze the formate. A quick optimization concluded that 
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10 mol% of the copper catalyst at 80 °C transformed alcohol 101d most effi-

ciently to the mono-aromatics (Table 13, entry 2). 

Next, the procedure was scaled-up in order to isolate carboxylic acid 102d. A 

classic basic work-up captured the acid as its sodium salt to the aqueous 

phase, where it was again liberated by acidification and then extracted as a 

single product. Since formate 104a is susceptible to hydrolysis, a prolonged 

stirring (1 h) in NaOH solution ensured its full conversion to phenol 104b 

(Scheme 62a). Before phase separation, the pH was lowered to 8 so that the 

phenol product (pKa ≈ 10) was extracted to the organic phase. Most of it was 

isolated by Kugelrohr distillation, after which the residue was purified by flash 

chromatography to afford the remaining 104b.  

 

 

Scheme 62. Conditions: a) and b) 5 mmol of alcohol (101d, 1e) in MeCN (0.1 M), O2 (balloon), 
80 °C, 20 h (Cu cat. = CuCl/NaBF4/BiPy/TEMPO/NMI); c) 1 mmol of ketone 107a, same condi-
tions but: 5 mol% catalyst, no TEMPO. All oxidations were followed by basic work-up; formate 
104a hydrolyzed to phenol 104b. 

Interestingly, a third product was also isolated. 1H and 13C NMR revealed the 

presence of a ketone and a methyl pattern (4 x CH3) matching with a TEMPO 

derivative. In addition to the MeO peaks and the upfield region protons (be-

tween 1.00–1.55 ppm) belonging to TEMPO, only one singlet at 5.94 ppm 

(1 x H) right before the aromatic region was found from the 1H NMR spectrum. 

This suggested a TEMPO-trapped analogue 107b derived from ketone 107a. 

HRMS analysis confirmed the structure. Similar products have been observed 

before.[166,168]  

For comparison to the reaction of 101d, the guaiacyl analogue 101e was sub-

jected to the same oxidation conditions followed by the work-up to afford, af-

ter isolation, aryl acid 102e, phenol 104b and a TEMPO-substituted analogue 

108b were obtained in comparable quantities to what resulted from 101d 

(Scheme 62b). Again, the phenyl MeO-substitution pattern does not seem to 

affect the reaction outcome (same conclusion as with diols 101a–c). 

Based on the product distributions obtained from oxidations of 101d and 

101e (Table 13 and Scheme 62) and considering the literature dealing with 
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similar Cu-catalyzed oxidative cleavage reactions,[137] it was presumed that a 

ketone (such as 107a) acts as the key intermediate prior to the oxidative Cα–Cβ 

bond cleavage. The reaction should occur without TEMPO. This was confirmed 

with a control reaction, which furnished almost full conversion and high selec-

tivity with only 5 mol% of catalyst system excluding TEMPO (Scheme 62c). 

Schoenebeck and co-workers have recently studied the factors that control 

C–C bond cleavage versus C–H hydroxylation in their aerobic copper-

catalyzed oxidations of ketones.[137] The research group made both experi-

mental and computational studies to address the major pathways responsible 

for the delivery of hydroxyketones IIIa and IIIb versus dicarbonyl products 

Va and Vb (Scheme 63).[137] After screening different copper salts, bases and 

solvents, they came up with optimal conditions for C–H hydroxylation. A re-

ductant such as triazabicyclodecene (TBD) or PPh3 was required to eventually 

furnish the hydroxylated compounds IIIa and IIIb. However, the more acti-

vated phenyl substituted ketones underwent C–C cleavage as well. When the 

solvent was switched from DMSO to MeCN, the C–C cleaved products became 

even more favoured. This was rationalized by increased activity of Cu species 

in MeCN. 

The C–C bond cleavage and C–H hydroxylation products were believed to 

arise from keto-peroxide intermediates IIa and IIb. Such species have fre-

quently been implicated in association with aerobic copper-catalyzed oxygena-

tions.[8] Peroxides IIa and IIb originate from C–H oxygenation of ketones Ia 

and Ib. The base helps to enolize the ketone, which is then expected to oxy-

genate either by a CuII-catalyzed SET-process in the presence of O2 or alterna-

tively by a reaction involving an electrophilic copper-dioxygen species 

(Scheme 63).[137]  

 

 

Scheme 63. Mechanistic investigations of C–C (versus C–H hydroxylation: route B) in Cu-
catalyzed aerobic oxidations of ketones (reported by Schoenebeck and co-workers).[137] 

Starting from keto-peroxides (II), four different routes (A–D) were investigat-

ed, of which B leads to hydroxyketones IIIa and IIIb while A,C and D would 
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deliver C–C cleaved products Va and Vb. Route A involves a homolytic O–O 

scission, whereas route C represents a Baeyer-Villiger type path, and route D 

proceeds in an anionic pathway. Computational studies implied that starting 

from the keto-peroxides IIa and IIb the Baeyer-Villiger route C would be too 

high in energy (∆𝐺‡ = 48.8 for IIa and 43.4 kcal/mol for IIb) to compete with 

the homolytic O–O scission (∆𝐺rxn = 26.8 from IIa and 25.6 kcal/mol from 

IIb), which is followed by a spontaneous C–C cleavage (∆𝐺‡ < 2 kcal/mol for 

both intermediates). 

For the more activated phenyl substituted ketone IIb, an anionic pathway 

leading to C–C cleavage was considered as a potential competitive route. In 

the presence of a base, deprotonation of a hydroperoxide II intermediate could 

form dioxetane IV followed by C–C cleaved products. The barrier for the ani-

onic C–C fragmentation from dioxetane IV was calculated to be 

∆𝐺‡ = 19.4 kcal/mol. However, because the Cu salts are known to catalyze the 

homolytic O–O scission, route A was considered more favorable than calculat-

ed.  

In the study of this thesis with lignin model compounds (Scheme 62), route 

B can be easily ruled out, since none of the components in experiments with 

alcohols 101d and 101e can be considered as a sufficient reductant. Second, 

the DFT calculations pointed out that the Baeyer-Villiger path (Scheme 63, 

route C) is much higher in energy than routes A, C, D and the trend was simi-

lar whether the substrate was more activated (IIb) or less activated (IIa). 

Therefore, although oxidized lignin model compounds such as ketone 107a 

are structurally somewhat different than the compounds studied by Schoene-

beck, the highest energy barrier would be expected for a Baeyer-Villiger type 

rearrangement. This makes it less likely a pathway for the Cα–Cβ cleavage giv-

ing rise to aryl acid (102d or 102e) and formate 104a (Table 13 and Scheme 

62). 

A second alternative to the O–O homolysis (Scheme 63, route A) would be an 

anionic pathway forming a dioxetane intermediate (see Scheme 63, route D 

species IV for a model). However, this path required a relatively strong base to 

deprotonate the hydroxyl peroxide intermediate IIa/IIb (Scheme 63). The 

basic conditions arose from a strong guanidine base TBD (pKa = 15.2 in H2O) 

or DBU (pKaH = 13.5 in H2O), which were used in stoichiometric amounts. Ex-

periments using weaker bases iPr2EtN or DMAP, for instance, led to no con-

version at all. Therefore, considering the case in this thesis, the even poorer 

basicity of NMI (pKaH = 7 in H2O) is hardly enough to deprotonate the hydrop-

eroxide intermediate (akin to IIb) arising from ketones such as 107a. 

Thus, in the study of this thesis (Scheme 62), as the anionic dioxetane route 

and the Baeyer-Villiger type rearrangement route can quite safely be ruled out, 

at least for being major pathways, a homolytic O–O scission route seems the 

most plausible one. Further support for this pathway comes from other recent-

ly made copper-catalyzed oxidative Cα–Cβ bond cleavage reactions.[135,140] In 

these examples, starting from ketones similar to 107a, the cleavage does not 

require a base and thereby does not support the anionic pathway depicted in 

Scheme 63.  
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Finally, given the relevant discussion above, an overall reaction pathway 

starting from β-aryl ether ketones I to deliver aryl acid VI and formate IV can 

be proposed (for the reactions, see Table 13 and Scheme 62). The path begins 

with enolization to II species (Scheme 64, step a), which is oxidized by CuII (a 

SET process) to give a radical which combines with oxygen or oxo-copper spe-

cies to form a peroxide intermediate III (Scheme 64, step b). Evidence for the 

radical formation at Cβ comes from the experiments presented in Scheme 62  

since β-TEMPO-substituted ketones 107b and 108b were isolated in 6% 

yields after the oxidations of 101d and 101e. The unstable precursor III then 

undergoes a homolytic O–O scission followed by Cα–Cβ cleavage affording 

formate IV and carbonyl radical V (Scheme 64, step c). The radical V immedi-

ately oxidizes to carboxylic acid VI (Scheme 64, step d). 

Alternatively, a Cu(OAc)2/Phen-based aerobic catalyst system has been pro-

posed to form a copper-oxo-bridged dimer that would employ a H-abstraction 

followed by radical coupling with the other oxygen atom of the dimer 

catalyst.[135] DFT calculations implied that the corresponding monomer would 

be less active for H-abstraction. Similarly, Cu/BiPy(/NMI) catalysts are ex-

pected to form reactive dimeric peroxo-bridged binuclear CuII species that are 

prone to abstract an activated H-atom (see Chapter 2.2.3, Scheme 13 and 

Scheme 17) [26,27] These intermediates are expected to be present also in our 

system, and therefore could activate dioxygen for H-abstraction directly from 

ketone I leading to III species upon radical coupling with dioxygen or [Cu]-O2 

species (Scheme 64, step e). 

 

 

Scheme 64. Proposed mechanistic routes from β-aryl’ ether ketones I to formate IV and car-
boxylic acid VI. In frame: TEMPO-trapped species 107b and 108b isolated from the oxidations 
of 101d and 101e. 

Reactivity of a ketone with β-methyl alcohol 

After having studied how the absence of the β-methyl alcohol moiety changes 

the reaction outcome and realized that in such case the first formed ketone 

triggers the oxidative Cα–Cβ cleavage process, it was next tested how a ketone 

with the Cβ methyl alcohol would behave under the standard reaction condi-

tions (Scheme 65). In contrast to substrates 101d and 101e, ketone 101f un-

derwent only slight conversion (25%) delivering aryl acid 102f (13%) and few 
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percent of dehydration product 109. This observation thus indicates that al-

dehyde 102a does not originate from ketone 101f, which in turn appears not 

to be any (significant) intermediate during the oxidation course of diol 101a. 

The low reactivity of 101f could be explained by steric hindrance caused by the 

β-methyl alcohol substituent, which likely hampers the presumably required 

oxidation of the Cβ–H bond for the delivery of acid 102f. In fact, as the in-

creased substitution around the Cβ–H bond should weaken it by stabilizing the 

resulting tertiary radical, the steric effects are expected to dominate resulting 

in overall increase of the energy barriers towards Cβ–H oxidation. 

 

 

Scheme 65. Conditions: ketone 101f (0.2 mmol), MeCN (0.1 M), O2 (balloon), 80 °C, 20 h, Cu 
cat. = CuCl/NaBF4/BiPy/TEMPO/NMI. Conversions and yields were determined by 1H NMR 
using TMB as internal standard (yield of 102f was confirmed by HPLC analysis). 

Additional lignin model compounds 

Despite the gathered information so far, the reaction pathway for the cleavage 

of β-O-4 lignin model compounds 101a–c delivering aromatic aldehydes was 

still unclear. While both single-electron transfer[153] and base-catalyzed retro-

aldol[158] routes have been previously proposed in conjunction with other 

Cu/TEMPO-based systems, one cannot rule out the possibility of a retro-

Claisen rearrangement[169] that could take place with a 3-hydroxy-1-propanal 

adduct such as the primary alcohol oxidation product of 101a. However, the 

rearrangement would cause loss of aromaticity on the left aromatic ring. To 

overcome such a high energy barrier, significantly elevated temperatures are 

most likely needed. Nevertheless, considering all these three mechanistic pic-

tures, model compounds 101g–i (Table 14) were chosen for the study. 

Substrates 101g and 101h represent singly OH-masked β-O-4 model com-

pounds. Once oxidized, neither of them is susceptible towards retro-aldol, 

however, SET could take place for both. In contrast, a retro-Claisen would be 

possible only with α-methoxy substituted model 101g, since the 𝛾-aldehyde is 

necessary for the electron pull-effect needed for simultaneous Cα–Cβ bond 

cleavage and attack of the carbonyl oxygen to the aryl ring.  

Investigation began with substrate 101g by subjecting it to the standard oxida-

tion conditions. As a result, 101g underwent almost full conversion affording 

mostly aldehyde 110 (48%) that seemingly reacted further to provide enal 111 

(4%) and a phenoxyacetate derivative 112 (7%) (Table 14, entry 1). The former 

is simply an elimination product, and the latter one can be rationalized, too. 

Having noted earlier that carbonyl compounds with an adjacent hydrogen may 

undergo copper-catalyzed C–H oxidation, then homolytic O–O scission fol-

lowed by rapid cleavage of the activated C–C bond, compound 112 is possibly 

formed through this route from aldehyde 110 (see Scheme 64). Interestingly, 

methyl ester 113 and aryl aldehyde 102a were also delivered. Ester 113 may 

seem the odd one out, but in fact, its formation could be rationalized exactly as 
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above. Since we have another carbonyl compound, acetate 112, with vicinal 

C=O and C–H bond, a benzylic Cα–H oxidation of 112 followed by Cα–Cβ 

cleavage and rapid oxidation of the resulting radical would lead to 113 (once 

again a sequence similar to that in Scheme 64). Finally, aldehyde 102a de-

serves a comment, too. Since enal 111 is a Michael acceptor and the reaction 

medium contains water as oxidation side product, 1,4-addition of H2O to enal 

111 would from a sensitive intermediate susceptible to a retro-aldol (or retro-

Claisen rearrangement) reaction to deliver aldehyde 102a. All new oxidation 

products were identified after flash chromatographic isolations and their 

structure was confirmed by full spectroscopic data. 

Table 14. Additional β-O-4 model compounds to study the mechanism of the oxidation-cleavage 
pathway, which delivers aromatic aldehyde as the major product.a 

 
 

Entry Substrate Products and Yields 

1 

 

 

 

2 

  

3 

  

a Conditions: 0.2 mmol of substrate, MeCN (0.1 M), O2 (balloon), 80 °C for 20 h, Cu cat. = CuCl/NaBF4/BiPy/TEMPO/NMI. 

Conversions and yields were determined by 1H NMR using TMB as internal standard. b Traces (< 1%) of benzoic acid 102f 

were observed by HPLC. c Reaction in CD3CN due to the volatility of 115. 

 

Next, 𝛾-methoxy model 101h was investigated. This time only one major 

product was formed since the free secondary alcohol was almost quantitatively 

transformed to ketone 114 with only trace amounts of acid 102f (Table 14, 

entry 2). Over oxidation seems to be avoided due to steric reasons. In compari-

son to ketone 101f (Scheme 65), ketone 114 has the methoxy group instead of 

free OH thus leaving Cβ–H bond even more hindered for oxygenation. Inter-

estingly, no aldehyde products were formed, pointing out that a free, oxidiza-

ble primary alcohol group is likely required for the delivery of aryl aldehydes 
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such as 102a. Moreover, since ketone 101f did not afford aldehydes despite 

bearing a primary 𝛾-OH group, the initial presence of both alcohol groups 

seems relevant. Therefore, this hypothesis is in agreement with a retro-aldol 

(and retro-Claisen) pathway but does not support a SET-based fragmentation. 

For further elucidation, yet to be studied was substrate 101i bearing a satu-

rated cyclohexyl ring instead of the left aromatic one (Table 14, entry 3). Inter-

estingly, the reaction outcome was similar to the aromatic analogues 101a–c 

(Table 12) delivering cyclohexylcarbaldehyde 115 as the major product with 

28% yield, which is almost equal to the yields for 102a–c. Since 115 is a vola-

tile oil, the reaction was performed in CD3CN to avoid the evaporation step 

before NMR analysis. Considering the possible pathway from 101i to 115, two 

important points can be made: Saturation certainly disfavors any radical cati-

on formation at the ring, which would induce the Cα–Cβ bond scission in a 

SET-process.[152,153,170] Moreover, a retro-Claisen path is also not possible any-

more due to lack of conjugation. Hence, it is reasonable to assume that 115 

forms solely via retro-aldol route. Considering the fact that substrates 101a–c 

and 101i deviate only from the left cyclic hydrocarbon moiety and furnish sim-

ilar product distribution with nearly equal aldehyde quantities, a uniform de-

polymerization route seems reasonable. 

It was now time to turn to the suspected retro-aldol cleavage of lignin-

mimicking β-O-4 systems such as diol 101a. It is worth mentioning that traces 

of primary alcohol oxidation product 117 were detected when the reaction of 

101a was carried out at ambient temperature, but not at elevated tempera-

tures. Since the retro-aldol step herein is assumed to be faster than the alcohol 

oxidation step, the absence of aldehyde 117 in NMR spectrum is expected. 

Capturing the intermediate aldehyde did not seem to be an easy task under 

these reaction conditions, thus another way to prepare 117 under mild condi-

tions was needed. A literature survey prompted to test the well-known TEM-

PO/bleach method (Anelli oxidation), which proceeds at pH 8–9 and 0°C.[171] 

Gratifyingly, adopting this methodology for the oxidation of 101a delivered 

aldehyde 117 as the major product without any significant retro-aldol reaction 

(<1% of 102a detected in the crude) (Scheme 66, first step). As expected, ini-

tial trial to purify the aldehyde on SiO2 resulted in degradation of the sensitive 

compound. Furthermore, even neutral aluminum oxide was not suitable as a 

sample of crude aldehyde 117 did again not survive the column chromatog-

raphy. This finding was rather surprising and suggests that both Brønsted and 

Lewis-acid catalysis can degrade 117. Hence, another mild purification method 

was required.  

The electron-push from the secondary α-alcohol would become meaningless 

if the 𝛾-carbonyl acceptor would react with an external donor. Considering this 

advantage, a nucleophilic bisulfite work-up classically used to remove or iso-

late aldehydes appeared a potential solution. The bisulfite addition indeed 

worked as pure bisulfite adduct 118 was collected by filtration. The last chal-

lenge was to remove the sulfonate group without destroying the resulting al-

dehyde. First attempt with standard sodium carbonate was disappointing 

since this resulted in retro-aldol along with other unidentified reactions to 
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afford 118 only as a minor product. Fortunately, the less basic sodium bicar-

bonate liberated the aldehyde 118 in excellent purity. The elimination deliv-

ered almost pure erythro isomer 117 (dr 20:1) which confirmed, together with 

recorded NMR spectra after each step, that the minor diastereomer (threo) 

was much less reactive in the bisulfite addition step.  

 

 

Scheme 66. Preparation of suspected intermediate 117. 

Adressing the possible retro-aldol reaction 

Next, it was time to identify the components responsible for the retro-aldol 

reaction. In order to do so, a series of experiments with selected catalyst com-

ponents was performed. Starting with copper(I)chloride alone, for each subse-

quent experiment was added the next catalyst component eventually ending 

up to the standard catalyst system (Table 15). The effect of temperature was 

also considered.  

First, reactions at ambient temperature employing 10 mol% of CuCl and 

CuCl/NaBF4 did no exhibit any reactivity on the Cα–Cβ bond (Table 15, en-

tries 1 and 3). However, both catalyst systems showed high reactivity at 80 °C 

(Table 15, entries 2 and 4). Interestingly, when combined with bipyridine, 

some retro-aldol reaction occurred already at ambient temperature (Table 15, 

entry 5). Since a control reaction with just bipyridine (Table 15, entry 10) 

showed unsubstantial reaction, ligation of bipyridine to copper seems to en-

hance the coordination of Cu to the carbonyl group helping even weak bases 

(such as bipyridine itself) to deprotonate the secondary alcohol. Once conduct-

ed at 80 °C, the ternary catalyst system CuCl/NaBF4/BiPy afforded 102a 

quantitatively alongside with 66% of 104a (Table 15, entry 6). As expected, 

combination with NMI led to similar outcome, however with somewhat lower 

yield of 104a (Table 15, entry 7). Finally, subjecting aldehyde 117 to the stand-

ard oxidation conditions with all the catalyst components under O2 atmos-

phere, full conversion was again obtained delivering 92% of aldehyde 102a 

and 33% of formate 104a (Table 15, entry 8).  

A blank reaction at 80 °C helped to rule out solely thermally induced retro-

aldol. Moreover, as control experiments with bipyridine or NMI alone showed 

no reactivity even at 80 °C (Table 15, entries 10 and 11), copper clearly plays a 

key role in the retro-aldol reaction. Most likely as a Lewis-acid, copper acti-

vates the carbonyl group for sufficient push-pull effect thus triggering the ret-

ro-aldol reaction. Considering the standard catalyst system as a whole, the fact 

that the amount of 104a decreased after the additions of NMI (entry 7) and 

TEMPO+O2 (entry 8) suggests that further oxidation and/or hydrolysis of the 

formate likely play a role. 
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Table 15. Studying the effect of catalyst components for the retro-aldol reaction of 117.a 

 
Entry CuCl NaBF4 BiPy NMI TEMPO 102a (%) 104a (%) 

1b ■ 
    

4 2 

2 ■     87 61 

3b ■ ■ 
   

3 2 

4 ■ ■ 
   

82 65 

5b ■ ■ ■ 
  

33 22 

6 ■ ■ ■ 
  

99 66 

7 ■ ■ ■ ■ 
 

97 53 

8c ■ ■ ■ ■ ■ 92 33 

9      3 1 

10 

  
■ 

  
2 - 

11 

   
■ 

 
1 - 

a Yields were determined by 1H NMR using TMB as internal standard. Reactions under air (sealed vial). b At rt. 
c Under O2 (balloon). Entries 2 and 8: 0.03 mmol of 117; entries 1,3–7: 0.023 mmol of 117; entries 9–11: 0.01 

mmol scale.  

After the effect of each catalyst component for the retro-aldol step was investi-

gated, it was time to rationalize the overall route to formate 104a. Logically, it 

must originate from aryloxy acetaldehyde 105 (or its enol equivalent) which 

should result from the retro-aldol cleavage. In fact, traces of 105 was observed 

during the oxidation of 101a (Figure 14). This was confirmed by subjecting the 

model compound 105 to the standard oxidation conditions (Scheme 67). As a 

result, complete conversion occurred and formate 104a was indeed obtained 

as the major product (60%). The yield is higher than in the entry with 117 

(Table 15, entry 8), which suggests that the presence of alcohols or fragmenta-

tion products seem to participate in the further conversion of 104a (such as 

formyl transfer depicted in Scheme 60). The only minor product detected and 

isolated was the TEMPO-adduct 106. The same compound was also detected 

in small quantities as one among the oxidation products from the experiments 

with 101a–c and 101i as well as after retro-aldol reaction of 117 (Table 15, 

entry 8). Hence, the radical intermediate trapped by TEMPO supports again a 

fragmentation route similar to the one proposed earlier for ketone I analogues 

(Scheme 64). This time the byproduct should be formic acid. A control reac-

tion with volatile HCO2H was carried in CD3CN to directly analyze the reaction 

by 1H NMR. Full conversion was reached within 20 h. Most likely formic acid 

oxidized rapidly to carbon dioxide. Similar observations have been made un-

der aerobic Cu(OAc)2/Phen and CuCl/TEMPO/2,6-lutidine systems.[135,166] 
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Scheme 67. Conditions: aldehyde 105 (0.2 mmol), MeCN (0.1 M), O2 (balloon), 80 °C, 20 h, Cu 

cat. = CuCl/NaBF4/BiPy/TEMPO/NMI. Quantifications are based on 1H NMR analysis using 
TMB as internal standard. 

Having established the reactivity of all the relevant model compounds during 

this study, simplified routes of the Cα–Cβ cleavage pathways can be now pro-

posed. Under the standard oxidation conditions developed with the  

CuCl/NaBF4/BiPy/TEMPO/NMI system, lignin β-O-4 diol model compounds 

101a–c most likely undergo primary alcohol oxidation followed by a rapid 

retro-aldol Cα–Cβ cleavage (Scheme 68, top). This cascade process delivers 

aldehydes 102a–c without overoxidation to the corresponding carboxylic ac-

ids. The key component for the retro-aldol step is Lewis-acidic cop-

per(I)chloride which activates the 𝛾-carbonyl transforming it into a better ac-

ceptor for the electron push from α-OH oxygen.  

In the case of simpler β-O-4 compounds 101d and 101e, the absence of β-

methyl alcohol changes the oxidation-cleavage pathway. As a result of benzylic 

secondary alcohol oxidation, the Cβ–H bond is now activated and prone to 

oxidation which in turn activates the Cα–Cβ bond for oxidative cleavage. This 

leads to formate 104a and an unstable aryl carbonyl radical that quickly oxi-

dizes to carboxylic acids 102d,e (Scheme 68, bottom).  
 

 

Scheme 68. Suggested reaction pathways for the one-pot alcohol oxidation to cleavage of Cα–
Cβ bond delivering aromatic aldehydes 102a–c or acids 102d,e as the major products. 

6.2.3 Conclusions 

To summarize, a selective Cu/TEMPO-based catalyst system was developed 

for aerobic alcohol oxidations and activated C–C bond cleavages reaction of β-

O-4 lignin model compounds (Scheme 68). This practical and catalytically 

active Cu/TEMPO-system based on inexpensive salt additive (NaBF4) and 

copper source (CuCl) offers a viable alternative to the previously described 

methods relying on ready-made CuI-complexes such as [Cu(MeCN)4]OTf. 
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In particular, the study showed that chemoselective primary alcohol oxida-

tion of β-O-4 lignin model systems is followed by rapid retro-aldol Cα–Cβ 

cleavage. Notably, in this cascade process, both steps are catalyzed by copper. 

Thus, instead of employing bases or acids, a suitable Lewis-acidic catalyst 

(here: CuCl) can effectively mediate retro-aldol reactions of intermediate 𝛾-

aldehydes delivering aromatic aldehydes and phenoxy derivatives with excel-

lent selectivity. The remaining challenge to develop a working catalyst system 

that provides efficient deconstruction of lignin to selectively afford monomeric 

aromatic compounds is tackled in the next section. 

6.3  Method II 

Despite the high selectivity of primary over secondary alcohol oxidation and 

the excellent efficiency of the retro-aldol step, the yields obtained for the cas-

cade product aldehydes were relatively low when considering the spent cata-

lyst (10–20 mol%). In addition to the humble catalyst turnover, another down-

side is the use of acetonitrile near its boiling point under oxygen atmosphere: 

On large scale this is a safety risk due to highly flammable conditions.[4] For an 

industrially favourable process concept when operated under oxygen rich at-

mosphere, the choice of a high flash point solvent is an important task.[4] 

Moreover, the lignin polymer has limited solubility in conventional reaction 

solvents and tend to favour medium-polar to polar solvents typically miscible 

with water.[172] It was realized that hardwood lignin could be readily isolated 

from Finnish birch (Betula pubescens)  and was thus selected for initial solu-

bility tests.[173] Although acetonitrile has been used as a solvent for organosolv 

beech wood lignin,[138] it turned out as a poor solvent for dioxasolv birch lignin 

(DBL) and thus needed to be replaced for this reason as well.  

Working forward with these concepts in mind, the aim was to develop a new 

aerobic copper-catalyzed reaction system that provides efficient and selective 

deconstruction of lignin polymer into simple value-added aromatic com-

pounds in a sustainable fashion. As demonstrated in the previous chapter, tar-

geted primary alcohol oxidation followed by a Lewis-acid induced retro-aldol 

reaction could provide a route to aromatic aldehydes, while a benzylic alcohol 

oxidation and a subsequent oxidative cleavage can lead to aromatic acids 

(Scheme 69). 
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Scheme 69. Lignin alcohol oxidations providing potential routes to aromatic acids and alde-
hydes. 

Given the chemical structure of native lignin polymer, both nonpolar moieties 

such as methoxylated aromatic rings and ether linkages as well as polar func-

tionalities like hydroxyl groups are present (Scheme 69). Several polar organic 

solvents miscible with water, such as (Me)THF, acetone and ethanol have 

shown good solubility for lignin.[172] However, all of these suffer from low boil-

ing and flash points. Another good solvent for lignin appears DMF 

(Figure 15).[143,157] Yet, it is moderately toxic, has a modest flash point of 58 °C 

and can hydrolyze at elevated temperatures in the presence of bases or acids.[4]  

Dimethyl sulfoxide(-d6) is a low-toxic standard NMR solvent for lignin sam-

ples and has found use in aerobic copper-mediated oxidations as well 

(Figure 15).[8] DMSO dissolves 4 times less oxygen at room temperature com-

pared to MeCN,[174] which likely affects the reaction kinetics, together with 

solvent effects. On the other hand, the oxidation rate could increase at elevated 

temperatures. In fact, this trend was observed in the previous chapter, where 

oxidation of sterically hindered 𝛾-alcohol 101a was more favoured at elevated 

temperatures. This is likely associated with the overall sterics between the li-

gated copper-TEMPO catalyst and the 𝛾-alcohol in addition to competing che-

lation to the benzylic α-alcohol.  

DMSO has a relatively high flash point (95 °C), but in order to perform large-

scale aerobic oxidation safely in standard manufacturing equipment the reac-

tion temperature should be below the flash point.[4] This would not allow an 

increase of the temperature far above 80 °C. Thus, higher boiling polar sol-

vents such as propylene carbonate (PC) (bp = 240 °C, fp = 132 °C)[175] appear 
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more attractive for such purpose (Figure 15). However, PC is only moderately 

water miscible, which means that removal of PC requires either high tempera-

ture vacuum distillation or excessive water washings. This would be a down-

side in terms of practical and cost-efficient separation of simple aromatic 

products from the reaction medium.  

 

 

Figure 15. Potential solvents considered. 

Considering all these limitations, the idea was to rely on a reaction medium 

that would offer high catalytic performance, excellent lignin solubility and 

great potential for safe and practical larger scale processing. Extensive litera-

ture research turned my attention towards a less common solvent: Sulfolane 

(Figure 15).[176] This solvent is very distinctive from others. It has exceptionally 

high values for boiling point (287 °C), flash point (177 °C) and dipole moment 

(μ = 4.7 debye). It is also very stable at elevated temperatures under air (the 

rate of decomposition at 200 °C is 0.009%/h). Moreover, it tolerates the pres-

ence of strong acids and bases. With its two oxygen atoms in the sulfone 

group, sulfolane generally dissolves cations very well and thereby making ani-

ons more reactive. Sulfolane is more toxic than DMSO, but it has extremely 

low skin-penetration making it far less dangerous. It has found applications in 

various type of organic reactions such as halo exchanges, oxidations, nitrations 

and rearrangements including various acid- and base-catalyzed reactions at 

elevated temperatures.[176] Sheldon was probably the first one to report its po-

tential also in aerobic Cu/TEMPO-catalyzed alcohol oxidations.[25] 

A minor drawback of sulfolane from a practical point of view is the melting 

point that is slightly above room temperature (28 °C). On the other hand, sul-

folane containing 3 vol% water has a melting point of 10 °C and is also com-

mercially available. In addition, stock solutions of other compounds, such as 

metal salts or organic molecules in sulfolane, are typically liquid at room tem-

perature depending on their concentration. This makes the use of stock solu-

tions convenient.  

Before choosing an appropriate solvent (for any experiment), planning the 

work-up deserves special attention, too. Sulfolane is completely miscible with 

water and all polar organic solvents. In contrast, like all other dipolar aprotic 

solvents, it is not soluble with alkanes such as hexanes and heptanes. However, 

there is one interesting and highly beneficial exception: Sulfolane is not misci-

ble with tert-butyl methyl ether (MTBE). This is a great advantage when de-

sired products are soluble in MTBE but not in sulfolane or its aqueous solu-

tions. In case the desired product is water miscible, MTBE soluble impurities 

can be extracted to organic phase.[176]  

Having considered the points given above, the ability of sulfolane to dissolve 

dioxasolv birch lignin (DBL) was examined. Gratifyingly, more than 

29 mg/mL were dissolved quickly already at 30 °C, and the solubility can be 
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expected to increase upon heating. For comparison, acetonitrile dissolves only 

marginal amount of DBL (Figure 16). Before moving to actual lignin samples, 

catalyst system development was carried out with lignin model compound 

101a.  

 

 

Figure 16. Lignin dissolution after 10 min stirring at 30 °C. Left: DBL (25 mg) in MeCN (2 mL). 
Right: DBL (50 mg) in sulfolane (1.7 mL). 

6.3.1 Catalyst system development 

The initial catalyst system was built on the previously optimized system (Chap-

ter 6.2), by simply replacing acetonitrile with sulfolane. As a result, the oxida-

tion reaction delivered aldehyde 102a as the major product (15%) with 32% 

conversion of 101a (Table 16, entry 1). The obtained values are only about half 

of the ones obtained in MeCN (Chapter 6.2.1, Table 10, entry 11). It was ration-

alized that the copper counter anion exchange from Cl- to BF4
- is likely ineffi-

cient here resulting in undesirable equilibrium as any formed NaCl remain 

dissolved in sulfolane and can thus exchange the chloride back to form L/CuCl 

instead of L/Cu(BF4) species. A quick test confirmed that portions of NaCl dis-

solve rapidly in sulfolane. 

As an alternative to anion exchange strategy, copper salt bearing a relatively 

large counter ion seemed to be the most promising choice (according to previ-

ous results). However, ready-made complexes such as [Cu(MeCN)4]BF4 are 

high-priced and hence not a process-friendly option in larger scale. Thus, cop-

per iodide was chosen for the next CuI source to be studied. The reaction in-

deed performed better delivering 26% of aldehyde 102a with 51% conversion 

(Table 16, entry 2). Switching to DMSO resulted in 58% conversion, but the 

formation of 102a decreased to 18% yield (Table 16, entry 3). This encouraged 

to continue the catalyst development with sulfolane as the solvent.  

Next, the effect of temperature to the reaction outcome was studied. The oxi-

dation was run at 125 °C, which is still about 50 °C less than the flash point of 

sulfolane. Gratifyingly, with 69% conversion of 101a the yield of aldehyde 

102a increased to 32% (Table 16, entry 4). This time also carboxylic acid 102f 

was formed with 8% yield.  
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Table 16. Screening of Cu salt and basic additives for the Cu/TEMPO-catalyzed one-pot aerobic 
oxidation-cleavage of lignin model compound 101a performed in sulfolane.a 

 
     

Products and 
Yields (%)b  

Entry Cu source Base additive (mol%) Temp. (°C) Conv. (%) 102a 102f  

1c CuCl NMI (10) 80 32 15 -  

2 CuI NMI (10) 80 51 26 -  

3d CuI NMI (10) 80 58 18 -  

4 CuI NMI (10) 125 69 32 8  

5 Cu(NO3)2·3H2O NMI (10) 125 73 27 8  

6 Cu(NO3)2·3H2O NMI (10), DBU (10) 125 79 30 11  

7 Cu(NO3)2·3H2O NMI (10), DMAP (10) 125 75 35 11  

8 Cu(NO3)2·3H2O DMAP (10) 125 76 30 8  

9 Cu(NO3)2·3H2O NMI (10), DMAP (25) 125 70 20 11  

10e Cu(NO3)2·3H2O NMI (10), DMAP (25) 125 76 9 20  

11 Cu(NO3)2·3H2O NMI (10), DMAP (1) 125 79 35 10  

12 Cu(NO3)2·3H2O NMI (10), DMAP (1) 140 99 24 16  

13f Cu(NO3)2·3H2O NMI (10), DMAP (1) 125 50 6 14  

aAlcohol 101a (0.1 mmol), solvent (1 mL). b Determined by quantitative 1H NMR using internal standard (TMB). c With 

10 mol% of NaBF4. d Solvent = DMSO-d6. e Without BiPy.  f Without TEMPO. Occasionally small amounts of phenol 104b 

was also observed. 

 

Another low-priced copper source, Cu(NO3)2·3H2O, representing a CuII salt 

was also tested. Here, the conversion increased to 73%, but less aldehyde 102a 

was formed while acid 102f was obtained again in 8% quantity (Table 16, en-

try 5). Since CuII salts typically require a base stronger than NMI 

(pKaH = 7.4 in H2O) for the oxidation step of an aliphatic primary alcohol,[26] 

DBU (pKaH = 13.5 in H2O) was added as a second base. This led to slightly 

higher reactivity by giving 3% more of both, aldehyde 102a and acid 102f 

(Table 16, entry 6). Switching DBU to less basic DMAP (pKaH = 9.6 in H2O) 

turned out to be even more productive (Table 16, entry 7). This observation is 

consistent with the earlier results where addition of DBU as an extra base to-

gether with NMI had a negative effect to the aldehyde selectivity (Chap-

ter 6.2.1, Table 10, entry 18). Compared to DMAP, the lower selectivity towards 

aldehyde 102a and acid 102f implies that DBU as a stronger base plays some 

part for side reactions. Next, to see if NMI has a role in this system, it was 

omitted from the subsequent experiment (Table 16, entry 8). Yields of alde-
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hyde 102a and acid 102f dropped somewhat so NMI has a beneficial effect, 

most likely as a co-ligand.[26,27,29] 

Therefore, NMI and DMAP were used in combination for further experi-

ments. To evaluate if the latter has other than catalytic relevance, for example, 

significant interaction with reaction intermediates or final products, the 

amount of DMAP was increased to 25 mol%. This gave considerably less alde-

hyde 102a while the yield of acid 102f remained the same (Table 16, entry 9 

vs entry 7). Besides being a moderately strong nitrogen base, DMAP can act as 

a monodentate ligand to copper and thus compete with BiPy and NMI. When 

we look back to the postulated mechanisms of Cu/TEMPO-catalyzed alcohol 

oxidations (Chapter 2.2.3, e.g. Scheme 13 and Scheme 17)[27,29,43] there are sev-

eral steps, which a coordinated DMAP may inhibit. Moreover, like any other 

ligand, excess DMAP can fill the coordination sphere of Cu and possibly render 

those Cu species inactive. This type of inhibition has been realized before with 

excessive BiPy.[26]  

The ligand effect was further tested by completely replacing BiPy (Table 16, 

entry 10). Interestingly, only 9% of aldehyde 102a was formed while the quan-

tity of acid 102f was now increased to 20%. This shows a clear impact of the 

ligand on the selectivity between these two products. However, the combined 

yield of 102a and 102f was still much lower than that obtained with equal 

amounts of NMI and DBU (Table 16, entry 6), encouraging to continue with 

bipyridine as the primary ligand. As excessive amount of DMAP (25 mol%; 

2.5 equiv. to Cu) had a negative impact, the loading of DMAP was decreased to 

1 mol% to see if a stoichiometric amount with copper is relevant. Surprisingly, 

similar results were obtained whether 10 mol% or 1 mol% of DMAP was used 

(Table 16, entries 11 and 7). As proposed earlier, the base may help to reduce 

CuII to CuI.  

Next, to adjust an optimal temperature, an experiment was performed at 

140 °C (Table 16, entry 12). This led to full conversion of 101a, but the yield of 

aldehyde 102a dropped from 35% to 24%, while acid 102f was formed now in 

16% yield (Table 16, entry 12 vs entry 11). Thus, the combined yield was actual-

ly lower (40%) compared to the reaction at 125 °C (45%). Finally, the im-

portance of TEMPO was studied by omitting it (Table 16, entry 13). The ab-

sence of nitroxyl radical as a co-oxidant had a clear negative effect delivering 

only 6% of aldehyde 102a albeit acid 102f was still obtained with 14% yield. 

As copper-catalyzed alcohol oxidations typically require nitroxyl species for 

the H-abstraction during the alcohol oxidation step, aldehyde 102a may here 

arise through an alternative pathway to the presumed primary alcohol oxida-

tion induced retro-aldol Cα–Cβ cleavage. Anyway, before going to mechanistic 

details of the catalytic cleavage delivering aldehyde 102a and acid 102f, fur-

ther optimization of the catalyst system was an ongoing task. 

Further optimization 

After establishing the catalyst system with optimal components and tempera-

ture, other reaction parameters such as concentration, time and catalyst load-

ing were still essential to study. First, the concentration of the substrate was 

adjusted with the reaction time (Table 17, entries 1–4). Full conversion was 
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reached when the reaction was run for 40 h and optimal concentrationturned 

out to be 0.1 M (Table 17, entry 3). Moving on with these adjustments, optimal 

amounts of TEMPO and ligated copper species were screened next (Table 17, 

entries 5–8). It turned out that increasing TEMPO loading resulted in higher 

yields of aldehyde 102a (Table 17, entries 5 and 6). This observation would 

support the role of TEMPO for primary alcohol 101a oxidation followed by a 

rapid retro-aldol reaction leading to 102a.  

Next, by decreasing the amount of copper together with its ligands to 

5 mol%, the outcome was actually similar to the experiment with 10 mol% 

loading of Cu/TEMPO (Table 17, entries 7 and 3). However, lower amounts of 

TEMPO (5 mol%) caused a significant drop to aldehyde 102a yield while full 

conversion was still reached and a bit less acid 102f was formed (Table 17, 

entry 8). Adjusting the reaction time to 30 and 20 h with 5/10 mol% 

Cu/TEMPO loading revealed that there is still about 40% starting material left 

after 20 h and that the reaction seems to be complete after around 30 h 

(Table 17, entries 9 and 10). A reaction performed in 1 mmol scale led to isola-

tion of aldehyde 102a in 40% yield and acid 102f in 13% yield (Table 17, en-

try 9).  

Table 17. Optimization of the Cu/TEMPO catalyst system in sulfolane using model compound 
101a.a 

 
      Products and Yields (%)b 

Entry 
Molarity 

(M) 
CuX/L2

c 

(mol%)  

TEMPO 
(mol%) 

Time (h) Conv. (%) 102a 102f 104b 

1d 0.1 10 10 20 79 35 10 2 

2 0.05 10 10 20 62 25 7 2 

3 0.1 10 10 40 >99 42 14 22 

4 0.2 10 10 40 93 39 16 3 

5 0.1 10 15 40 91 44 14 2 

6 0.1 10 20 40 89 49 13 4 

7 0.1 5 10 40 >99 43 15 8 

8 0.1 5 5 40 >99 28 11 22 

9 0.1 5 10 30 >99 45 (40)e 14 (13)e 7 

10 0.1 5 10 20 58 34 10 2 

11f 0.1 5 10 20 44 25 2 20 

12 0.1 1 2 30 98 18 10 29 

a Alcohol 101a (0.1 mmol), solvent (1 mL).b Determined by quantitative 1H NMR using internal standard (TMB). 

c CuX/L2
 = Cu(NO3)2·3H2O/BiPy/NMI. d Entry 11 from Table 16. e Isolated yields, 1 mmol scale. f Under air (balloon). 
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As expected, a reaction under air turned out to be slower than with pure O2. 

Interestingly, an experiment utilizing less catalyst was rather unselective 

providing almost full conversion, but lower yields of 102a and 102f (Table 17, 

entries 11 and 12).  

The amount of phenol 104b varied quite surprisingly among the experi-

ments. However, there seemed to be a trend for this behaviour. Yield of phenol 

104b is generally greater when copper loading is lower (Table 17, en-

tries 8 and 12). More phenol 104b is also detected when air was used instead 

of pure oxygen (Table 17, entry 12). However, entries 3, 7, 9 and 10 does not 

correlate with the copper loading argument. Therefore, it is possible that even 

the slightest differences in the systems are crucial to the fate of sensitive phe-

nol 104b. This compound has been generally found unstable in various transi-

tion-metal catalyzed lignin model compound manipulations.[13] 

Control reactions 

With an optimal catalyst system in hand (Table 17, entry 9), it was now time to 

carry out a few control reactions (Table 18). It was realized earlier that the ab-

sence of TEMPO resulted in only marginal delivery of aldehyde 102a 

(Table 16, entry 13). Similarly, the importance of copper was studied next by 

omitting it from the system. No products could be detected and consumption 

of 101a was low (Table 18, entry 1). Next, as lignin samples may contain sugar 

impurities such as residual lignin-carbohydrate moieties, the effect of glucose 

to the reaction outcome was examined. Adding 10 mol% of glucose resulted 

still in full conversion of 101a, but decrease in the delivery of monomers 102a 

and 102f was realized while phenol 104b was obtained as before (Table 18, 

entry 2). The chelating effect of glucose likely inhibits the copper species re-

sponsible for the delivery of aldehyde 102a and acid 102f.  

Table 18. Control reactions with model compound 101a.a 

 

   Products and Yields (%)b 

Entry Notes Conv. (%) 102a 102f 104b 

1 No Copper 20 - - - 

2 Glucose (10 mol%) >99 24 8 26 

3 no catalyst, under O2 >99 10 4 40 

4b no catalyst, under Ar 9 - - 9 

a Alcohol 101a (0.1 mmol), solvent (1 mL).b Determined by quantitative 1H NMR using internal standard (TMB). b Bubbled 

first with Ar to exclude air. 
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Finally, control reactions without catalyst were performed both under oxygen 

and inert atmosphere. Surprisingly, once the catalyst was omitted, complete 

consumption of 101a was still reached (Table 18, entry 3). The major product 

was now phenol 104b with 40% yield while some aldehyde 102a and acid 

102f were also formed. Experiments under argon, however, barely converted 

any 101a and only phenol 104b was observed (Table 18, entry 4). Although 

the reaction mixture was saturated for 10 min with argon before heating was 

started, it is likely that some oxygen molecules were still left in the solution 

and are responsible to this trivial conversion. Thus, the possibility that sul-

folane would (significantly) drive the reaction alone without O2 can be quite 

safely ruled out.  

Phenolic model compound 

Now that the effect of each catalyst component has been investigated with 

non-phenolic lignin model compound 101a, moving on with the optimal reac-

tion system it was time to test it with a phenolic model compound 119. As 

breaking down the β-O-4 lignin linkage involves here cleavage of both Cα–Cβ 

and Cβ–O bonds, compound 119 mimics the phenolic fragments, which would 

originate from actual lignin polymer (Figure 13). Moreover, phenolic end 

groups are also found from native lignin.[12] First, oxidation under the condi-

tions optimized with model 101a was quenched after 20 h, worked-up as be-

fore and analyzed by quantitative 1H NMR. Gratifyingly, full conversion was 

reached, but this time the major product was phenol 104b before aldehyde 

120a and the corresponding acid 120b (Table 19, entry 1). This time also ke-

tone 121 was detected. Previously, oxidation of 101a showed only traces of the 

ketone product 101f. A second experiment was quenched after 30 h to see if 

the obtained products are stable under the reaction conditions. Yields re-

mained similar indicating that the products are stable at least once full conver-

sion of 119 is reached (Table 19, entry 2).  

Table 19. Reactions with erythro-119.a 

 
   Products and Yields (%)b 

Entry Notes Conv. (%) 120a 120b 104b 121 

1 - >99 14 7 30 8 

2 30 h >99 16 9 30 6 

3 no catalyst >99 5 1 37 5 

4c no catalyst, under Ar 53 - - 6 5 

a Alcohol 101a (0.1 mmol), solvent (1 mL).b Determined by quantitative 1H NMR using internal standard (TMB). c Bubbled 

first with Ar to exclude air. 
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Next, similar control reactions as for 101a were studied now with phenolic 

model compound 119. The outcome under oxygen without catalyst reminded 

of the case with 101a in Table 18, entry 3. Again, the predominant monomer 

was the Cβ–O cleavage product 104b while others formed only little to trace 

amount (Table 19, entry 3). Finally, another control reaction under argon af-

forded only a few percent of 104b but also small amounts of ketone 121 was 

formed Table 19, entry 4. About half of substrate 119 was consumed, but the 

rest of the products could not be resolved. Again, residual oxygen in the reac-

tion mixture may have triggered the conversion of 119, but also thermal deg-

radation could be possible due to such a high consumption of 119. Sulfolane 

may also play a crucial role here although this possibility was not further stud-

ied employing other solvents or neat conditions at this point. 

6.3.2 Reaction profiles 

Once the oxidation products arising from two general types of β-O-4 lignin 

model compounds 101a and 119 were identified, the focus was turned to reac-

tion profiles. Additionally, the reactivity of the two diastereomers, erythro 

(anti) and threo (syn), were investigated. The motivation for this study comes 

from native lignin itself as both diastereomers are present in the natural poly-

mer. As stated before, during the biosynthesis of lignin, β-guaiacyl ethers units 

form in roughly equal portions of erythro- and threo-isomers whereas β-

syringyl ethers are made up of approximately 3:1 erythro/threo.[117] This 

means that hardwood lignins typically consist of mainly erythro-isomers, 

whereas softwood lignins are more equally populated by the two diastereomer-

ic units. 

HPLC monitoring turned out to be a practical and reliable method to record 

the reaction profiles. Once the optimal method was developed using a reverse 

phase system, all significant peaks could be addressed for each previously 

identified product. Samples were based on precise aliquots, to which, after 

quench, was added (4-ethoxy-3-methoxyphenyl)methanol as internal stand-

ard. Quantifications were made according to the determined response factors. 

Reaction profile for erythro-101a was recorded first. Interestingly, the reac-

tion was initially very fast reaching 68% conversion of erythro-101a and 46% 

yield of aldehyde 102a already in 4 h (Figure 17). Despite such a high initial 

reaction rate, the conversion of erythro-101a was not complete until 30 h, 

giving aldehyde 102a and acid 102f in a high combined yield (70%). 

This leads to the assumption of a catalyst inhibition period, which takes 

place approximately between 2 and 8 h reaction time. Interestingly, the oxida-

tion faces some kind of turning point at 8 h reaction time since conversion rate 

increased again after this time. At the same time the delivery of aldehyde 102a 

increased and also phenol 104b started to survive after almost complete dis-

appearance at 8 h monitoring point. In contrast, the acid product 102f was 

formed quite linearly during the whole course. The slight drop in aldehyde 

102a quantity after 4 h reaction time suggested that it may react further to 

give the corresponding acid 102f, which will be studied later. 
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Figure 17. Reaction profile of erythro-101a. Aryl formate 104a was formed in 15% yield after 2 h 
(analyzed by NMR from re-produced oxidation).   

The sudden change in the reaction behaviour observed after 8 h is likely due to 

change in the environment of copper species (Figure 17). For instance, both 

carboxylic acid 102f and phenol 104b can easily chelate or coordinate to Cu 

thereby potentially affecting its behaviour. For example, Sedai and Baker 

found a Cu-phenolate complex ([Cu(2-methoxyphenol)]+ using ESI/MS during 

their stoichiometric CuCl/TEMPO/2,6-lutidine-induced oxidative cleavage of a 

similar lignin model compound.[153] Both carboxylic acids and phenols are of-

ten attributed to inhibition of aerobic Cu/TEMPO-catalysts forming stable Cu-

complexes especially under mild conditions.[9,26,46] On the other hand, the in-

fluence of acids and phenols depends highly on the reaction system compo-

nents and the type of reactions taking place. Typically, in the presence of acids 

and phenols the catalyst activity survives best at elevated temperatures.[8]  

Indeed, it seemed here that the inhibited catalyst species still participated in 

the cleavage of the β-O-4 linkage, although with slower rate, while it leaves 

uncertainty if the dominating pathways leading to these three monomers were 

still the same. Detailed discussion on the possible pathways is provided in the 

next chapter. 

Finally, after examination of the reaction profile for the major products, the 

focus was shifted to possible intermediates. Aryl formate 104a and traces of 

ketone 101f were also detected during the oxidation course of erythro-101a 

(for simplicity they are not shown in the chart of Figure 17). Formate 104a 
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was earlier proposed to be an intermediate product eventually leading to phe-

nol 104b (Chapter 6.2.2). Attempts to quantify the sensitive formate 104a 

was unsuccessful since it appeared that some of the reference substrate hydro-

lyzed to phenol 104b during the HPLC run. However, the highest amount of 

aryl formate 104a was detected at 2 h, after which it started to decrease and 

only one fifth of the maximum was left at 8 h. The oxidation was repeated and 

according to 1H NMR, the quantity of aryl formate 104a after 2 h was 15%. 

After analyses of the oxidation profile for erythro-101a, it was time to study 

the other diastereomer (threo-101a). Here, the conversion rate was slightly 

slower and the sudden inhibition state was observed around the same time; 

conversion of threo-101a to aldehyde 102a was quite linear until 2 h 

(Figure 18). At the same time the delivery of phenol 104b shut down as well 

but continued later. Aryl formate 104a was again observed in the beginning of 

the reaction course and ketone 101f was detected in trace amounts. The final 

outcome after 30 h was that somewhat less aldehyde 102a was formed, but 

the yields of phenol 104b and acid 102f were similar to the ones obtained 

from eryhtro-101a. With 45% conversion at 4 h delivering 33% of aldehyde 

102a, threo-101a is slightly less reactive than its erythro-101a diastereomer. 

 

 

 

Figure 18. Reaction profile of threo-101a. 
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version in 4 h. On the other hand, the selectivity for monomeric left aryl ring 

products aldehyde 120a and acid 120b was less than observed for non-

phenolic models. This time phenol 104b was the major product during the 

whole course. Interestingly, ketone 121 was also detected in up to 20% yield in 

6 h, after which its quantity started to decrease. This time, aryl formate 104a 

was detected in slightly smaller quantities compared to the reactions of 

erythro/threo-101a. Like previously, the aryl acid product (120b) formed 

quite linearly after 2 h while the aldehyde product (120a) reached its maxi-

mum quantity already in 2 h.   

 

 

 

Figure 19. Reaction profile of erythro-119. 

6.3.3 Mechanistic insights 

Having interpreted the reaction profiles for the two diastereomers of non-

phenolic model compound 101a and for a phenolic model erythro-119, it was 

now time to look closer to the reaction pathways. As demonstrated in Chap-

ter 6.2.2, ketones derived from β-O-4 lignin model compounds gave rise to 

carboxylic acids through a copper-catalyzed oxidative Cα–Cβ bond cleavage. 

The fact that ketone 101f was not observed more than about 1% during the 

oxidation courses of erythro- and threo-101a, its possible role as a reactive 

intermediate product seemed likely. To address this hypothesis, ketone 101f 

was subjected to the optimized oxidation protocol. As expected, ketone was 

rapidly converted delivering carboxylic acid 102f as the major product 
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(Figure 20). Despite high initial rate, the reaction did not reach completion 

within 30 h as 8% of the starting material was still left. Final yield for acid 

102f was 69%, which corresponds to 75% selectivity. Phenol 104b was also 

formed, most likely via formate 104a, which was again detected and slowly 

disappeared during the course. 

 

 

 

Figure 20. Reaction profile of ketone 101f. 

Encouraged by the observed reactivity of 101f, it was next studied if TEMPO 

plays any significant role in the cleavage process by performing a control reac-

tion without the nitroxyl radical (Scheme 70). As expected, the outcomes after 

24 h and 30 h were almost same as was observed with TEMPO, indicating that 

the nitroxyl radical is not required and does not significantly affect to the 

cleavage process. 

 

 

Scheme 70. Cu-catalyzed control reaction (Cu cat. = as in Figure 20, but without TEMPO) and 
control reaction under O2 without catalyst. 
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Similarly, the possible transformation of ketone 101f to acid product 102f 

without added catalyst components was explored by performing a control re-

action solely under oxygen (Scheme 70). Interestingly, only trace amounts of 

acid 102f was detected after 30 h and ketone 101f remained almost fully un-

reacted. This indicates, that the copper catalyst is responsible for the delivery 

of acid 102f from ketone 101f and thus the previous mechanistic assumptions 

hold (Chapter 6.2.2, Scheme 64). Based on this result, the acid product 102f 

formed earlier from oxidation of diol 101a without Cu-catalyst system 

(Table 18, entry 3) most likely arises solely from aldehyde 102a and not via 

ketone 101f as demonstrated in Scheme 70. 

Having realized the efficient delivery of 102f arising from ketone 101f in the 

presence of Cu-catalyst system, 101f seems to be the major intermediate to-

wards the acid product (102f) during the oxidation of erythro- and threo-

101a (Figure 17 and Figure 18). However, as noted before, simple overoxida-

tion of aldehyde 102a should be considered as well. Despite the fact that the 

conversion of aldehyde to carboxylic acid is a pivotal reaction in organic syn-

thesis, only few examples of copper-mediated transformations have been re-

ported.[8,177,178] Arguably the best known is the classic Fehling’s reaction already 

developed in 1849.[179] Despite such a long time period has been elapsed, the 

first example of its catalytic version was just recently published.[178] Although 

the copper-based system developed in this thesis does not operate in alkaline 

aqueous medium typically required for the radical based overoxidation, it was 

still worth studying whether this transformation takes any place here. Alterna-

tive to the radical pathway, the classical hydrate route, similar to Cu-catalyzed 

lactonization of a hemiacetal intermediate,[46,180] could be operative as well. 

Therefore, in order to study the possible fate of aldehyde 102a, it was first 

subjected to the standard catalytic oxidation in sulfolane (Table 20, entry 1). 

As a result, only 5% of the aldehyde oxidized to acid 102f. No other products 

were observed. To find out if TEMPO inhibits the oxidation, it was omitted 

from a subsequent experiment. Without the nitroxyl radical, conversion to acid 

102f indeed increased to 18% (Table 20, entry 2). This observation suggests 

appearance of radical species in the oxidation process.  

Table 20. Control reactions with 102a.a 

 
Entry Notes Conversion to 102f (%)b 

1 - 5 

2 Without TEMPO 18 

3 1 equiv. of H2O 5 

4 no catalyst, under O2  40 

                                     a  Aldehyde 101a (0.1 mmol), solvent (1 mL).b Determined by HPLC. 
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As each oxidation cycle for either of the alcohol groups of diol 101a produces 

one H2O molecule as a side product, the effect of moisture was studied for the 

reactivity of 102a. Addition of 1 equivalent H2O to the reaction system had no 

effect to the outcome (Table 20, entry 3), which further strengthens the pres-

ence of radical intermediates (instead of a gem-diol form of 102a) which can 

be trapped by TEMPO. In any case, overoxidation of aldehyde 102a to acid 

102f is rather a minor route during the oxidation courses of erythro- and 

threo-101a (Figure 17 and Figure 18). Finally, a control reaction under O2 

without catalyst components was performed. This time 40% of aldehyde 102a 

oxidized to acid 102f which indicates that the overoxidation is actually faster 

without Cu/nitrogen species. 

Once the two plausible pathways to aromatic acids were established, further 

insights to the delivery of aromatic aldehydes such as 102a was still to be 

gathered. A cyclohexyl model compound 101i previously proven useful in this 

regard was chosen for the next study. As we have a look back to Chapter 6.2.2, 

Table 14, this compound was used earlier to rationalize the Cu/TEMPO-based 

oxidation pathways in acetonitrile, in which three possible scenarios were con-

sidered: Retro-aldol, single-electron transfer and retro-Claisen pathways. The 

conclusion was simple since the primary alcohol oxidation took place in a de-

gree comparable to the aromatic analogues and neither SET nor retro-Claisen 

routes were possible with this compound (Chapter 6.2.2, Scheme 68). 

Here, the compound 101i was subjected to the optimized Cu/TEMPO condi-

tions in sulfolane. Surprisingly, after 30 h reaction, no aldehyde products were 

detected based on 1H NMR of the crude mixture. Conversion of the diol 1i was 

60%, but nothing could be identified besides trace amounts of 2-

methoxyphenol 104b (3%). In the beginning of work-up, the addition of 

MTBE caused precipitation of insoluble brown material, most likely a mixture 

oligomers. The absence of any identifiable product called for monitoring the 

reaction. Since left ring products arising from 101i lack chromophores, HPLC 

monitoring based on UV-detection was rejected and NMR was preferred. 

However, the possibility of volatile products prompted to avoid evaporation 

that was required after extractive work-up. Therefore, GC monitoring was per-

formed in parallel with NMR. While volatile products were quantified using 

GC, high-boiling products such as the starting material 101i were quantified 

by 1H NMR  

The oxidation rate was initially very high reaching 45% conversion already 

after 30 min (Scheme 71). The oxidation products included several smaller 

molecules, of which the expected aldehyde 115 was the major product with up 

to 21% yield after 30 min. At the same time, 10% of the corresponding acid 

122 was detected. However, these products, especially the aldehyde, undergo 

further conversion, as only 3% of 102a and 5% of acid 122 were detected after 

5 h reaction time.  
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Scheme 71. Reaction profile and proposed major pathways for the oxidation of partly saturated 
model compound 101i. For Cu cat. and conditions, see Figure 20. For simplicity, phenol 104b is 
not shown: it remained 3–5% during the course. Conversion and yields were determined using 
internal standard (TMB).  

Overoxidation of aliphatic aldehydes is typically easier than for aromatic ones, 

so this transformation is presumably the primary route to carboxylic acid. The 

further conversion of acid 122 was rather surprising. By elucidation of the fact 

that carbonyl compounds with adjacent hydrogen are susceptible towards H-

abstraction and subsequent oxidative C–C bond cleavage (Chapter 6.2.2), both 

aldehyde 115 and acid 122 could give rise to cyclohexanone 123. Subjecting 

cyclohexanone as an authentic reference to GC-analysis indeed matched with 

small peaks of cyclohexanone 123, corresponding to 1–4% yields (Scheme 71). 

To rationalize this hypothesis, control reactions solely with aldehyde 115 and 

acid 122 were carried out under the catalyst system.  

Consequently, aldehyde 115 was indeed converted to both acid 122 and cy-

clohexanone 123 (Scheme 72). In addition, during the GC sample preparation, 

where a reaction aliquot was diluted with EtOAc, some brown precipitate was 

formed. This suggested that aldehyde 115 or its side products also tend to oli-

gomerize under the reaction conditions. Likewise, this was not observed with 

the corresponding control reactions of aromatic aldehyde 102a (Table 20). 

Therefore, the further conversion is attributed to cyclohexyl moiety, where 

hydrogen abstraction presumably takes place forming reactive radicals that 

could couple. 

 

 

Scheme 72. Reactivity study with aldehyde 115. For Cu cat. and conditions, see Figure 20. 
Conversion and yields were determined using internal standard (TMB)  

In turn, the control reaction with acid 122 did not show significant changes, 

but about 30% of the acid 122 slowly degraded or oligomerized. For instance, 

decarboxylation of 122 does not seem to take place since no match with cyclo-

hexane reference was found based on GC analysis. However, due to the small 

scale and high reaction temperature, any cyclohexane formed vaporizes from 
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the solution and could potentially adsorb to the septum. Nevertheless, further 

investigations for the rather irrelevant fate of acid 122 were not performed.    

Further oxidative C–C cleavage reactions of cyclohexanone are also possible. 

Each oxidative degradation step would give a linear carboxylic acid with one 

carbon less as the resulting aldehyde group would be lost upon oxidative C–C 

cleavage (Scheme 73).[140,148] This degradation sequence should eventually lead 

to glyoxalic acid. Unfortunately, glyoxalic acid overlapped severely with the 

wide sulfolane peak. Therefore, oxalic acid, which is the higher oxidation state 

product of glyoxalic acid, was part of further observations. Indeed, after 0.5 h 

oxidation of aldehyde 115, 2% of oxalic acid was detected, although not later. 

Similar observation was made after 5 h reaction with model 101i (Scheme 71), 

where traces of oxalic acid (about 1%) was found in the GC chromatogram. The 

disappearance of oxalic acid can be explained by its plausible decomposition to 

formic acid and CO2, which is a known process at elevated temperatures.[181] 

 

 

Scheme 73. Proposed mechanism for the oxidative degradation of aldehyde 115 to oxalic acid. 

Finally, the remaining products arising from the oxidation of diol 101i were 

aryl formate 104a and phenol 104b. The right sided aryl ring product portfo-

lio suggested that acetaldehyde 105, which was detected in trace amounts by 

NMR measurements, originates from the retro-aldol reaction and rapidly con-

verts to aryl formate 104a which was observed in up to 15%. In turn, 104a can 

deformylate (formyl transfer to alcohol 101i), hydrolyze or further oxidize (via 

oxidative decarboxylation) to give phenol 104b that is rather unstable as well. 

After the reaction profile for saturated model compound 101i under the aer-

obic copper catalysis was fully addressed, the fate of 101i in the absence of 

catalyst, under oxygen atmosphere, was also examined. The outcome turned 

out to be interesting: In contrast to aromatic analogues, diol 101i was almost 

inert to the conditions without catalyst as >95% of the starting material re-

mained unreacted. This result implies that the aromaticity of the left-ring moi-

ety is essential to the reactivity, including Cβ–O arylether cleavage, if no Cu-

catalyst is present. Note that the same control reaction without catalyst per-

formed for aromatic diol 101a afforded 40% of phenol 104b (Table 18, en-

try 3). 

Adverting to the discussion provided in Chapter 6.2.2, the only reliable 

pathway to aldehyde 115 starting from 101i would be primary alcohol oxida-
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tion followed by retro-aldol C–C cleavage of the 1,3-hydroxyaldehyde interme-

diate. The fact that 21% of aldehyde 115 was formed already after 30 min, the 

predominating role of primary alcohol oxidation is obvious and seems to be 

very likely also for the actual lignin mimicking model compounds 101a and 

119. 

On the other hand, the previously discussed SET-induced Cα–Cβ cleavage 

cannot be excluded without further studies. To get more insight to this alterna-

tive, model compound 101h appeared a useful substrate that is not prone for 

primary alcohol oxidation and retro-aldol cleavage due to the masked primary 

alcohol group (Scheme 74). 

 

 

Scheme 74. Oxidation of methoxylated model compound 101h. Cu cat. and reaction conditions 
as in Figure 20. Conversion and yields are based on 1H NMR using internal standard (TMB). 

Initially, with 29% conversion of model 101h after 2 h, secondary alcohol oxi-

dation was the major transformation providing 26% of ketone 114 

(Scheme 74). Alongside small amount (3%) of acid 102f was detected. In addi-

tion, traces (<1%) of aldehyde 102a was found from 1H NMR spectra. After 

30 h reaction time, all the starting material was consumed and acid 102f was 

eventually the major product while ketone 114 was now observed in only 5% 

quantity. This time also aldehyde 102a and phenol 104b were formed with 

11% and 18% yields, respectively (Scheme 74). Again, ketone 114 seems an 

obvious intermediate on the way to acid 102f. Aldehyde 102a on the other 

hand, should originate directly from 101h, and the only rational explanation 

for this is a single-electron transfer initiated Cα–Cβ cleavage (see Chapter 6.2.2, 

Scheme 61).  

The fact that ketone 114 was initially the major product and only traces of 

aldehyde 102a were found after 2 h reaction time, the Cu/TEMPO catalyst 

system is mostly reserved for the secondary alcohol 101h oxidation in the be-

ginning of the experiment (Scheme 74). Later on, the SET oxidation starts to 

be more prevalent, which is likely due to changes in catalyst environment as 

discussed earlier concerning reaction profiles of erythro and threo-101a 

(Figure 17 and Figure 18). Although substrates 101h and 101a are structurally 

different, the initially rapid primary alcohol oxidation observed with partly 

saturated diol 101a strengthens the fact that alcohol oxidation (whether it is a 

primary or secondary OH depending on the substrate) is the predominating 

reaction, at least in the beginning (first hours) of the process catalyzed by 

Cu/TEMPO species in sulfolane.  

Finally, as observed with reactions above, direct reaction analysis by GC al-

lowed to track also hydrophilic compounds such as glycolic acid and oxalic 

acid. Although these were addressed to arise from further oxidation of alde-

hyde 115, their possible presence during the oxidation of lignin model com-
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pounds would give more insight to the reaction intermediates. This prompted 

to reproduce the oxidations of 101a and 101f for subsequent GC analysis. Ox-

idations of erythro-101a and ketone 101f indeed revealed the formation of 

glycolic acid and a small amount of oxalic acid (Scheme 75). These results sug-

gest that the aliphatic acids are most likely released after the oxidative Cα–Cβ 

cleavage of ketone 101f. 

 

 

Scheme 75. Reproduced oxidation of a) 101a and b) 101f revealed the formation of glycolic 

acid and oxalic acid as hydrophilic minor products (analyzed by GC after trimethylsilylation 
using TMB as internal standard). 

Given the information above, gathered with all the lignin model compounds 

used in this study, it is now possible to conclude plausible pathways on the 

catalytic cleavage of the β-O-4 lignin linkage. As the non-phenolic guaiacyl and 

phenolic syringyl model compounds 101a and 119, respectively, represent β-

O-4 glycerol arylether units found in native lignin polymer, starting from these 

two compounds, three major oxidation pathways providing either aldehydes 

(102a and 120a) or acids (102f and 120b) as the major products is proposed 

(Scheme 76). Additionally, phenol 104b is likely formed through all these 

three routes. 

 

 

Scheme 76. Three different reaction pathways proposed for the Cu/TEMPO-catalyzed oxidation 
of diols 110a and 119 to eventually deliver aldehyde (102a, 120a) or acid (102f, 120b) products 
along with phenol 104b and an aliphatic acid. Overoxidation of aldehydes (including 102a, 
120a) to acids is evident. 
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Regardless of the starting diol (101a, 119), aldehydes (102a, 120a) represent-

ed the major left aryl ring products over acids (102f, 120b). From the two 

possible routes giving rise to aryl aldehydes (102a, 120a), a two-step process 

consisting of primary alcohol oxidation followed by retro-aldol reaction is con-

sidered as the predominating pathway, while the minor role of SET-oxidation 

may slowly increase over the reaction course.  Overoxidation of aldehydes 

(102a, 120a) to acids (102f, 120b) is evident to a small extent, but plays ra-

ther a minor part compared to oxidative cleavage of ketones (101f, 121), which 

is the major route to aromatic acids (102f, 120b). 

The proposed intermediates Ia–c on the way to phenol 104b were not di-

rectly observed, which can be explained by their unstable nature under the 

reaction conditions. Thus, these intermediates remain rather putative, yet not 

confirmed. However, detection of glycolic acid IIa and trace amounts of oxalic 

acid IIc during the oxidation of ketone 101f supports the possible formation 

of phenoate intermediates Ia–c alongside with acid 102f. Subsequent hydrol-

ysis of Ia–c species affords glycolic acid IIa, glyoxalic acid IIb and oxalic acid 

IIc together with phenol 104b.  

In turn, the pathway via retro-aldol (or SET) provides acetaldehyde 105 (or 

β-radical intermediate III) as traces of 105 was indeed found from oxidation 

of 101a. This compound oxidatively cleaves to aryl formate 104a, which in-

deed was formed initially up to 15% yield. The presence and disappearance of 

these intermediates (namely 105 and 104a) supports the oxidative and possi-

ble hydrolytic routes towards phenol 104b (see also Chapter 6.2.1, Scheme 62 

and Scheme 64). 

6.4 Lignin experiments 

Once the improved methodology (II) was established with non-phenolic and 

phenolic lignin model compounds and the main oxidation pathways were dis-

closed, the focus was shifted to actual lignin. As mentioned before, hardwood 

lignin was readily isolated from Finnish birch and thus selected for initial sol-

ubility tests and for subsequent lignin experiments. It is important to note that 

the idea was to build the new catalyst system based on a solvent, in which lig-

nin dissolves extremely well. This was one of the first criteria together with 

process safety and low toxicity, which are all important factors considering a 

biorefinery concept.[4,11,172] 

 The idea to use the solvent as a starting point was due to two main reasons: 

1) Limited solubility of lignin reduces the choice of solvents, which in turn em-

phasizes the fact that 2) switching the solvent at later stage can easily lead to 

revising the methodology.[4] Once the criteria including the lignin solubility 

was confirmed and catalyst studies were initiated, sulfolane was chosen as the 

reaction solvent, around which the aerobic Cu/TEMPO-based system was suc-

cessfully built. 
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6.4.1 Characterization of birch lignin 

Hardwood dioxasolv lignin was isolated from Finnish bark-free birch sawdust. 

The organosolv method was adapted from a procedure described by Lancefield 

et al.[173] Molecular weight distribution was determined with GPC analysis. 

Untreated lignin dissolved in THF gave molecular weight distribution with 

following values: Mn = 550 g/mol, Mw = 1410 g/mol and PDI = 2.6. These data 

are typical for an organosolv lignin.[11] The molecular weight distribution is 

illustrated in Figure 21. 

 

 

Figure 21. Molecular weight distribution (logarithmic scale) of untreated lignin (DBL). 

The chemical structure was determined by HSQC analysis, which revealed all 

the characteristic main linkages (Figure 22). These include glycerol arylether 

(β-O-4, A), resinol (β-β, B), phenylcoumaran (β-5, C), and capped primary 

alcohol (𝛾-OR, A’) units as well as some aryl ketone units (A’’). When com-

pared to each other, approximately 60% of these belong to β-O-4, 20% to 𝛾-

OR, 15% to β-β, 2% to β-5, and 2% to aryl ketone units.  

 

 

0

0.2

0.4

0.6

0.8

1

1.2

100 1000 10000

R
e
la

ti
v
e
 I

n
te

n
s
it
y

MW (g/mol)



Development of Cu-Catalyzed Oxidative Lignin Valorization 

120 

 

 

Figure 22. HSQC spectra of dioxasolv birch lignin in DMSO-d6. Main linkages and units are 
highlighted. Integrals are labelled in black with blue values: Aromatic units are normalized to Aα 
(β-O-4), while aliphatic region units are normalized to value of 1.00 in total. 

Volume integrations of α-protons (β-O-4 motif) and aromatic region protons, 

S2,6/S’2,6  (2H), Scondensed (1H) and G2/G’
2 (1H) gave the abundance of β-O-4 link-

ages per C9 units.[173,182] For a hardwood lignin, the calculations are as follows:  

 

I(C9 units) = 0.5 × I(S2,6+S’2,6) + I(Scondensed) + I(G2+G’
2) 

I(C9 units) = 0.5 × 4.39 + 0.46 + 0.47 

 

β-O-4% = I(β-O-4)/I(C9) × 100% 

β-O-4% = 1.00 / 3.125 × 100% = 32% 

where I = volume integration 

 

Here the determined β-O-4 content of 32% is similar to previously reported for 

dioxasolv birch lignin.[173] However, due to side reactions taking place in the 

extraction process, the β-O-4 frequency is lower than the typical values (50–
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70%) reported for native birch lignin.[110] The applied organosolv process (9:1 

dioxane/2M HCl, 1 h reflux under Ar) carried out at low pH facilitates the lib-

eration of lignin from the wood by cleaving the covalent lignin-carbohydrate 

bonds. On the other hand, at the same time β-aryl ethers are known to under-

go hydrolysis, which is likely the primary reason for the observed decrease in 

β-O-4 frequency.[117] The possible condensation and hydrolysis reactions were 

depicted earlier in the literature discussion (Chapter 5.3, Scheme 42). 

The ratio of syringol to guaiacyl units [(0.5 S2,6 + S’2,6) : (G2+G’2)] was deter-

mined to be roughly 4.5 : 1. When also condensed S units (Scondensed) are taken 

into account, the S/G ratio is approximately 6 : 1. However, condensed S units 

are not expected to release monomers, because they mostly represent chemi-

cally inert Ar–Ar’ or Ar-CH2-Ar’ coupled oligomers.[117] Thus, the ratio of native 

type S/G units would be a more reliable factor when considering potential 

monomers to be released.  

While the proportion of S condensed units was determined to be approxi-

mately 15%, simple comparison of the aromatic G2 and G5/G6 integrals re-

vealed a G condensation degree of about 31%. This can be explained by the 

additional free 5-position of G units compared to S units, thereby making the 

condensation of the former units more likely. As the proportion of total G units 

is 15% of the aromatic framework, the abundance of condensed G units is only 

5%. 

6.4.2 Oxidation studies 

Once the hardwood lignin was characterized, it was time to initiate the oxida-

tion experiments. The most optimal conditions for the model compounds were 

first adapted to lignin by applying a similar catalyst to β-O-4 linkage ratio. In 

hardwood lignin, the monolignol units can be estimated to have molecular 

weight of approximately 200 g/mol.[183] This allows estimation of the mono-

lignol content in moles, which is defined as follows (eq 5):  

 

(5) 

 

For 50 mg of lignin, eq (5) gives monolignol content of 0.25 mmol, to which 

the catalyst amount was adjusted. 5 mol% of Cu (0.0125 mmol) equals to 

6.1 wt% of Cu(NO3)2·3H2O (calculated for 50 mg of lignin). For simplicity, 

5 wt% of Cu salt was used, which corresponds to roughly 4.1 mol% of mono-

lignol content. Using this adjustment for the copper salt loading and adapting 

the rest of the catalyst system optimized for lignin model compounds 101a 

and 119, lignin oxidation was first conducted employing 5 wt% of 

Cu(NO3)2·3H2O (1 equiv.) with equivalent amounts of BiPy and NMI, 2 equiva-

lents of TEMPO and 0.2 equivalent of DMAP. 

GC-FID and GC-MS were chosen as the analysis methods for the identifica-

tion and quantification of volatile products. GC-FID quantifications were de-

termined based on the response factors of trimethylsilylated reference com-

pounds versus internal standard (TMB). Similar to model compound reac-

tions, solvent and aqueous soluble catalyst components were removed with the 
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aid of MTBE-extractions and brine/H2O washings. The residual lignin was 

precipitated by the addition of MTBE and aqueous 0.3 M H3PO4 saturated 

with NaCl. The residual lignin was then collected by filtration and the filtrate 

was subjected to further extractions and washings. The dried and concentrated 

oil was then analyzed by GC-FID with the aid of GC-MS, which allowed to 

identify the oxidation products.  

As expected, based on the trends with model compounds, syringaldehyde 

120a, vanillin 124a and their acid derivatives syringic acid 120b and vanillic 

acid 124b were recognized as the major products after extractive work-up. 

First, employing a catalyst system based on 5 wt% of Cu salt gave rise to total 

6.1 wt% of identified aromatic monomers 120a–b and 124a–b 

(Table 21, entry 1). The main products were the S-type monomers, syringalde-

hyde 120a and syringic acid 120b, which both formed in 2.6 wt% yield. The 

G-type aromatic products vanillin 124a and vanillic acid 124b were obtained 

in 0.4 and 0.5 wt% yields, respectively. HSQC analysis, which was recorded 

after combining the oil and the filtered MTBE-insoluble lignin, revealed that 

82% of the β-O-4 linkages were converted upon the catalytic oxidation. 

Table 21. Oxidation of DBL delivering syringyl 120a–b and guaiacyl 124a–b monomers as the 
major aromatic products.a  

 

  Conversion (%)c Products and Yields (wt%)d 

Entry 
Cu salt 

(wt%)  β-O-4 120a 120b 124a 124b Total 

1 5 (4.1)b 82 2.6 2.6 0.4 0.5 6.1 

2 no cat. >99 2.8 1.2 0.7 0.3 5.0 

3e no cat. 96 0.4 0.1 0.1 0.0 0.5 

4 2 (1.7)b n.r. 3.7 3.4 0.7 0.5 8.3 

5 0.5 (0.4)b >99 4.6 2.8 0.9 0.5 8.9 (9.7)b 

aAll experiments with catalyst: lignin (DBL, 50 mg), sulfolane (2 mL), Cu(NO3)2·3H2O (x wt%, 1 equiv.), BiPy (1 equiv.), 

TEMPO (2 equiv.), NMI (1 equiv.), DMAP (0.2 equiv.). Stirred (500 rpm) at 125 °C for 30 h under O2 balloon. Experiments 

without catalyst components were conducted under otherwise same conditions. b Mol% based on the estimated amount of 

monolignol units (MW = 200)[183] in birch lignin. c Based on HSQC analyses of lignin material before and after the reaction 

(lignin oil + cake). d Determined after extractive work-up and trimethylsilylation; GC-FID quantifications are based on deter-

mined response factors versus internal standard (TMB). e Under Ar balloon (degassed). n.r. = not recorded.  

 

Interestingly, a subsequent control reaction performed without catalyst under 

oxygen turned out to be surprisingly productive providing total 5.0 wt% of the 

four monomers, again syringaldehyde 120a as the major product (2.8 wt%) 

while syringic acid 120b formed less (1.2 wt%) (Table 21, entry 2). Similar 

ratio favoring the aldehyde was also observed with vanillin (0.7 wt%) and va-

nillic acid (0.3 wt%). This unexpected productivity without any catalyst under 

oxygen prompted to perform another control reaction under argon in pre-
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degassed sulfolane. As a result, only 0.5 wt% of monomers in total were 

formed indicating that these products primarily arose indeed from oxidation 

employed by O2 in the first place (Table 21, entry 3). Despite the poor mono-

mer production, almost all the β-O-4 linkages disappeared. This could be at-

tributed to condensation reactions perhaps catalyzed by acidic lignin degrada-

tion products. At elevated temperatures and prolonged heating time, self-

condensation of lignin units is expected.[117]  

Realizing the trivial efficiency of Cu/TEMPO-catalysis based on 5 wt% of Cu 

salt compared to the aerobic reaction system without catalyst, further experi-

ments were carried out to study details towards the influence of the catalyst 

system. By lowering the catalyst loading to 2 wt% of Cu salt basis, the produc-

tion of monomers 120a–b and 124a–b surprisingly increased 

(Table 21, entry 4). This encouraged to further optimization. In fact, employing 

as little as 0.5 wt% of Cu salt (in total 1.7 wt% of catalyst components), lignin 

oxidation gave rise to aromatic monomers with combined yield of 8.9 wt% 

thereby making this reaction system the most efficient here (Table 21, entry 5). 

Based on estimated monolignol content, this equals to 9.7% yield (in moles). 

Full conversion of the β-O-4 linkages was also evident by HSQC analysis. 

Interestingly, the ratio of syringyl (120a–b) to guaiacyl (124a–b) products 

varied from 4:1 to 6:1 (Table 21). The lowest ratio was observed without cata-

lyst. The higher the catalyst loading, the higher the ratio between these units. 

The ratio of these two subunits within the starting lignin polymer was earlier 

determined to be 6:1 (S/G), so the catalytic oxidations seem to have cleaved S 

and G units rather equally, while in the absence of catalyst less S units were 

transformed to monomers.   

In contrast, aldehyde to acid ratio increased when less catalyst was em-

ployed. According to model studies (Scheme 76), the acid product mostly aris-

es from ketone intermediates meaning that higher catalyst loading presumably 

increases the secondary alcohol oxidation and facilitates the subsequent oxida-

tive Cα–Cβ cleavage of lignin β-O-4 linkages. Still, too high (5 wt% Cu salt 

based) loading led to less syringic acid 120b. 

As the β-O-4 abundance of untreated DBL was approximately 32% (non-

condensed β-O-4 units), the theoretical maximum of aromatic monomers aris-

ing from this linkage can be calculated: Formation of a monomer requires the 

presence of two adjacent β-O-4 linkages and the probability of those is simply 

a square of the β-O-4 proportion (assuming the lignin polymer units are con-

structed from several monomers).[110,117] Thus, probability is P = (0.3)2 = 0.09, 

which means that in the case of all  β-O-4 linkages are cleaved, the theoretical 

maximum for monomers arising from this linkage is approximately 9%. This 

actually corresponds quite well to the obtained G and S-type monomer pro-

duction (8.9 wt%, 9.7 mol%). Similar calculations have been recently report-

ed.[173,184]  

Some monomers may also arise from other linkages such as β-1 (see Chap-

ter 5.2, Figure 8), which lacks the β-ether oxygen, but could potentially be un-

stable upon primary alcohol oxidation (followed by retro-aldol cleavage), for 

instance. However, these linkages were not studied with model compounds 
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due to their minor occurrence in lignin, as it was recently concluded that their 

proportion barely exceeds 1–2 %.[117] 

NMR analyses 

After analyzing the major aromatic monomer distribution obtained via differ-

ent catalyst concentrations and under aerobic conditions without catalyst, it 

was time to have a closer look at structural changes in the oxidized lignin 

framework. The previously identified characteristic linkages of hardwood lig-

nin are marked in Figure 23, A1. These included glycerol arylether (β-O-4,) 

phenylcoumaran (β-5), resinol (β-β), 𝛾-ether units (𝛾-OR), and traces of aryl 

ketones. It should be noted that for direct comparison, all the assignments for 

the C–H signals found from untreated DBL are shown in the exact same chem-

ical shift region for the spectra derived from reaction samples (Figure 23, A– 

C). Here the samples were prepared combining the lignin oil and the lignin 

cake after the work-up following the oxidation. 

Analysis of the aliphatic region after the Cu/TEMPO-catalyzed oxidation ex-

periment showed no sign of β-O-4, β-5, β-β, 𝛾-OR or aryl ketone units indicat-

ing that they underwent complete transformation (Figure 23, B1). Surprising-

ly, the same outcome appeared even without added catalyst (Figure 23, C1). As 

witnessed earlier with lignin model compounds, it is very likely that aryl ke-

tones are formed especially during the Cu/TEMPO catalytic oxidation reac-

tion, serving as the primary intermediates for aryl acids. Moreover, aliphatic 

aldehyde intermediates (A’’’) arisen from primary alcohol oxidation were not 

found suggesting that once these were formed, they converted rapidly under 

the two different reaction systems (Figure 23, B1 and C1).  

After analyzing the aliphatic region with the key lignin linkages, a closer look 

at the aromatic region of untreated DBL reveals the CAr–H signals of S and G 

units (Figure 23, A2). Oxidation of syringyl alcohols to carbonyls can be seen 

by the significantly increased volume of S’2,6 signals (Figure 23, B2 and C2). 

Based on the volume integrations of S, S’, Scondensed, G and G’ units the oxida-

tion degree (S’/S and G’/G ratios) could be calculated (Figure 23). Note that 

Scondensed units are included in the S’/S ratio as unoxidized S units.  

It seems that most of the G units are oxidized (to G’) under the two different 

reaction systems discussed here. Same applies to S2,6 units, although visually 

some of those can be still located in the same region as recorded for untreated 

lignin (Figure 23, B2 and C2). Even the condensed S-units seemed to be most-

ly transformed. As condensed S-units  represent Ar–Ar’ and Ar-CR2-Ar’ cou-

pled oligomers,[117] some fragments could be attached to an “artificial β-O-4-

linkage” (not native anymore). When these linkages are cleaved, dimeric or 

oligomeric S units are formed depending on their original structure in DBL. 

Thus, some of these units may also be found from the oxidized syringyl region 

(S’2,6).  
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Figure 23. HSQC spectra of A) untreated lignin, B) lignin oxidized with aerobic Cu/TEMPO 
based catalyst using 0.5 wt% Cu salt (conditions: Table 21, entry 5), and C) lignin oxidized 
without catalyst (conditions: Table 21, entry 2). Solvent = DMSO-d6. Assignments are based on 
previously reported data. S/G (in black) represents the ratio of all S and G type units. S(cond) 
units are included as S in the S’/S ratio. 

The oxidation degree of S units is higher after the Cu/TEMPO oxidation (67%) 

than obtained without catalyst (57%) (Figure 23, B2 and C2). Comparing these 

percentages, a ratio of roughly 1.2 : 1 is obtained. In turn, comparing this with 

the ratio of total S type monomer yields (120a + 120b) (see Table 21, entry 5 

and 2) which was 1.9 : 1 (catalytic vs non-catalytic), it is clear that these ratios 

do not correlate well. The integrated S’2,6 units simply include also oligomers 

besides the monomers, and these seem to be more present in the material ob-

tained after the non-catalytic oxidation. 

The guaiacyl oxidation products G’2(ald/acid) (such as vanillin and vanillic acid) 

can be easily located from the aromatic region, while the only overlapping sig-
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nals are with CAr–H contours belonging to G5 found from untreated lignin 

(Figure 23, A2–C2). The remaining G5 units most likely belong to condensed G 

units (not labeled) which are not degraded or oxidized. The calculated G’/G 

ratio shown in the spectra includes the condensed G units. However, since 

most of the original G2 and G6 CAr–H signals are disappeared, it is reasonable 

to assume that same fact applies to non-condensed G5 units.  

Once the typical linkages and units were carefully analyzed from the aliphat-

ic and aromatic regions, turning the focus to other regions revealed some in-

teresting and rather unusual C–H signals (Figure 24). For example, a signifi-

cant amount of contours were found from the region typical for olefins 

(1H: 5.0–5.5, 13C: 100–110 ppm). These were presumed to originate from the 

residual lignin (MTBE insoluble) after oxidation, which was confirmed by re-

cording separate samples for the MTBE soluble lignin oil and for the insoluble 

filter-cake (Figure 24, A2 and A3). The exact nature of these olefins remained 

mysterious, while most of those reported in the literature could be ruled out. 

For instance, the observed olefin protons do not correlate with α,β-

unsaturated enals (such as 111, see Table 14). Second, sinapyl or coniferyl al-

dehydes and their acid equivalents have higher alkene 1H chemical shifts (typi-

cally > 6.0 ppm). Third, styrene-type end groups potentially resulting from 

decarboxylation of sinapic/ferulic acid intermediates do not fit either due to 

their high 13C-shifts in the aromatic region (typically > 140 ppm). 

 

 

Figure 24. HSQC spectra of A) lignin oxidized without catalyst and B) lignin oxidized with aero-
bic Cu/TEMPO catalyst based on 0.5 wt% Cu salt, for conditions see Table 21. The highlighted 
signals (other than S/G aryl aldehydes) appear less common or not previously reported.  

However, after having excluded several possible olefinic end groups in the re-

sidual lignin, one structure would fit the data quite well. β-arylether substitut-

ed terminal enones (such as model 109) have alkene 1H and 13C-shifts in the 

same region as shown in Figure 24, A3 and B2. This is further supported by 

the high degree of secondary alcohol oxidation of syringyl units (S’2,6) afford-

ing carbonyls such as ketones. Once these α-ketones have 𝛾-OH substituent, 

this could eliminate under thermal conditions. Although any significant dehy-

dration was not observed previously in the (non-)catalytic oxidation of ketone 
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101f (Scheme 70), acidic lignin degradation products could catalyze the dehy-

dration process, which is typical for H2O elimination reactions. If this is true 

with lignin, the dehydration of a 1,3-hydroxyketone moiety would be a compet-

ing reaction for the oxidative Cα–Cβ cleavage of ketones. 

Interestingly, other type of olefin signals were also detected from the MTBE 

soluble oil, albeit with minor intensity (Figure 24, A2). These belong to more 

electron deficient carbons (1H: 5.0–5.3, 13C: 125–130 ppm). However, the ratio 

between the S/G aryl aldehydes and olefin C–H signals was as high as 7 : 1, 

which means that the olefin content in the lignin oil is rather marginal 

(Figure 24, A2).  

Yet another interesting C–H correlation was located in a region typical of 

formates (1H: 8.2, 13C: 162 ppm). Note that this signal is found from the MTBE 

insoluble lignin residue (Figure 24, A3), but not from the oil fraction. As lignin 

model studies afforded only traces of formates, the ones obtained here appears 

to be more stable.  

Finally, looking at the aldehyde region, in addition to S/G aryl aldehyde end 

groups (including vanillin and syringaldehyde), other type of aldehydes, most 

likely not aromatic ones, are found from the lignin cake and arise from both 

catalytic and non-catalytic oxidations (Figure 24, A3 and B1). The exact nature 

of these aldehyde species is not clear, however, one statement can be readily 

made. Although lignin model compounds did not deliver any significant 

amount of other than aromatic aldehydes, 𝛾-acetaldehyde 105 (CDCl3, 1H: 9.9, 
13C: 200 ppm) was an evident intermediate for formate 104a (see Chap-

ter 6.2.2). The chemical shifts do not match perfectly, but this size of error can 

be attributed to different NMR solvent and frequency. Perhaps these types of 

aldehydes survive better in the lignin moieties under the reaction conditions. 

For instance, the syringyl based 2-(2,4-dimethoxyphenoxy) acetaldehyde has 

been recognized more stable than the guaiacyl analogue 105,[138] which is like-

ly due to increased electron-donation by the phenoxy moiety and thereby re-

ducing the acidity of the enolizable acetaldehyde. 

In any case, direct comparison of reaction outcomes between native lignin 

and model compounds is not reliable for two key reasons. First, unlike dimeric 

lignin model compounds, the actual lignin polymer consists of several types of 

aromatic and aliphatic units resulting in somewhat different electronic and 

steric effects. Second, the used optimal catalyst loading with lignin was re-

markably lower than the one employed with model compounds. Third, various 

degradation products bearing multiple functionalities may influence the reac-

tion pathways acting as potential Brønsted acids, Cu-chelating agents, and of 

course as substrates itself. Although many of these types of molecules are pre-

sent during the model studies, differences in their exact nature and concentra-

tion may have a significant influence on reaction outcomes. 

GPC analyses 

After having investigated the changes in chemical structure of lignin before 

and after the oxidations of interest, the reaction outcomes were further studied 

by GPC analysis. This allows comparison of the degree of depolymerization by 
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determining the change in molecular weight distribution before and after the 

reactions.  

For calibration of the molecular mass distribution according to elution time, 

polystyrene (474–76 600 g/mol) and toluene standards (92 g/mol) were com-

plemented with additional low-molecular standards, 4,4’-biphenol and syrin-

gol. Interestingly, these phenolic molecules gave a good correlation with the 

polystyrene standards only once they were acetylated. This suggests that hy-

droxyl rich native lignin may not give the most accurate results when calibrat-

ed with pure hydrocarbon polystyrene. On the other hand, acetylated lignin 

should not be used to measure the real molecular weight distribution of native 

lignin. In any case, polystyrene standards are almost the only ones used to 

calibrate the GPC results of both acetylated and non-acetylated samples when 

THF is the mobile phase for the GPC run. The main purpose of GPC measure-

ments here was to compare the changes in molecular weight distributions be-

fore and after the different reactions.  

GPC chromatograms for three different reaction systems and lignin before 

the reactions (DBL) are shown in Figure 25 (see Table 21 for reaction condi-

tions). After the work-up following each reaction, equal proportions of the ob-

tained lignin oil and cake (insoluble in MTBE) were combined. Each sample 

was acetylated (with Ac2O/Pyridine), which eased the dissolution in THF be-

fore the GPC run. Although even the untreated DBL was fully dissolved as such 

in THF, occasionally some post-reaction samples were not fully soluble in THF 

and thus acetylation was performed for all samples to assure reliable compari-

son. 

 

 

Figure 25. GPC results for starting lignin (DBL) and after the reactions (lignin oil and cake), for 
reaction conditions, see Table 21. All samples here were acetylated before the analysis. Cali-
bration was done with polystyrene standards, and acetylated samples of 4,4’-biphenol and sy-
ringol. 

All of the oxidation reactions, including the non-catalytic version, show signifi-

cant decrease in molecular mass (Figure 25). Even the thermal control reac-
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tion under argon broke down some lignin polymer units albeit barely until 

monomer region. In contrast, both the non-catalytic oxidation and the catalyt-

ic one show high depolymerization degree. However, clearly the most intensive 

peak at the monomer region (ca. 225 g/mol) comes from the Cu/TEMPO cata-

lytic oxidation experiment. Average molecular weight values and polydispersi-

ty index corresponding to curves in Figure 25 are presented in Table 22.  

Table 22. Average molecular weights and polydispersity index for acetylated samples. 

Entry System Mn Mw PDI 

1 DBL (acet.) 1 750  6 190  3.5  

2 0.5 wt% CuX 480 1 970 4.1 

3 no cat. (O2) 520 1 590 3.1 

4 no cat. (Ar) 710 2 900 4.1 

 

The average molecular weight values are only meant to be comparable as acet-

ylation increases the molecular mass of any mono-, oligo- and polymeric unit 

with free hydroxyl groups and thus the values here appear higher than without 

the acetylation procedure. It should be mentioned that while the samples 

providing the data shown in Figure 25 and Table 22 could be easily dissolved 

in THF after acetylation, the one obtained after 5 wt% Cu salt-based oxidation 

failed to dissolve completely as a small amount of black precipitate was 

formed. This suggests that higher copper loading may result in oligomerization 

to more char-like material.  

Reaction profiles 

Once the optimal oxidation system (0.5 wt% Cu salt basis) was established 

based on GC, NMR and GPC analysis, in order to get more information from 

the lignin oxidation course, a reaction profile was recorded excluding the ex-

tractive work-up. This enabled to track also hydrophilic compounds, which 

would be lost during the work-up. Therefore, the reaction samples were dilut-

ed with EtOAc and directly silylated prior to GC analysis. 

 The earlier proposed reaction pathways for model compounds 101a and 119 

in Scheme 76, led to expectation of compounds such as glycolic acid, glyoxalic 

acid and oxalic acid. This was indeed the case: Formation of glycolic acid and 

oxalic acid were monitored, while the peak of glyoxalic acid overlapped with 

the broad signal of sulfolane and could thus not be quantified. Under the op-

timal catalytic conditions, the delivery of the four aromatic monomers, syrin-

galdehyde (120a), syringic acid (120b), vanillin (124a) and vanillic acid 

(124b), and the hydrophilic aliphatic carboxylic acids, glycolic acid and oxalic 

acid, were plotted as shown in Figure 26. 
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Figure 26. Reaction profile of DBL. Reaction conditions: lignin (50 mg), sulfolane (2 mL), 
Cu(NO3)2·3H2O (0.5 wt%, 0.4 mol%), BiPy (0.4 mol%), TEMPO (0.8 mol%), NMI (0.4 mol%), 
DMAP (0.1 mol%). Yields are determined by GC-FID analysis using internal standard (TMB). 
Last sample was taken after 48 h (for simplicity, the data point is not shown). 

The oxidation gave rise to detectable amounts of syringaldehyde and glycolic 

acid already after 30 min (Figure 26). It should be noted that a blank reaction 

sample of DBL dissolved in sulfolane at 30 °C and silylated as before (with 

BSTFA, 30 min at 70 °C) showed no sign of monomers. Once the oxidation 

was performed for 4 h, some vanillin and syringic acid could also be quanti-

fied. The ratio of syringyl to guaiacyl type products was 5 : 1 after 30 h reaction 

and at the same time the ratio between aldehydes and their acid products was 

roughly 2 : 1 in both cases. The results correlate well with those obtained after 

the work-up (Table 21, entry 5). 

It can be seen that despite the plausible overoxidation to aromatic acids the 

rates for the formation of syringaldehyde and vanillin are actually slightly in-

creased during the reaction course (Figure 26). This behaviour could be caused 

by structural changes within the lignin polymer. Perhaps upon C–C and C–O 

bond cleavages the resulting oligomers react faster due to less steric hindrance 

compared to the more 3D shape of unreacted lignin. On the other hand, the 

cleavage reactions gave rise to phenolic units, which likely change the reactivi-

ties as model studies showed that phenolic model compound 119 gave less 

aromatic monomers than the non-phenolic analogue 101a. 

Another possibility to the minor increase in rates for the aldehyde for-

mations would be autocatalysis, in which one or more of the resulting products 

(monomer or oligomers) would catalyze the oxidation reaction potentially ac-

celerating the formation of monomers such as syringaldehyde. This possibility 

was studied by adding syringaldehyde (2 wt%) to the starting lignin material 

(DBL), which was then stirred and monitored in the absence of catalyst at 

125°C under O2. As a result, no significant difference (< 0.3 wt%) was observed 

in the total monomer production compared to a parallel experiment without 

added syringaldehyde. No further control experiments were executed at this 
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point: subsequent experiments in this regard will be carried out in the next 

chapter. 

After having analyzed the outcomes of the oxidative lignin depolymerization 

in multiple ways and ended up with optimal oxidation catalyst system, one 

important reaction parameter still deserves attention. Given the excellent sol-

ubility of lignin in sulfolane, the concentration could be increased at elevated 

temperatures. In larger scale, this can help to save process costs by using 

smaller volumes of reaction solvent and work-up solvents, and at the same 

time could potentially increase the productivity of a process.[172] By quickly 

testing the solvation of lignin at 125 °C, concentrations up to 50 mg/mL could 

be easily used to maintain a homogenous mixture. Therefore, using half of the 

solvent volume, the reaction was repeated and monitored. For simple compar-

ison, the formation of aromatic monomers in total at two different concentra-

tions were plotted as shown in Figure 27.  

 

 

 

Figure 27. Reaction profile of DBL showing the total amount of aromatic monomers (120a–b 
and 124a–b) in two different concentrations. Reaction conditions and monitoring method as in 

Figure 26 except: with 1mL of sulfolane (black) or 2 mL of sulfolane (gray). Glycolic and oxalic 
acid are not count in here.  

As expected, the rate was initially higher with a more concentrated reaction 

mixture. After 30 h, almost the same amount of aromatic monomers were 

produced, although at lower concentration the combined yield was slightly 

higher (8.9 vs. 8.5 wt%). However, this marginal difference does not change 

the fact that exceptionally high lignin concentrations can be used with sul-

folane, which strengthens, not only the potential of this reaction system, but 

also sulfolane as an ideal solvent for other promising lignin process applica-

tions. 
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6.4.3 Further discussion and conclusions 

The unexpected reactivity/selectivity boost by decreasing the catalyst loading 

to 0.5 wt% of Cu salt basis greatly demonstrates how the behaviour of general-

ly used lignin model compounds 101a and 119 correlates only partly with ac-

tual lignin samples. Where catalyst system based on 1 mol% of Cu produced 

from diol 101a about half of the monomers of what was delivered by the sys-

tem with 5 mol% of Cu, the opposite trend was true with lignin (see chapter 

6.3.1, Table 17, entries 9 and 12). Furthermore, the outcome without catalyst, 

under oxygen atmosphere, was clearly less productive with models 101a and 

119 than what was observed with lignin (DBL) when the selectivities towards 

aromatic monomers are compared.  

These findings point out that the structural differences between simple mod-

el compounds and actual lignin polymer have a crucial impact on the depoly-

merization outcome. While about 32% of the lignin linkages in DBL belong to 

β-O-4 units, the rest of the polymer units may also play significant roles in the 

depolymerization process. For instance, possible participation of additional 

autocatalysis mediated by random lignin polymer sites or degradation prod-

ucts cannot be ruled out.  

The fact that higher Cu/TEMPO catalyst loading started to have a negative 

impact on the yield of aromatic monomers, the possibility that they would re-

act further was considered. Crocker and co-workers[143] noted an esterification 

reaction between carboxylic acid and phenol moieties during their Au/Li-Al 

LDH-catalyzed (LDH = layered double hydroxide) lignin oxidation. The unde-

sired ester bonds were then cleaved by combined basic and acidic hydrolysis 

sequence after the oxidation step. This prompted to test whether the hydroly-

sis would have a similar effect on oxidized DBL studied in this thesis. 

Both the cake and the oil obtained after the catalytic (5 wt% Cu salt basis) ox-

idation of DBL were dissolved in 1M NaOH and stirred for 30 min and then 

acidified to pH 2 with HCl and stirred for another 30 min.[143] After extractions 

with EtOAc, the concentrates were subjected to GC analysis as before. As a 

result, the amounts of identified monomers did not increase, which means that 

the esterification does not seem to play any role during the Cu/TEMPO-

catalyzed oxidation. Moreover, esterification products were also not detected 

or isolated from the reactions with models 101a and 119.  

Furthermore, since a prolonged reaction time of phenolic model compound 

(Chapter 6.3.3, Figure 19) did not affect negatively the yield of syringaldehyde 

120a or the corresponding acid 120b, the catalyst does not seem to boost any 

further conversion of these species. Thus, it is more likely that the higher cata-

lyst amount changes the selectivity of lignin conversion to something else. 

Having discussed the effect of the catalyst system, the catalyst-free oxidation 

in sulfolane deserves attention, too. The fact that this simple system (sulfolane, 

~1 atm of O2, 125 °C, 30 h) was surprisingly productive delivering 5.0 wt% of 

aromatic monomers, the importance of sulfolane was further studied by 

switching the solvent to DMF. Consequently, it turned out that the formation 

of aldehydes (120a, 124a) and acids (120b, 124b) suppressed remarkably, as 

only 1.6 wt% of aromatic monomers were formed. Since the oxygen solubility 
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is higher in DMF than in sulfolane, oxygen concentration does not play a key 

role here. Therefore, the control reaction in DMF supports the fact that sul-

folane plays an important role in the non-catalytic oxidation. As we know that 

oxygen is also responsible for the monomer production (confirmed by the re-

action under argon), sulfolane seems to either activate the oxygen or act itself 

as a single-electron oxidant. The scarce literature of this field, however, does 

not seem to provide any examples of these types of processes, so these studies 

would be intriguing for future research. 

As witnessed with the cyclohexyl model compound 101i, aromaticity next to 

the α-carbon is not necessary for the one-pot Cu/TEMPO-catalyzed oxidation-

cleavage of β-O-4 lignin linkage (Scheme 3). In contrast, the aromaticity plays 

a crucial role in the absence of catalyst as no reaction took place in such case 

with model 101i. On the other hand, in case of fully aromatic model com-

pounds 101a and 119, the O2/sulfolane system employed the oxidative cleav-

age of β-O-4 lignin linkage as well, but here the predominating pathways were 

clearly different than with the Cu/TEMPO-based catalyst. While primary alco-

hol oxidation does not seem to take place at all and benzylic secondary alcohol 

oxidation is mostly limited to phenolic units, different routes to simple aro-

matic aldehydes (120a, 124a) and acids (120b, 124b) are more likely without 

Cu/TEMPO catalyst. Considering that aromaticity is necessary for the delivery 

of simple aldehydes and carboxylic acids, a SET-based Cα–Cβ and Cβ–O cleav-

age seems the most plausible route in the absence of catalyst. Thus, without 

added catalyst, the aromatic acid products are most likely formed via overoxi-

dation of their aldehyde precursors as this was supported earlier with aldehyde 

model 102a. The main reaction pathways proposed for the catalytic and non-

catalytic oxidations of lignin are shown in Scheme 77. 

 

 

Scheme 77. Main reaction pathways (A-D) proposed for the Cu/TEMPO-catalyzed and non-
catalytic oxidations of lignin to deliver aldehyde (120a, 124a) an acid (120b, 124b) products. 

Finally, it should also be mentioned that the effect of possible impurities pre-

sent in sulfolane effecting the reaction is quite safely ruled out since the sol-

vent was carefully vacuum-distilled and analyzed before use. The degradation 

of sulfolane is negligible at 125 °C even under pure oxygen. So the formation of 
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possibly reactive species from sulfolane is also not likely the case,[176] although 

this cannot be easily ruled out in the presence of lignin polymer. Another ex-

planation for the monomer productivity would be that sulfolane could stabilize 

the lignin oxidation intermediates, which lead to aldehyde and acid products. 

Alternatively, sulfolane could inhibit possible side reactions that would ham-

per the aldehyde/acid selectivity.  

As stated earlier, the production of aromatic monomers in the absence of Cu 

catalyst system could also be (partly) due to autocatalysis mediated by random 

lignin products. Further studies would be required to gather more insight to 

this possibility. In any case, the sulfolane clearly plays a crucial role, as such 

performance by the combination of only solvent and oxygen (1 atm) at moder-

ate temperatures (125 °C) is rarely achieved in the literature.  

Considering the aerobic Cu/TEMPO-catalyzed oxidation protocol, the cata-

lyst system is highly efficient at low concentrations, as total 9.7% yield 

(8.9 wt%) of aromatic aldehydes and acids can be obtained employing only 

0.4 mol% Cu(NO3)2·3H2O/BiPy/NMI, 0.8 mol% TEMPO and less than 

0.1 mol% DMAP. The total catalyst loading in weight accounted for 1.7 wt%. 

Moreover, given the very high flash point of sulfolane (177 °C),[176] the aerobic 

conditions (T = 125 °C, O2, ~ 1 atm) are safe for a large scale process.  

It is worth to mention that the literature does not seem to provide examples 

of producing such high amounts of aromatic monomers from lignin using aer-

obic homogeneous copper catalysis. As discussed earlier, most of these studies 

are either limited to lignin model compounds or applications to lignin have 

suffered from low monomer productivity and/or undesired repolymerization 

reactions. To the best of my knowledge, the aerobic Cu/TEMPO-based catalyst 

system developed in this thesis represents so far the most catalytically efficient 

protocol for Cu-based oxidative lignin depolymerization. Further possibilities 

of the methodology are explored in the next chapter, where both hardwood 

and softwood are used directly as the feedstock thus bypassing the lignin isola-

tion step. 

6.5 ECCL approach: birch & pine wood 

Given the efficient oxidation of hardwood lignin (DBL) to aromatic monomers 

(syringaldehyde and vanillin, and their acid equivalents) using such a low 

amount of aerobic Cu/TEMPO-based catalyst system, the further potential of 

this protocol would be definitely interesting. In fact, considering the overall 

process involving lignin isolation and its causes to lignin structure, an alterna-

tive strategy to the organosolv method could be realized.   

While the β-O-4 content of DBL was approximately 32%, native birch lignin 

is expected to have much higher frequency of β-O-4 units. For instance, Samec 

and co-workers estimated the β-O-4 content of their native birch wood sample 

to account for 67% of all lignin linkages according to a thioacidolysis-

method.[185] As stated before, the loss of β-O-4 units is simply due to the orga-

nosolv process. While the desired reaction during the acidic delignification 

process is hydrolysis of the lignin-carbohydrate bonds, undesired side reac-
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tions cannot be avoided. As  depicted in Chapter 5.3, Scheme 42, these include 

at least stable C–C bond forming condensation reactions between the aromatic 

rings and other fragments, and hydrolysis of β-O-4 aryl ether (Cβ–O) bonds 

within the lignin polymer, which is presumably the primary reason for the loss 

of β-O-4 linkages.[110,117] In case of two nearby β-O-4 linkages are hydrolyzed, 

low-molecular fragments, such as monomers and dimers, can form. Presuma-

bly, these were at least to some extend removed during the lignin purification 

process, which caused some material loss. Furthermore, condensed Ar–Ar’ 

and Ar–CR2–Ar’ units found in the recovered lignin are recalcitrant and most 

likely do not lead to aromatic monomers during the oxidative lignin depoly-

merization studied in this thesis.  

Another common disadvantage of the organosolv process is that it typically 

provides only moderate yields of isolated lignin. While the aim is to maximize 

the “peeling” of hemicellulose attached to the lignin polymer, side reactions 

should be minimized. This means that the process solvent, pH, temperature 

and heating time as well as the lignin source all play important roles to the 

final outcome.[11,117] In the study herein, the yield of dioxasolv lignin was 

5.6 wt%, while the theoretical maximum would be around 22.3 wt% as this is 

the reported lignin content of Finnish birch wood.[186] This means that while 

some low-molecular weight units may have been lost during the lignin purifi-

cation steps, most of the lignin material likely remained in the wood residue as 

covalently bonded lignin carbohydrate complexes.  

On the other hand, reaction studies with isolated pure lignin are important, 

because it simplifies the analysis of structural changes in lignin without the 

disturbance of cellulose, hemicellulose or residual sugars. Moreover, mecha-

nistic studies conducted with lignin model compounds have more relevance, 

when the effect of cellulose and hemicellulose can be ruled out. These benefits 

help to understand lignin depolymerization pathways and facilitates the meth-

odology development directed towards more efficient lignin conversion.   

However, considering the drawbacks of organosolv process, direct use of 

wood biomass as the feedstock appears an attractive strategy. This is attribut-

ed to the so called early-stage catalytic conversion of lignin (ECCL), which in-

volves the concurrent extraction and catalytic conversion of lignin directly 

from the lignocellulosic biomass.[117] This one-pot process strategy reduces the 

process steps and could potentially improve the overall yield of monomers 

obtained from lignin. Therefore, to address the further potential of the oxida-

tive methodology developed for the birch lignin depolymerization, this thesis 

culminates to preliminary studies with both hardwood (birch) and softwood 

(pine) feedstocks.  

Before moving to the experiments, a few points of hardwood and softwood 

should be highlighted and discussed some more. As already introduced in 

Chapter 5.2, softwood and hardwood have characteristic differences in their 

chemical structure. While the lignin content is averagely slightly higher in 

softwoods than in hardwoods, the frequency of β-O-4 linkages is generally 

higher in hardwood species. As noted before, this is the major key linkage for 

the depolymerization. The β-O-4 content varies 50–70% in native birch lignin, 
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while in native coniferyl lignins it ranges between 35–60%.[110] Another benefit 

of using hardwood could be attributed to the relatively easier liberation of lig-

nin from the lignocellulosic framework. This has been explained by the sug-

gested smaller propensity of lignin-carbohydrate bonding between S-type lig-

nin and hemicellulose compared to G-type lignin bonding motifs.[187] Moreo-

ver, softwood lignins are more prone to undergo C–C bond forming condensa-

tion reactions due to the higher proportion of less substituted G-type rings 

making them more susceptible for those reactions. On the other hand, the 

dominant G-type unit frequency in softwoods leads to simpler product distri-

bution than obtained from hardwoods. 

Nevertheless, while hardwood such as birch appears more attractive feed-

stock for lignin valorization, the regional forestries also have an impact on 

which kind of wood appears to be a more sustainable choice. In Finland, pine 

is the most abundant wood. Due to its high utilization together with spruce for 

pulp and paper industry, pine is also the most planted tree. Birch is the third 

abundant wood in Finland. It is also planted and utilized as supplementary 

paperwood for pulp and paper industry.[188,189]  

Pine (from Netherlands) constitutes about 26 wt% lignin[184] and in general 

the content in conifer trees varies between 25–31 wt%. For coniferyl trees the 

abundance of G units is more than 95%. In contrast, S units are most prevalent 

in birch, which was also observed with DBL in the previous chapter.[110] 

As discussed above, liberation of lignin from softwood lignocellulose is more 

difficult compared to hardwood. In fact, when the same organosolv process 

used for birch lignin isolation was applied to pine sawdust (refluxed 1 h in 9:1 

dioxane/2M HCl), only trace amounts of lignin could be obtained thus making 

the applied extraction process approach unfeasible. Other isolation methods 

were not tested. Instead, in the context of ECCL approach, both pine sawdust 

and birch sawdust were studied as such using the reaction conditions devel-

oped in the previous chapter. 

It should be mentioned that while an acid catalyst has been commonly ap-

plied for the lignin extraction processes, organic-water mixtures without acids 

have been also realized. Examples include THF, EtOH, γ-valerolactone and 

dioxane combined with smaller volume of H2O.[11,116] One key fact behind the 

outcome is that mildly acidic conditions are actually achieved anyway due to 

hydrolysis of small amount of acetyl groups found from hemicellulose. This 

liberates acetic acid, which acts as autocatalyst to accelerate the hydrolysis of 

lignin-carbohydrate bonds.[117] The benefits of this process can be attributed to 

its mildness, which helps to maintain the native structure of lignin. On the 

other hand, the “peeling” of hemicellulose from lignin may not be fully 

achieved or requires prolonged time in such mild conditions. However, it has 

been proposed that near pH-neutral conditions, radical type solvolysis of lig-

nin may also take place, thereby making this a complementary pathway in ad-

dition to acid-catalyzed process.[190]  

Nevertheless, arriving to the strategy of this study, the mild conditions would 

more likely work better for the concomitant aerobic oxidation in the presence 

of Cu/BiPy/TEMPO-catalysts, which are known to perform well in organic 
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solvents near neutral pH or rather mildly basic conditions introduced by addi-

tives such as NMI and DMAP.[8,9] Thus, it was envisioned that sulfolane with a 

small amount of water could be used to extract lignin from wood and at the 

same time perform the aerobic oxidation to depolymerize the liberated lignin.  

The conditions were initially adapted from the previous experiments with 

DBL. Following oxidations, the samples were prepared by filtering off the re-

sidual wood, diluting the filtrate with EtOAc, and after addition of internal 

standard (TMB), silylating as before prior to the GC-analysis. First, dried pine 

sawdust was stirred in sulfolane at 125 °C for 30 h, under O2 (Table 23, en-

try 1). It turned out that even without added H2O, this simple system led to the 

formation of vanillin 124a (0.7 wt%) and vanillic acid 124b (0.5 wt%). A small 

amount of glycolic acid (0.2 wt%) was also observed. Note that the yields are 

given based on the total amount of lignin in wood.  

Table 23. Oxidation of hard/softwood sawdust delivering syringyl 120a–b or guaiacyl 124a–b 
monomers as the major aromatic products.a  

 
   Products and yields (wt%)c 

Entry Wood Cu salt 
(wt%)b,c 120a 120b 124a 124b Totald glycolic 

acid 
oxalic 
acid 

1e pine no cat. - - 0.7 0.5 1.2 0.2 - 

2f pine no cat. - - 1.3 0.8 2.1 0.3 - 

3 pine no cat. - - 1.5 1.1 2.6 0.3 0.3 

4 pine 2 - - 1.7 1.7 3.5 1.4 0.3 

5 pine 0.5 - - 2.1 (1.8)g 1.9 (1.8)g 4.0 (4.5)h 0.9 0.4 

6 birch 0.5 4.0 2.1 0.7 0.6 7.3 (8.1)h 0.7 0.4 

7 birch no cat. 3.6 1.0 0.4 0.2 5.2 0.3 0.2 

aGeneral conditions: dry sawdust (50 mg), sulfolane (1 mL), stirred (500 rpm) at 125 °C for 30 h under O2 balloon. 
b Catalytic experiments: Cu(NO3)2·3H2O (x wt%, 1 equiv.), BiPy (1 equiv.), TEMPO (2 equiv.), NMI (1 equiv.), DMAP 

(0.2 equiv.). c Based on estimated lignin amount (pine: 26 wt%, birch: 22.3 wt%); GC-FID quantifications were made after 

trimethylsilylation and are based on response factors versus internal standard (TMB). d Total amount of aromatic mono-

mers. e Dry solvent. f 3 vol% H2O. g 24 h reaction. h Mol% according to the estimated monolignol content, birch: MW ≈

 200,[183] pine: MW ≈ 180.[191] 

 

Next, the effect of water was studied. As expected, sulfolane with 3 vol% of 

H2O turned out to be more effective likely due to enhanced delignification 

from the lignocellulose (Table 23, entry 2). This prompted to further increase 

the water content to 10 vol%. Surprisingly, this led to complete loss of produc-

tivity as only traces of the aromatic monomers were detected in GC (results not 

shown). Due to this observation, the water content was next decreased to 

1 vol%. Gratifyingly, this gave so far the best outcome affording 1.5 wt% vanil-

lin 124a and 1.1 wt% vanillic acid 124b (Table 23, entry 3). Hence, it seemed 

that only a small amount of moisture is most optimal for the concomitant del-
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ignification and lignin depolymerization. Most likely more aqueous conditions 

negatively affect the aerobic oxidation step, perhaps shutting down the plausi-

ble SET-induced cleavage, which is believed to be the major depolymerization 

pathway in the absence of Cu/TEMPO catalyst (see Scheme 77). 

Next, with the optimal solvent system in hand, the catalyst system studies 

were initiated. First, using 2 wt% of Cu salt (1.7 mol%) based on the total lignin 

in wood, and adjusting the rest of the catalyst system as before, the one-pot 

solvolysis and oxidation of pine wood gave rise to 1.7 wt% of vanillin 124a and 

1.7 wt% of vanillic acid 124b (Table 23, entry 4). This time also more glycolic 

acid (1.4 wt%) was formed together with a small amount of oxalic acid 

(0.3 wt%). Once the catalyst loading was decreased by 75%, using as little as 

0.5 wt% of Cu salt (total 1.7 wt% of catalyst) the delivery of monomers was 

increased to 2.1 and 1.8 wt% of vanillin and vanillic acid, respectively 

(Table 23, entry 5). Here, the trend was exactly the same as the observations 

with birch lignin  (see Table 21).The decrease in catalyst loading afforded more 

aromatic monomers. No sign of syringyl type monomers was detected, which 

is in agreement with the lack of syringyl units in pine.[110] 

The oxidation was then studied with birch wood. Gladly, applying the opti-

mized catalyst system for birch sawdust, a total of 7.3 wt% of aromatic mono-

mers were obtained based on the lignin amount (Table 23, entry 6). The major 

products were now syringaldehyde 120a (4.0 wt%) and syringic acid 120b 

(2.1 wt%), and the S/G product ratio was roughly 4.7 : 1. Notably, these results 

are similar to what was obtained with DBL (Table 21, entry 5). However, based 

on the overall yield of aromatic monomers when taken also the isolation of 

birch lignin (~25% yield) into account, the direct oxidation of birch wood is 

actually more efficient. Finally, the aerobic oxidation without catalyst system 

was tested also for birch. As a result, a total of 5.2 wt% of aromatic monomers 

were obtained (Table 23, entry 7), which is almost the same amount as ob-

tained with DBL before (Table 21, entry 2).   

The identified lignin monomer product distributions for the catalytic oxida-

tions in Table 23 are illustrated in Figure 28. Note that glyoxalic acid could not 

be quantified due to overlap with sulfolane and is thus not shown in the re-

sults. 

 

 

Figure 28. Monomer product distributions obtained after the Cu/TEMPO-catalyzed oxidations of 
pine and birch wood.  
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GC-MS analysis revealed also the presence of hemicellulose products, which 

were mainly simple sugars or lactone derivatives thereof. Typical hemicellu-

lose and cellulose derived aldehydes, furfural and HMF, respectively, or their 

oxidized derivatives were not detected. 

After the direct oxidations of pine and birch sawdust were studied, several 

additional reactions were performed to get more insight to the role of catalyst 

and possible autocatalysis. Pine was chosen for this study, although the choice 

of wood would likely not matter at this point as similar trends were expected. 

First, the importance of copper was examined by omitting it from the system. 

As expected, the total amount of aromatic monomers (124a and 124b) was 

decreased to 2.2 wt%, which is 45% less than obtained with Cu (Table 24, en-

try 1 and Table 23, entry 5). Next, TEMPO was omitted from the Cu-based cat-

alyst system. This led to 2.9 wt% of total aromatic monomers, which is 28% 

(1.1 wt%) less aromatic monomers than obtained with TEMPO (Table 24, en-

try 2 and Table 23, entry 5). Thus, both Cu and TEMPO have a clear role in the 

oxidation to aromatic monomers, and the primary role can be addressed to 

copper. These observations correlate well with the ones noted for lignin model 

compound 101a (Chapter 6.3.1, Table 16 and Table 18) Next, the role of sul-

folane was again compared with DMF. Like before with DBL, the monomer 

production was also here marginal when DMF with 1 vol% H2O was used un-

der oxygen, without catalyst (Table 24, entry 3).  

Table 24. Control reactions with hard/softwood sawdust delivering guaiacyl 124a–b monomers 
as the major aromatic products.a  

 
   Products and yields (wt%)b 

Entry Notes Additive 124a 124b Totalc glycolic 
acid 

oxalic 
acid 

1 no Cu - 1.2 0.9 2.2 0.3 - 

2 no TEMPO - 1.4 1.5 2.9 0.7 - 

3 DMFd, no cat. - 0.3 0.4 0.6 0.3 - 

4 no cat. oxalic acide 0.8 0.5 1.3 0.1 0.2 

5 no cat. formic acidf 1.4 1.1 2.5 0.3 0.3 

aExperiments with catalyst: wood (50 mg), sulfolane (1 mL), Cu(NO3)2·3H2O (0.5 wt%, 1 equiv.), BiPy (1 equiv.), TEMPO 

(2 equiv.), NMI (1 equiv.), DMAP (0.2 equiv.). Stirred (500 rpm) at 125 °C for 30 h under O2 balloon. Other experiments 

according to the notes. b Based on estimated lignin amount in pine (26 wt%); GC-FID quantifications were made after 

trimethylsilylation and are based on response factors versus internal standard (TMB). c Total amount of aromatic mono-

mers. d Solvent = DMF:H2O (99:1) e 13 wt% (1 equiv.), f 7 wt% (1 equiv.); equivalence is based on the estimated amount of 

monolignol units (MW ≈ 180)[191] in native pine lignin. 

 

Finally, possible influence of the acidic lignin products was considered. Be-

sides glycolic and oxalic acid (and glyoxalic acid), another tentative degrada-

tion product, formic acid, is expected to arise upon hydrolysis of formates such 
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as aryl formate 104a (see Scheme 76). Therefore, oxalic acid and formic acid 

were chosen for the study and subjected in 1 equivalent with respect to the 

estimated monolignol content. To gain insight of possible autocatalytic role, 

the catalyst system was omitted from these experiments. Interestingly, oxalic 

acid had a slightly negative effect as the aromatic monomer production de-

creased from 2.6 to 1.3 wt% (Table 24, entry 4 and Table 23, entry 3). Moreo-

ver, almost all oxalic acid was consumed during the experiment, suggesting 

that it presumably degrades or reacts with wood products such as sug-

ars. Formic acid, instead, had no obvious influence to the outcome (Table 24, 

entry 5 and Table 23, entry 3).  

It should be noted that while oxalic acid had a negative impact to the aro-

matic monomer production, it is likely generated less during the oxidation 

than applied here (1 equiv. corresponds to 13 wt% of total lignin). According to 

the proposed mechanistic cycle shown in Scheme 76, oxalic acid is one of the 

coproducts formed at the end of the secondary α-alcohol oxidation initiated 

Cα–Cβ cleavage route, which is thought to be a minor pathway in the absence of 

Cu/TEMPO catalyst. In any case, the autocatalytic role of oxalic acid and for-

mic acid for the production of aromatic monomers can be quite safely ruled 

out and the same could be presumed for other acidic degradation products.  

One of the main challenges in the field of lignin valorization is to obtain a 

simple mixture of products, which can be easily separated to obtain pure val-

ue-added chemicals. Given the high selectivity obtained with both birch and 

pine wood, only two to four products are formed as the major aromatic mon-

omers. Moreover, the two types of aromatics, phenolic aldehydes and carbox-

ylic acids, enables to use the different pKa values of these compounds as a ben-

efit for the extractive work-up. As the pKa value of a phenol is close to 10, 

strongly basic aqueous phase would collect all the phenols, while non-acidic 

organic compounds would be collected into organic phase. Once the pH is low-

ered to roughly 8, conjugate base of the acid remains, but the phenol group is 

not anymore deprotonated, which allows to separate acids from aldehydes. 

Thus, it was envisioned that the extractive work-up would afford aromatic al-

dehyde and acid rich crudes, which could be then purified further by simple 

methods such as chromatography, precipitation or recrystallization. 

To reach this goal and to further test the potential of the one-pot lignin sol-

volysis-oxidation directly from wood, the reaction was scaled up to from 50 mg 

to 5 g of sawdust. Pine was chosen here for the process study (Scheme 78). 

After the oxidation, the residual wood was collected by filtration and washed 

with H2O and MTBE (Figure 29). GC analysis revealed that 2.1 wt% vanillic 

acid 124b and 1.8 wt% vanillin 124a were formed (based on the lignin amount 

in pine). Following the principles discussed above, pH control during the ex-

tractions indeed allowed to obtain two organic fractions, one rich in vanillin 

and the other one rich in vanillic acid.   
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Scheme 78. Large-scale oxidation of pine sawdust. Wood (5 g), sulfolane (99 mL), 
Cu(NO3)2·3H2O (0.5 wt% based on lignin, 1 equiv.), BiPy (1 equiv.), TEMPO (2 equiv.), NMI 
(1 equiv.), DMAP (0.2 equiv.). Stirred (500 rpm) at 125 °C for 30 h under O2 (1 atm). 

 

 
 

Figure 29. Filtered pine wood residues after the oxidation (left), and aqueous-organic phase 
system with precipitated lignin obtained after the washings of residual wood with H2O and 
MTBE (right). 

Unfortunately, the vanillin rich fraction contained an unknown side product, 

which stubbornly co-eluted with vanillin despite the eluent systems tested. 

Flash chromatographic purification afforded 14.5 mg of technical grade vanil-

lin in 82% purity. This meant roughly 0.9 wt% yield for vanillin (based on lig-

nin amount). Nevertheless, the issue related to vanillin grade and yield could 

be circumvented in larger scale when recrystallization would become a viable 

alternative due to easier handling with less material loss. Alternatively, since 

the impurity is not aldehyde, isolation of vanillin as its bisulfite adduct offers 

another solution.  

Gratifyingly, the vanillic acid rich oil was much easier to purify. Most of the 

acid was simply precipitated from concentrated MTBE solution by the addition 

of CH2Cl2. After the resulting beige solid was collected by filtration, the filtrate 

was purified by flash chromatography to give total 1.7 wt% of pure vanillic acid 

(>98% purity). 

Particularly, this experiment showed that the process is definitely scalable 

maintaining the productivity of vanillin and vanillic acid (total 3.9 wt% based 

on GC analysis). Moreover, the products can be separated via simple basic 

work-up and extractions, after which the oily crude products are relatively easy 

to purify with high potential for viable precipitation/recrystallization in rea-

sonable scale.  
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6.6 Product market and applications 

Among the important factors to be considered for a biorefinery concept in-

clude the properties of final products such as market value and potential appli-

cations. The major value-added products obtained from extracted lignin or 

directly from wood were syringaldehyde, vanillin, syringic acid and vanillic 

acid. While all of these were obtained from birch, vanillin and vanillic acid 

were the only two major products from pine. 

The market of bio-based vanillin is growing rapidly. In 2016, the annual 

global market of vanillin was approximately 18 650 tons. Vanillin dependence 

is increasing in various end-use industries such as food and beverage, cosmet-

ics, fragrance and pharmaceuticals. It has been estimated that globally there 

will be 7% increase in Compound Annual Growth Rate (CAGR) from 2017 to 

2025 reaching vanillin market size of USD 724.5 million. Especially the vanil-

lin market in the pharmaceutical segment is facing a significant increase. In 

U.S. 38% growth is forecasted (from 446.7 to 617.7 tons) between 2016 and 

2025.[192] 

Currently, there is only one commercial producer of lignin-based vanillin. 

The Norwegian company, Borregaard, produces vanillin from spruce approxi-

mately 1 500 tonnes per year.[193] The process is based on sulfite pulping, 

which affords lignosulfonates that are further processed under alkaline condi-

tions in the presence of copper catalyst. From 1000 kg of wood 400 kg of lig-

nin is isolated, from which about 3 kg of vanillin is produced.[194,195] In re-

sponse to the increasing demand of bio-based vanillin, the company is current-

ly expanding the capacity by 250 tonnes per year.[196] As the lignosulfonate 

process is the only commercial technology for vanillin production from wood, 

others are yet to be realized in industrial scale. According to the literature, 

vanillic acid, syringaldehyde or syringic acid are not commercially produced 

from lignin. 

Like vanillin, vanillic acid has applications from flavors and fragrances to 

pharmaceutical intermediates. In 2016, the global production of vanillic acid 

was 18 900 tons, which increased 1.6 % from 2012.[197] 

Syringaldehyde has comparable applications to vanillin. Although not as 

commercialized as vanillin, syringaldehyde applications are emerging rapidly. 

Due to its bioactive properties, it has found use in pharmaceuticals, cosmetics, 

food, textiles, pulp and paper industry as well as biological controlling.[198] 

Syringic acid is naturally occurring in various plants, vegetables and fruits. 

The compound finds wide range of commercial uses for its antioxidant, anti-

cancer, anti-inflammatory and neuroprotective effects among others. The in-

dustrial applications cover several fields including pharmaceuticals, laccase 

activation in pulp industry, and photocatalytic ozonation. Numerous deriva-

tives of syringic acid are also of wide importance.[199] 

Vanillin, syringaldehyde, and their acid equivalents are extremely versatile 

precursors for various types of platform chemicals and serve as useful building 

blocks for pharmaceuticals. Having that said, REAXYS® database contains 

roughly 12 000 entries for chemical reactions using vanillin as starting materi-

al. The four aromatic monomers serve as versatile starting materials and 
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building blocks for the synthesis of various type of chemicals and intermediate 

products as illustrated in Scheme 79.  

 

 

Scheme 79. Examples of useful chemicals and important intermediate products readily derived 
from syringaldehyde, vanillin, syringic acid and vanillic acid. Note that parentheses represent 
the possible functional group in the place of H atom.  

6.7 Outlook 

The development of aerobic Cu/TEMPO-catalyzed oxidation was successfully 

applied to isolated lignin (DBL) and further expanded to direct one-pot oxida-

tion of both softwood and hardwood to produce two to four value-added aro-

matic monomers as the major products. Three main oxidative depolymeriza-

tion pathways (Scheme 76 and Scheme 77) were postulated based on the 

mechanistic studies carried out with various model compounds.  

The observed production of aromatic monomers from wood and organosolv 

lignin in the absence of copper/TEMPO-based catalyst was believed to occur 

via SET-induced C–C cleavage reactions but could also be accelerated by ran-
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dom lignin products in autocatalytic fashion. Further studies would be re-

quired to gain more insight to this possibility. 

It is important to note that the amount of obtained aromatic monomers from 

organosolv birch lignin correlated well with the determined β-O-4 content 

thereof, meaning that the theoretical maximum based on this linkage was ac-

tually reached. This suggests that lignin with higher β-O-4 abundance would 

afford higher monomer yields thereby making the protocol more efficient. This 

possibility could be realized with more native type hardwood lignin samples. 

Alternatively, bioengineered lignins, with less linkage diversity, could be inter-

esting targets for the Cu/TEMPO protocol. 

Outside the scope of this thesis remain the analyses and further treatment of 

cellulose and hemicellulose enriched fractions. Thus, for future research it 

would be useful to study the potential utilization of the recovered cellulose-

rich wood residue. Enzymatic hydrolysis of cellulose into glucose followed by 

fermentation to bioethanol represents one of the major biorefinery applica-

tions. However, the prerequisite for successful treatment with cellulose-

hydrolyzing enzymes is that cellulose is indeed separated from the lignocellu-

lose matrix, meaning that the bonds between cellulose-hemicellulose-lignin 

composites are broken.[110] Alternatively, the obtained wood residue could have 

potential for bio-coal production.[200] Water soluble hemicellulose products 

(obtained after separation from lignin and sulfolane) could be further analyzed 

and tested for fermentation as well. Depending on the carbohydrate content, 

for instance, xylose rich fractions from hardwood may have potential for xyli-

tol production.[201] 

For the initial hydrolysis of lignocellulose to liberate the lignin, effects of 

acidity and even basicity together with temperature control could be further 

explored with and without the aerobic copper-catalyst system in sulfolane 

(ECCL approach). Alternatively, the possible role of lignin solvolysis (libera-

tion from the lignocellulose) based on radical reactions could be investigated.   

For an industrially viable concept, the further processing of any lignin 

“waste” streams should be considered. Perhaps the secret of Borregaard’s via-

ble process is that the company utilizes all the process streams so effectively. 

Here, the side products of oxidized DBL (other than aromatic monomers) like-

ly have potential for further processability. Alternatively, depending on the 

heating value and other properties of the residual lignin, it could be potentially 

used as biochar.[202] The aqueous soluble acids (such as glycolic, glyoxalic and 

oxalic acid) could be recovered from the aqueous phase by basic extraction and 

considered for further separation. Characterization of the other MTBE soluble 

dimers and oligomers would help to find potential further use for those. Sul-

folane could be recycled from the aqueous phase by distillation of water 

and/or extracting sulfolane into an appropriate solvent such as EtOAc, which 

can then be easily collected by evaporation.  
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6.8 Conclusions 

Despite the success of cellulose and hemicellulose technologies covering wide 

bioproduct applications today, effective valorization of the lignin-enriched 

fractions has remained a great challenge in our society. Due to the increasing 

demand of renewable carbon, including aromatics, complete valorization of 

lignocellulic biomass is an essential target.  

The ultimate goal of this thesis was to develop a sustainable strategy for lig-

nin depolymerization affording simple value-added aromatic compounds. The 

initial idea to activate the lignin by alcohol oxidation turned the attention to a 

suitable catalyst. Inspired by the natural lignin degrading enzymes and moti-

vated by the previous work with aerobic copper/TEMPO catalysts for alcohol 

oxidation in our group, a new protocol for the oxidative lignin valorization was 

developed. 

One of the major challenges in the field of lignin valorization to chemicals is 

the fact that lignin depolymerization often leads to a complex mixture of prod-

ucts, which possess diverse functional groups and are thus difficult to 

purify.[111] Here, oxidative treatment of both hardwood (birch) and softwood 

(pine) gave rise to a simple mixture of monoaromatic lignin products. As 

demonstrated by the larger scale oxidation of pinewood, the lignin products 

can be easily separated from the carbohydrates and higher-molecular weight 

fractions, which were insoluble in MTBE. Simple pH control allowed to further 

separate the phenolic aldehyde and acid products giving rise to crude vanillin 

and crude vanillic acid. While flash chromatographic purification afforded 

technical grade vanillin, precipitation of vanillic acid and elution of the residue 

through a pad of silica gave pure vanillic acid in high isolated yield. Most im-

portantly, scale-up from 50 mg to 5 g of pinewood afforded similar yields of 

aromatic monomers (confirmed by GC). This shows great potential for a larger 

scale process, which would make the isolation of vanillin and vanillic acid via-

ble through simple precipitation/recrystallization methods and could thus 

circumvent the issues of vanillin grade and yield. 

The obtained aromatic monomers from isolated birch lignin (DBL) account-

ed for theoretical maximum based on the determined β-O-4 content. This 

strengthens the real potential of the developed Cu/TEMPO protocol for effi-

cient valorization of more β-O-4 abundant lignins to reach improved monomer 

yields.  

The development of mild ECCL processes, which enhance the delignification 

but retain the original lignin structure to maximize the monomer production, 

are of high importance in the future biorefineries. In this context, the 

Cu/TEMPO-catalyzed and the non-catalytic aerobic oxidations developed 

herein could become very interesting candidates not only for native type lignin 

but also for a bioengineered lignin biorefinery concept.[111,117,203] Furthermore, 

the developed aerobic protocols may serve as a great basis for future strategies 

using sulfolane as a versatile and novel solvent for lignin valorization. 

In conclusion, while the specific aim of this thesis was to develop a method-

ology for lignin valorization, several key points for a potential biorefinery con-

cept were also considered. Given the complexity of lignin, not to mention the 
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whole lignocellulose, it is easy to conclude as an individual researcher that a 

potential route from the laboratory to any industrially relevant biorefinery 

lignin process would require several additional years, even decades of inten-

sive work by numerous experts in the field. Hopefully, the rapidly increasing 

research on lignin valorization will help our society to revolutionize renewable 

carbon production. This is only possible when renewable aromatics (lignin!) 

are taken into account. 
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7. Experimental Section 

7.1 General considerations 

All moisture sensitive reactions were carried out in flame or oven dried glass-

ware under argon. Each reaction vessel was equipped with a magnetic stirring 

bar unless otherwise noted. Dry THF, CH2Cl2 and Et2O were obtained with 

MBraun solvent drying system (MB SPS-800, neutral alumina). Dry MeCN, 

hexanes and n-pentane were obtained storing the solvent on activated 3Å or 

4Å molecular sieves (20 wt%) for several days. Sulfolane was distilled from 

KOH pellets under high vacuum. Diisopropylamine and Et3N were distilled 

from CaH2 onto 4Å molecular sieves under argon. 3-pentanone was distilled 

from P2O5 under argon. Methacrolein was distilled through a short Vigreux 

column under argon. Otherwise, all solvents and reagents were used as deliv-

ered from commercial suppliers. The concentration of n-BuLi was determined 

by titrating the hexane solution with N-benzylbenzamide. Analytical TLC was 

performed using Merck silica gel F254 (230–400 mesh, aluminum) plates and 

visualized by UV light (254 nm) and by staining upon heating with standard 

potassium permanganate, cerium ammonium molybdate, vanillin or dinitro-

phenyl-hydrazine solutions. Flash chromatography was performed on Merck 

Silica Gel (Millipore 60, 40-60 µm, 240–400 mesh).  

NMR spectra were recorded on Bruker Avance DPX-400 (1H 399.98 MHz; 
13C 100.59 MHz), Bruker Avance NEO 400 (1H 400.13 MHz, 13C 100.62 MHz), 

Bruker Avance III 400 (1H 400.13 MHz, 13C 100.62 MHz) or Bruker Avance 

NEO 600 (1H 600.13 MHz, 13C 150.90 MHz) spectrometers. The chemical 

shifts are reported in ppm relative to TMS (1H: δ 0.00) or to residual solvent of 

CDCl3 (1H: δ 7.26; 13C: δ 77.0), CD3CN (1H: δ 1.94; 13C: δ 118.26), (CD3)2SO (1H: 

δ 2.50; 13C: δ 39.52) and CD3OD (1H: δ 3.31; 13C: δ 49.00). Lignin HSQC anal-

yses were acquired with Bruker Avance NEO 600. Melting points were deter-

mined with a Stuart SMP30 melting point apparatus. HRMS spectra were rec-

orded with an Agilent 6530 Accurate-Mass (ESI/QTOF) or Waters Micromass 

LCT Premier (ESI/TOF) mass spectrometer. IR spectra were recorded with 

Bruker Alpha Eco ATR FTIR spectrometer. Optical rotations were measured 

with Rudolph Research Analytical AUTOPOL VI Automatic Polarimeter (λ = 

589 nm, 1 dm cuvette). Chiral HPLC analyses were performed with Agilent 

1100 (detector: DAD, column: Daicel Chiralpak AD 4.6 mm x 25 cm). 

Gel Permeation Chromatography (GPC) measurements were performed on 

an Agilent 1100 series equipped with a series of three Phenogel 5u 
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300 x 7.8 mm columns and a guard column (flow: 1 mL/min, injection vol-

ume: 50 µL, mobile phase: THF). Inhibitor-free THF was used for both GPC 

sample preparation and as mobile phase. Detection was performed with an UV 

detector at 280 nm and molecular weight determinations were based on ex-

ternal calibrations with polystyrene (Mn = 76 600, 30 300, 7 000, 1 220, 474), 

acetylated 4,4,-dihydroxybiphenyl (MW = 270), acetylated syringol 

(MW = 196), and toluene (MW = 92) standards.  

GC-FID analyses were performed using Shimadzu GC-2010 gas chromato-

graph equipped with Zebron ZB-35 column (30 m x 0.25 mm x 0.25 µm) and 

FID detector. Carrier gas: helium at 1 mL/min flow, column: 2 min isocratic at 

70 °C, 8 °C/min to 200 °C, isocratic 5 min, 20 °C/min to 300 °C, isocratic 

10 min. For GC-MS analyses a Shimadzu QP2010SE GC system equipped with 

Optic 4 injector, EI ionization detector and HP5-column (30 m x 0.25 mm x 

0.25 µm) was used. Upon injection, injector temperature was raised from 

50 °C to 325 °C (10 °C/sec); carrier gas: helium at 1 mL/min flow, column: 

8 min isocratic at 100 °C , 4 °C/min to 170 °C, 12 °C/min to 290 °C, isocratic 

9.5 min. Reverse-phase HPLC analyses were performed using Agilent 1100 

series with a Phenomenex Kinetex C18 5 µm 4.6 x 250 mm column. Mobile 

phase: MeCN/0.1%(v/v) H3PO4 in H2O, 1 mL/min flow. Gradient elution (% 

MeCN): 2 min 20%, from 20% to 40% in 13 min, 5 min 40%, from 40% to 20% 

in 3 min. 

 

Note: All standard solution additions and precise aliquot transfers were per-

formed with calibrated pipette or calibrated Eppendorf pipette. 

7.2 Selective Cu-catalyzed primary alcohol oxidations 

7.2.1 Typical procedure for the synthesis of 1,6-diols  

 

 
 

The Grignard reagent was prepared as follows: Magnesium turnings (0.8 g, 

33 mmol) were added to a flame-dried 50 mL 2-necked round bottom flask 

equipped with a reflux condenser under Ar. Dry THF (21 mL) and a crystal of 

I2 were then added and the mixture was stirred at rt for 15 min, after which 

PhBr (4.71 g, 3.4 mL, 31.5 mmol) was added slowly in portions. Refluxing was 

typically initiated with a gentle heating and the mixture was stirred without 

external heating until the boiling was over. The refluxing was continued with 

the aid of an oil bath for 30 min or until no more Mg turnings were consumed. 

After cooling to room temperature an aliquot (1 mL) was taken for titration of 

I2 (1 mmol) in THF (4 mL) containing ca. 0.5 M LiCl.[204] 
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Lactone ε-caprolactone (20 mmol) was dissolved in 120 mL of dry THF and 

cooled to -78 °C. DIBAL-H (1.2 equiv., 1.0 M in cyclohexane) was added over a 

period of 10 min and the mixture was stirred at -78 °C for 30 min until no 

starting material was observed on TLC. The Grignard solution (24.0 mmol, 

22.6 mL, 1.06 M in THF) was added slowly and after the addition, the flask 

was placed in an ice bath and stirring was continued for about 2 h. The reac-

tion mixture (occasionally turned to a gel upon completion) was diluted with 

Et2O (100 mL) and quenched very carefully with 1 M HCl (100 mL) in an ice 

bath. Phases were separated and the aqueous phase was extracted with EtOAc 

(2 x 100 mL), washed with NaHCO3 and H2O, dried with Na2SO4, filtered and 

concentrated to give 3.82 g as a pale white solid. Recrystallized from 

EtOAc/Hex to give 2.40 g of white crystals. The residue was purified by flash 

chromatography (eluted with 60% EtOAc/Hex) to give 1.11 g of diol 2a as 

white solid for a total of 3.51 g (90% over 2 steps).  

 

1-phenylhexane-1,6-diol (2a) 

 

 
 

Rf : 0.2 (60% EtOAc/Hex); mp 51–52°C (lit. 55–56°C)[46]  
1H NMR (400 MHz, CD3Cl): δ 7.39 – 7.26 (m, 5H), 4.67 (t, J = 6.7 Hz, 1H), 

3.62 (t, J = 6.6 Hz, 2H), 1.94 (br s, 1H), 1.89 – 1.66 (m, 2H), 1.61 – 1.28 (m, 

7H). 
13C NMR (101 MHz, CD3Cl): δ 144.8, 128.4 (2C), 127.5, 125.8 (2C), 74.5, 

62.8, 39.0, 32.6, 25.6, 25.5. 

NMR data are consistent with those reported in the literature.[46] 

 

1-(p-tolyl)hexane-1,6-diol (3a) 

 

 
 

Prepared on 10 mmol scale following the general procedure. Purified by flash 

chromatography using 60% EtOAc/Hex to give 1.51 g (73%) of white solid. 

 

Rf : 0.27 (60% EtOAc/Hex); mp 40–41°C  
1H NMR (400 MHz, CD3Cl): δ 7.23 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.8 Hz, 

2H), 4.63 (dd, J = 7.5, 5.9 Hz, 1H), 3.62 (t, J = 6.5 Hz, 2H), 2.34 (s, 3H), 1.87 – 

1.76 (m, 2H), 1.75 – 1.64 (m, 1H), 1.60 – 1.51 (m, 2H), 1.50 – 1.21 (m, 5H). 
13C NMR (101 MHz, CD3Cl): δ 141.8, 137.2, 129.1 (2C), 125.8 (2C), 74.4, 

62.9, 38.9, 32.6, 25.6, 21.1. 

NMR data are consistent with those reported in the literature. [205] 
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1-(4-methoxyphenyl)hexane-1,6-diol (4a) 

 

 
 

Prepared on 10 mmol scale using titrated commercial 4-MeO-

phenylmagnesiumbromide (12 mmol, 120 mol%). Purified by flash chromatog-

raphy using 60% EtOAc/Hex to give 1.43 g (64%) of white solid. 

 

Rf : 0.26 (70% EtOAc/Hept.); mp 41–43°C (lit. 45°C)[206] 
1H NMR (400 MHz, CD3Cl): δ 7.26 – 7.20 (m, 2H), 6.91 – 6.81 (m, 2H), 

4.57 (t, J = 6.7 Hz, 1H), 3.78 (s, 3H), 3.56 (t, J = 6.6 Hz, 2H), 2.44 (s, 1H), 1.98 

(s, 1H), 1.83 – 1.72 (m, 1H), 1.71 – 1.60 (m, 1H), 1.58 – 1.45 (m, 2H), 1.45 – 

1.20 (m, 4H). 
13C NMR (101 MHz, CD3Cl): 158.8, 137.0, 127.0 (2C), 113.7 (2C), 73.9, 62.6, 

55.2, 38.8, 32.5, 25.5 (2C). 

NMR data are consistent with those reported in the literature.[206]  

 

1-(4-chlorophenyl)hexane-1,6-diol (5a) 

 

 
 

Prepared on 10 mmol scale using titrated commercial 4-chloro-

phenylmagnesiumbromide (12 mmol, 120 mol%). Purified by flash chromatog-

raphy using 60% EtOAc/Hex to give 1.92 g (84%) white solid. 

 

Rf : 0.22 (60% EtOAc/Hept.); mp 54–55°C 
1H NMR (400 MHz, CD3Cl): δ 7.34 – 7.24 (m, 4H), 4.70 – 4.60 (m, 1H), 

3.61 (t, J = 6.5 Hz, 2H), 2.06 (d, J = 3.2 Hz, 1H), 1.82 – 1.73 (m, 1H), 1.72 – 

1.62 (m, 1H), 1.59 – 1.50 (m, 2H), 1.49 – 1.22 (m, 5H). 
13C NMR (101 MHz, CD3Cl): δ 143.3, 133.1, 128.5 (2C), 127.2 (2C), 73.8, 

62.8, 39.0, 32.5, 25.6, 25.4. 

NMR data are consistent with those reported in the literature.[205] 

 

1-(4-(trifluoromethyl)phenyl)hexane-1,6-diol (6a) 

 

 
 

Prepared on 10 mmol scale following the general procedure. Purified by flash 

chromatography using 60% EtOAc/Hex to give 1.65 g (63%) of white solid 

with a hint of yellow shade. 
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Rf : 0.30 (70% EtOAc/Hept.); mp 45–46°C 
1H NMR (400 MHz, CD3Cl): δ 7.59 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.1 Hz, 

2H), 4.77 – 4.68 (m, 1H), 3.60 (t, J = 6.6 Hz, 2H), 2.47 (d, J = 3.5 Hz, 1H), 1.84 

– 1.61 (m, 3H), 1.59 – 1.49 (m, 2H), 1.49 – 1.27 (m, 4H). 
13C NMR (101 MHz, CD3Cl): δ 148.8, 126.1 (2C), 125.3, 125.3, 73.7, 62.7, 

39.1, 32.4, 25.5, 25.3.  

NMR data are consistent with those reported in the literature.[205] 

 

nonane-1,6-diol (7a) 

 

 
 

Prepared on 15 mmol scale using titrated commercial propylmagnesium chlo-

ride (9.7 mL, 18 mmol, 120 mol%, 1.86 M). Purified by flash chromatography 

using 60% EtOAc/Hex to give 2.12 g (88%) of colorless oil. 

 

Rf : 0.30 (70% EtOAc/Hept.) 
1H NMR (400 MHz, CD3Cl): δ 3.65 (t, J = 6.6 Hz, 2H), 3.61 (s, 1H), 1.63 – 

1.52 (m, 3H), 1.51 – 1.33 (m, 11H), 1.02 – 0.85 (m, 3H). 
13C NMR (101 MHz, CD3Cl): δ 71.6, 62.8, 39.7, 37.3, 32.7, 25.8, 25.4, 18.8, 

14.1. 

NMR data are consistent with those reported in the literature.[207]  

7.2.2 General procedure for catalyst screening 

In a 4 mL vial, diol 2a (58.3 mg, 0.3 mmol, 100 mol%) was dissolved in the 

desired solvent, after which biphenyl as internal standard (23.1 mg, 

0.15 mmol, 50 mol%), Cu source (0.009 mmol, 3 mol%) and possible salt addi-

tive (0.012 mmol, 4 mol%) were added. Next, stock solutions of ligand 

(0.009 mmol, 3 mol%; 0.5 M, 18 µL), nitroxyl radical (0.009 mmol, 3 mol%; 

0.5 M, 18 µL) and base (NMI and/or DBU; 3 or 6 mol%; 0.5 M, 18 or 36 µL), 

and additional solvent were added sequentially ending up to the desired sub-

strate 2a concentration (0.25–1 M). The resulting mixture was stirred 

(700 rpm) under air balloon and monitored by GC. Aliquots for GC monitoring 

were passed through a block of silica in Pasteur pipette (eluted with EtOAc). 

Conversion and product yields were determined based on the ratio of peak 

areas [product/(products + starting material)]; conversion was checked with 

the aid of the internal standard (biphenyl).  
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7.2.3 Chemoselective oxidation of 1,6-diols 

 

 
 

General procedure for chemoselective oxidation of diols 2a–7a 

A 50 mL round-bottom flask was charged with the desired diol (2 mmol, 

100 mol%) and acetonitrile (1.8 mL). Once the substrate was dissolved, copper 

iodide (11.4 mg, 0.06 mmol, 3 mol%), 2,2’-bipyridine (9.4 mg, 0.06 mmol, 

3 mol%), TEMPO (9.4 mg, 0.06 mmol, 3 mol%) and a stock solution of NMI 

(0.12 mmol, 6 mol%; 0.6 M, 0.2 mL) in acetonitrile were added. The resulting 

dark brown mixture was stirred (700 rpm) at rt open to air. As soon as the 

color of the reaction mixture turned to deep green (typically after 2.5 h, >90% 

conversion determined by GC), Et2O (4 mL) was added and the resulting mix-

ture was passed through a block of SiO2 in Pasteur pipette (rinsed with Et2O). 

The filtrate was concentrated and the residue purified by flash chromatog-

raphy (gradient elution from 20% to 60% EtOAc/Hex) to give the desired al-

dehyde (a-e) and possible dicarbonyl side product. 

 

6-hydroxy-6-phenylhexanal (2b) 

 

 
 

Isolated as colorless oil in 60% yield (232 mg). 

Rf : 0.43 (40% EtOAc/Hept.) 
1H NMR (400 MHz, CD3Cl): δ 9.73 (t, J = 1.7 Hz, 1H), 7.40 – 7.26 (m, 5H), 

4.66 (dd, J = 7.6, 5.7 Hz, 1H), 2.41 (td, J = 7.3, 1.8 Hz, 2H), 1.99 (br s, 1H), 1.88 

– 1.58 (m, 4H), 1.52 – 1.40 (m, 1H), 1.39 – 1.25 (m, 1H). 
13C NMR (101 MHz, CD3Cl): δ 202.6, 144.6, 128.5 (2C), 127.6, 125.8 (2C), 

74.3, 43.8, 38.7, 25.3, 21.9. 

NMR data are consistent with those reported in the literature. [46] 

 

6-oxo-6-phenylhexanal (2c) 

 

 
 

Isolated as white solid in 11% yield (41 mg).  

Rf : 0.56 (40% EtOAc/Hept). 
1H NMR (400 MHz, CD3Cl): δ 9.78 (t, J = 1.6 Hz, 1H), 7.95 (dd, J = 8.4, 1.4 

Hz, 2H), 7.62 – 7.51 (m, 1H), 7.46 (dd, J = 8.3, 6.9 Hz, 2H), 3.01 (t, J = 6.9 Hz, 

2H), 2.50 (td, J = 7.0, 1.6 Hz, 2H), 1.86 – 1.66 (m, 4H). 
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13C NMR (101 MHz, CD3Cl): δ 202.2, 199.7, 136.8, 133.0, 128.6 (2C), 127.9 

(2C), 43.7, 38.1, 23.5, 21.6. 

NMR data are consistent with those reported in the literature.[208] 

 

6-hydroxy-6-(p-tolyl)hexanal (3b) 

 

 
 

Isolated as colorless oil in 57% yield (234 mg). 

Rf : 0.34 (40% EtOAc/Hept).   

IR (film): v 3416, 2933, 2861, 2724, 1719, 1514, 1391, 1040, 1017, 818 cm-1.  
1H NMR (400 MHz, CD3Cl): δ 9.72 (t, J = 1.7 Hz, 1H), 7.21 (d, J = 8.2 Hz, 

2H), 7.15 (d, J = 8.1 Hz, 2H), 4.62 (dd, J = 7.5, 5.7 Hz, 1H), 2.41 (td, J = 7.3, 1.8 

Hz, 2H), 2.34 (s, 3H), 1.97 (s, 1H), 1.85 – 1.75 (m, 1H), 1.74 – 1.59 (m, 3H), 

1.50 – 1.38 (m, 1H), 1.37 – 1.23 (m, 1H). 
13C NMR (101 MHz, CD3Cl): δ 202.6, 141.6, 137.3, 129.1, 125.8, 74.1, 43.8, 

38.6, 25.4, 21.9, 21.1. 

HRMS: calculated 435.2506 (C26H36NaO4
+, 2M+Na+) found 435.2503.  

 

6-oxo-6-(p-tolyl)hexanal (3c) 

 

 
 

Isolated as white solid in 14% yield (56 mg). 

Rf : 0.63 (40% EtOAc/Hept). 
1H NMR (400 MHz, CD3Cl): δ 9.78 (t, J = 1.7 Hz, 1H), 7.91 – 7.77 (m, 2H), 

7.30 – 7.22 (m, 2H), 2.97 (t, J = 6.8 Hz, 2H), 2.50 (td, J = 7.0, 1.7 Hz, 2H), 2.41 

(s, 3H), 1.75 (m, 4H). 

NMR data are consistent with those reported in the literature.[209] 

 

6-hydroxy-6-(4-methoxyphenyl)hexanal (4b) 

 

 
 

Isolated as colorless oil in 51% yield (227 mg). 

Rf : 0.18 (30% EtOAc/Hept). 
1H NMR (400 MHz, CD3Cl): δ 9.74 (t, J = 1.7 Hz, 1H), 7.28 – 7.24 (m, 2H), 

6.91 – 6.86 (m, 2H), 4.62 (dd, J = 7.4, 5.9 Hz, 1H), 3.81 (s, 3H), 2.42 (td, J = 

7.3, 1.7 Hz, 2H), 1.87 – 1.78 (m, 1H), 1.75 – 1.61 (m, 4H), 1.51 – 1.39 (m, 1H), 

1.35 – 1.27 (m, 1H). 
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13C NMR (101 MHz, CD3Cl): δ 202.6, 159.0, 136.8, 127.0, 113.8, 73.9, 55.2, 

43.8, 38.6, 25.4, 21.9. 

NMR data are consistent with those reported in the literature.[210] 

 

 

6-(4-methoxyphenyl)-6-oxohexanal (4c) 

 

 
 

Isolated as white solid in 10% yield (44 mg). 

Rf : 0.32 (30% EtOAc/Hept). 
1H NMR (400 MHz, CD3Cl): δ 9.79 (t, J = 1.7 Hz, 1H), 7.97 – 7.91 (m, 2H), 

6.96 – 6.90 (m, 2H), 3.87 (s, 3H), 2.95 (t, J = 7.0 Hz, 2H), 2.50 (td, J = 7.0, 1.6 

Hz, 2H), 1.83 – 1.66 (m, 4H). 

NMR data are consistent with those reported in the literature.[209] 

 

6-(4-chlorophenyl)-6-hydroxyhexanal (5b) 

 

 
 

Isolated as colorless oil in 59% yield (267 mg). 

Rf : 0.18 (30% EtOAc/Hept). 

IR (film): v 3409, 2937, 2862, 2725, 1719, 1490, 1408, 1089, 1013, 830 cm-1. 
1H NMR (400 MHz, CD3Cl): δ 9.75 (t, J = 1.7 Hz, 1H), 7.35 – 7.25 (m, 4H), 

4.67 (dd, J = 7.5, 5.6 Hz, 1H), 2.43 (td, J = 7.2, 1.7 Hz, 2H), 1.85 (br s, 1H), 1.83 

– 1.60 (m, 4H), 1.52 – 1.40 (m, 1H), 1.38 – 1.27 (m, 1H). 
13C NMR (101 MHz, CD3Cl): δ 202.4, 143.1, 133.2, 128.6, 127.2, 73.6, 43.7, 

38.8, 25.2, 21.8. 

HRMS: calculated 475.1413 (C24H30Cl2NaO4
+, 2M+Na+) found 475.1402.  

 

6-(4-chlorophenyl)-6-oxohexanal (5c) 

 

 
 

Isolated as white solid in 14% yield (63 mg). 

Rf : 0.43 (30% EtOAc/Hept) 

IR (film): v 2941, 2838, 1714, 1674, 1586, 1459, 1403, 1246, 1200, 1094, 982, 

817, 746 cm-1. 
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1H NMR (400 MHz, CD3Cl): δ 9.79 (t, J = 1.6 Hz, 1H), 7.92 – 7.86 (m, 2H), 

7.47 – 7.41 (m, 2H), 2.98 (t, J = 6.9 Hz, 2H), 2.51 (td, J = 7.0, 1.6 Hz, 2H), 1.83 

– 1.67 (m, 4H). 

HRMS: calculated 247.0496 (C12H13ClNaO2
+, M+Na+) found 247.0502. 

 

6-hydroxy-6-(4-(trifluoromethyl)phenyl)hexanal (6b) 

 

 
 

Isolated as colorless oil in 64% yield (335 mg). 

Rf : 0.37 (40% EtOAc/Hept).  
1H NMR (400 MHz, CD3Cl):  δ 9.76 (t, J = 1.6 Hz, 1H), 7.64 – 7.59 (m, 2H), 

7.48 – 7.44 (m, 2H), 4.77 (ddd, J = 8.1, 5.1, 3.3 Hz, 1H), 2.45 (td, J = 7.2, 1.7 

Hz, 2H), 1.95 (d, J = 3.5 Hz, 1H), 1.86 – 1.57 (m, 4H), 1.53 – 1.31 (m, 2H). 

NMR data are consistent with those reported in the literature.[211] 

 

6-oxo-6-(4-(trifluoromethyl)phenyl)hexanal (6c) 

 

 
 

Isolated as white solid in 13% yield (66 mg). 

Rf : 0.57 (40% EtOAc/Hept). 
1H NMR (400 MHz, CD3Cl): δ 9.80 (t, J = 1.5 Hz, 1H), 8.08 – 8.02 (m, 2H), 

7.77 – 7.70 (m, 2H), 3.03 (t, J = 6.9 Hz, 2H), 2.53 (td, J = 7.0, 1.6 Hz, 2H), 1.86 

– 1.68 (m, 4H). 

NMR data are consistent with those reported in the literature.[205]  

 

6-hydroxynonanal (7b) 

 

 
 

Isolated as citrus-scented colorless oil in 83% yield (263 mg). 

Rf : 0.40 (50% EtOAc/Hept).  

IR (film): v 3397, 2932, 2870, 1722, 1458, 1128, 1015 cm-1. 
1H NMR (400 MHz, CD3Cl): δ 9.77 (t, J = 1.8 Hz, 1H), 3.61 (m, 1H), 2.46 

(td, J = 7.3, 1.8 Hz, 2H), 1.74 – 1.59 (m, 3H), 1.53 – 1.32 (m, 8H), 0.97 – 0.89 

(m, 3H). 
13C NMR (101 MHz, CD3Cl): δ 202.7, 71.5, 43.9, 39.7, 37.1, 25.2, 22.0, 18.8, 

14.1. 

HRMS: calculated 181.1199 (C9H18NaO2
+, M+Na+) found 181.1199. 
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7.2.4 Oxidation of primary alcohols 

Representative procedure for benzylic alcohols  

A 100 mL round-bottom flask was charged with the desired alcohol substrate 

(10 mmol, 100 mol%) and acetonitrile (7 mL). Once the alcohol was dissolved, 

CuCl (29.7 mg, 0.3 mmol, 3 mol%), NaBF4 (33.0 mg, 0.3 mmol, 3 mol%) and a 

stock solution of 2,2’-bipyridine (0.3 mmol, 3 mol%; 0.2 M, 1.5 mL) in acetoni-

trile were added. To the resulting dark red/brown mixture were added stock 

solutions of TEMPO (0.1 mmol, 1 mol%; 0.2 M, 0.5 mL) and NMI (0.6 mmol, 

6 mol%; 0.6 M, 1.0 mL) in acetonitrile. The resulting mixture was stirred 

(400 rpm) at rt open to air and monitored by TLC until no starting material 

was observed. The product was purified as described below. 

Representative procedure for allylic alcohols 

A 100 mL round-bottom flask was charged with the desired alcohol substrate 

(10 mmol, 100 mol%) and acetonitrile (8.7 mL). Once the alcohol was dis-

solved, CuCl (9.9 mg, 0.1 mmol, 1 mol%), NaBF4 (11.0 mg, 0.1 mmol, 1 mol%) 

and a stock solution of 2,2’-bipyridine (0.1 mmol, 1 mol%; 0.2 M, 0.5 mL) in 

acetonitrile were added. To the resulting dark red/brown mixture were added 

stock solutions of TEMPO (0.1 mmol, 1 mol%; 0.2 M, 0.5 mL) and NMI 

(0.2 mmol, 2 mol%; 0.6 M, 0.33 mL) in acetonitrile. The resulting mixture was 

stirred (400 rpm) at rt open to air and monitored by TLC until no starting ma-

terial was observed. The product was purified as described below. 

Representative procedure for aliphatic alcohols 

A 100 mL round-bottom flask was charged with the desired alcohol substrate 

(10 mmol, 100 mol%) and acetonitrile (6.0 mL). Once the alcohol was dis-

solved, CuCl (29.7 mg, 0.3 mmol, 3 mol%), NaBF4 (33.0 mg, 0.3 mmol, 

3 mol%) and a stock solution of 2,2’-bipyridine (0.3 mmol, 3 mol%; 0.2 M, 

1.5 mL) in acetonitrile were added. To the resulting dark red/brown mixture 

were added stock solutions of TEMPO (0.3 mmol, 3 mol%; 0.2 M, 1.5 mL) and 

NMI (0.6 mmol, 6 mol%; 0.6 M, 1.0 mL) in acetonitrile. The resulting mixture 

was stirred (400 rpm) at rt open to air and monitored by TLC until no starting 

material was observed. The product was purified as described below.   

Purification methods 

A. Fast general purification method. The reaction mixture was diluted 

with Et2O (20 mL). Filtered through a 2 cm (d = 3.5 cm) pad of silica 

(rinsed with 100 mL of Et2O). Evaporated to give the product.  

B. Alternative method. The reaction mixture was quenched with 30 mL of 

0.1 M H3PO4, extracted with Et2O (3 x 30 mL) and washed with Brine 

(30 mL). Combined organic phases were dried with Na2SO4, filtered 

and evaporated to give the product. 

C. Volatile aldehydes. Followed method B except: Replaced Et2O with n-

pentane and evaporated at 0 °C.  
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3,7-dimethyloct-6-enal (citronellal) 

 

 
 

Following the representative procedure for aliphatic alcohols, the product was 

isolated by purification method A to give colorless oil (1.48 g, 96%) 

 

Rf : 0.75 (10% EtOAc/Hept).   
1H NMR (400 MHz, CD3Cl): δ 9.76 (dd, J = 2.6, 2.0 Hz, 1H), 5.11 – 5.06 

(m, 1H), 2.41 (ddd, J = 16.0, 5.6, 2.1 Hz, 1H), 2.23 (ddd, J = 16.0, 8.0, 2.7 Hz, 

1H), 2.12 – 1.92 (m, 3H), 1.69 (s, 3H), 1.60 (s, 3H), 1.41 – 1.23 (m, 2H), 0.97 

(d, J = 6.7 Hz, 3H). 

Spectral data are consistent with those reported in the literature.[212] 

 

(E)-3,7-dimethylocta-2,6-dienal (geranial) 

 

 
 

Following the representative procedure for allylic alcohols, the product was 

isolated by purification method C to give slightly yellowish oil (1.49 g, 98%).  

 

Rf : 0.67 (30% EtOAc/Hept). 
1H NMR (400 MHz, CD3Cl): δ 10.00 (d, J = 8.1 Hz, 1H), 5.89 (dq, J = 8.1, 

1.2 Hz, 1H), 5.10 – 5.05 (m, 1H), 2.28 – 2.18 (m, 4H), 2.17 (d, J = 1.3 Hz, 3H), 

1.69 (d, J = 1.3 Hz, 3H), 1.61 (d, J = 1.3 Hz, 3H). 
13C NMR (101 MHz, CD3Cl): δ 191.3, 163.8, 132.9, 127.4, 122.5, 40.6, 25.7, 

25.6, 17.7, 17.5. 

Spectral data are consistent with those reported in the literature.[46] 

 

(Z)-3,7-dimethylocta-2,6-dienal (neral) 

 

 
 

Following the representative procedure for allylic alcohols, the product was 

isolated by purification method C to give almost transparent oil with a hint of 

yellow shade (1.47 g, 97%, Z/E >99:1). 

 

Rf : 0.66 (30% EtOAc/Hept).  
1H NMR (400 MHz, CD3Cl): δ 9.90 (d, J = 8.2 Hz, 1H), 5.89 – 5.86 (m, 

1H), 5.10 (ddq, J = 8.8, 5.8, 1.5 Hz, 1H), 2.59 (t, J = 7.5 Hz, 2H), 2.28 – 2.20 

(m, 2H), 1.98 (d, J = 1.3 Hz, 3H), 1.68 (d, J = 1.3 Hz, 3H), 1.60 (s, 3H).  
13C NMR (101 MHz, CD3Cl): δ 190.8, 163.8, 133.7, 128.6, 122.2, 32.6, 27.0, 

25.6, 25.0, 17.7. 
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Spectral data are consistent with those reported in the literature.[213] 

 

(Z)-3-cyclopropylbut-2-enal 

 

 
 

Following the representative procedure for allylic alcohols (except carried out 

in 1 mmol scale), the product was isolated by purification method C (replaced 

aq. H3PO4 with H2O) to give colorless oil (98 mg, 89%, Z/E 82:18) (Alcohol: 

Z/E 82:18). 

 

Rf : 0.26 (10% EtOAc/Hept).   
1H NMR (400 MHz, CD3Cl):  

Z isomer: δ 10.17 (d, J = 8.1 Hz, 1H), 5.94 (d, J = 8.1, 1H), 2.54 (tt, J = 8.3, 5.1 

Hz, 1H), 1.64 (d, J = 1.2 Hz, 3H), 0.98 – 0.91 (m, 2H), 0.91 – 0.86 (m, 2H). 

E isomer: δ 9.96 (d, J = 8.1 Hz, 1H), 5.89 (d, J = 8.1, 1H), 2.02 (d, J = 1.2 Hz, 

3H), 1.62– 1.56 (m, 1H), 0.98 – 0.91 (m, 2H), 0.77 – 0.81 (m, 2H). 
13C NMR (101 MHz, CD3Cl):  

Z isomer: δ 190.4, 166.1, 125.0, 20.1, 13.4, 7.2 (2C).  

E isomer: δ 190.3, 164.6, 128.8, 19.2, 14.4, 8.1 (2C). 

Spectral data are consistent with those reported in the literature.[214]  

 

4-methoxybenzaldehyde 

 

 
 

Following the representative procedure for benzylic alcohols, the product was 

isolated by purification method A to give colorless oil (1.33 g, 98%).  

 

Rf : 0.67 (40% EtOAc/Hept).   
1H NMR (400 MHz, CD3Cl): δ 9.89 (s, 1H), 7.84 (d, J = 8.9 Hz, 2H), 7.01 

(d, J = 8.7 Hz, 2H), 3.89 (s, 3H). 

Spectral data are consistent with those reported in the literature.[212] 

 

4-nitrobenzaldehyde 

 

 
 

Following the representative procedure for benzylic alcohols (except with 

5 mol% of CuCl/NaBF4/BiPy, 1 mol% of TEMPO and 10 mol% of NMI), the 

product was isolated by purification method A to give white solid (1.47 g, 97%). 

 

Rf : 0.42 (40% EtOAc/Hept).   
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1H NMR (400 MHz, CD3Cl): δ 10.17 (s, 1H), 8.43 – 8.38 (m, 2H), 8.11 – 

8.06 (m, 2H). 

Spectral data are consistent with those reported in the literature.[215] 

 

furan-2-carbaldehyde 

 

 
 

Following the representative procedure for benzylic alcohols (furfuryl alcohol 

was freshly distilled), the product was isolated by purification method C to give 

lightly yellow oil (828 mg, 86%).  

 

Rf : 0.75 (40% EtOAc/Hept).   
1H NMR (400 MHz, CD3Cl): δ 9.68 (d, J = 0.7 Hz, 1H), 7.72 – 7.67 (m, 1H), 

7.26 (dd, J = 3.6, 0.7 Hz), 6.61 (dd, J = 3.6, 1.7 Hz, 1H). 

Spectral data are consistent with those reported in the literature.[212] 

 

thiophene-2-carbaldehyde 

 

 
 

Following the representative procedure for benzylic alcohols, the product was 

isolated by purification method C to give lightly orange oil (994 mg, 89%).  

 

Rf : 0.68 (40% EtOAc/Hept).   
1H NMR (400 MHz, CD3Cl): δ 9.95 (d, J = 1.3 Hz, 1H), 7.85 – 7.74 (m, 2H), 

7.22 (dd, J = 4.9, 3.8 Hz, 1H). 
Spectral data are consistent with those reported in the literature.[46] 

7.3 Synthesis towards the calyculin C8–C19 moiety 

Previously unpublished procedures 

 

 

3-(benzyloxy)propanal (47) 

 

 
 

A 100 mL round-bottom flask was charged with the alcohol substrate (3.33 g, 

20 mmol, 100 mol%) and acetonitrile (20 mL). Next, CuCl (99 mg, 1 mmol, 

5 mol%), NaBF4 (110 mg, 1 mmol, 5 mol%), 2,2’-bipyridine (156 mg, 1 mmol, 

5 mol%), TEMPO (156 mg, 1 mmol, 5 mol%) and NMI (2 mmol, 10 mol%, 

160 µl) were added sequentially. The resulting mixture was stirred (400 rpm) 
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at rt open to air and monitored by TLC until no starting material was observed. 

After 8 h stirring, the reaction mixture was diluted with Et2O (40 mL), filtered 

through a pad of silica (rinsed with Et2O) and concentrated to give aldehyde 

47 (3.09 g, 94%) as slightly orange oil.  

 

Rf : 0.66 (40% EtOAc/Hept).   
1H NMR (400 MHz, CD3Cl): δ 9.80 (t, J = 1.8 Hz, 1H), 7.39 – 7.27 (m, 5H), 

4.54 (s, 2H), 3.82 (t, J = 6.1 Hz, 2H), 2.70 (td, J = 6.1, 1.8 Hz, 2H). 

Spectral data are consistent with those reported in the literature.[46] 

 

(4R,5R)-5-((S)-3-(benzyloxy)-1-methoxypropyl)-3,3-dimethyl-4-

((triethylsilyl)oxy)dihydrofuran-2(3H)-one (64) 

 

 
 

To a solution of alcohol 63[86] (480 mg, 1.56 mmol, 100 mol%) in dry CH2Cl2 

(7.8 mL) under argon at 0 °C was added dry 2,6-lutidine (0.72 mL, 6.23 mmol, 

400 mol%). TESOTf (0.70 mL, 3.16 mmol, 200 mol%) was added dropwise 

and the resulting mixture was let to warm slowly to rt and stirred for 12 h at 

this temperature. The reaction was quenched with sat. NH4Cl (8 mL). Phases 

were separated and the aqueous layer was extracted with CH2Cl2 (2 x 6 mL). 

The combined organic phases were dried over sodium sulfate, filtered, and 

concentrated. The crude was purified on silica (eluted with 

10 to 30% EtOAc/Hex) to give 578 mg (88%) of colorless oil. 

 

Rf: 0.35 (20% EtOAc/Hex) 

[α]D
20: -19.0 (c = 4.0, CH2Cl2) 

IR (film): v 2956, 2877, 1777, 1456, 1104, 1008, 738 cm-1. 
1H NMR (400 MHz, CD3Cl): δ 7.36 – 7.25 (m, 5H), 4.49 (s, 2H), 4.43 (dd, J 

= 6.8, 4.6 Hz, 1H), 4.13 (d, J = 4.6 Hz, 1H), 3.72 – 3.58 (m, 3H), 3.43 (s, 3H), 

1.96 – 1.87 (m, 1H), 1.85 – 1.74 (m, 1H), 1.18 (s, 3H), 1.11 (s, 3H), 0.96 (t, J = 

7.9 Hz, 9H), 0.65 (q, J = 7.8 Hz, 6H) 
13C NMR (101 MHz, CD3Cl): δ 180.8, 138.3, 128.3, 127.7, 127.6, 83.4, 78.0, 

76.1, 73.2, 65.9, 58.8, 45.0, 30.8, 23.6, 19.0, 6.9, 5.1 

HRMS (ESI/TOF): calculated 423.2567 (C23H39O5Si, M + H+), found 

423.2553. 
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(4R,5R)-5-((S)-3-Hydroxy-1-methoxypropyl)-3,3-dimethyl-4  ((tri-

ethylsilyl)oxy)dihydrofuran-2(3H)-one (65)  

 

 
 

Compound 64 (493 mg, 1.17 mmol, 100 mol-%) was dissolved in EtOH 

(20 mL). Pd(OH)2 (20 wt% on carbon, 0.100 g, 0.140 mmol, 12 mol%) was 

added and the mixture was flushed by 3 cycles of vacuum/argon followed by 3 

cycles of vacuum/H2. After 5 h, the mixture was filtered through a pad of 

Celite, the cake washed with EtOH, and the filtrate was concentrated. Traces of 

Pd catalyst were removed by filtering the crude through a short block of silica 

(eluted with EtOAc) and evaporated to give alcohol 65 (330 mg, 85%) as color-

less oil. 

 

Rf: 0.18 (40% EtOAc/Hex) 

[α]D
20: -23.7 (c = 1.0, CHCl3) 

1H NMR (400 MHz, CD3Cl): δ 4.42 (dd, J = 7.0, 4.4 Hz, 1H), 4.15 – 4.10 

(m, 1H), 3.91 – 3.78 (m, 2H), 3.70 (ddd, J = 7.7, 7.0, 4.1 Hz, 1H), 3.52 (s, 3H), 

1.92 – 1.81 (m, 1H), 1.73 (m, 1H), 1.24 (s, 3H), 1.22 (s, 3H), 0.98 (q, J = 7.8 Hz, 

9H), 0.65 (q, J = 7.7 Hz, 6H). 
13C NMR (101 MHz, CD3Cl): δ 180.5, 83.5, 78.0, 78.0, 59.9, 59.4, 45.1, 32.8, 

23.6, 19.0, 6.9, 5.2. 

HRMS (ESI/TOF): calculated 333.2097 (C16H33O5Si, M + H+), found 

333.2089. 

IR (film): v 3464, 2956, 2830, 1775, 1106, 1006, 742 cm-1. 

 

(S)-3-((2R,3R)-4,4-Dimethyl-5-oxo-3-

((triethylsilyl)oxy)tetrahydrofuran-2-yl)-3-methoxypropanal (53) 

 

 
 

Alcohol 65 (97 mg, 0.292 mmol, 100 mol%) was diluted in CH2Cl2 (2.8 mL) 

followed by addition of Dess-Martin periodinane (160 mg, 0.379 mmol, 

130 mol%) at room temperature. After 2 h stirring the reaction was quenched 

with NaHCO3 (5 mL) and aq. Na2S2O3 (5 mL, 20 wt% solution) was added. The 

mixture was stirred vigorously for 5 min, then diluted with diethyl ether 

(12 mL). Phases were separated and the aqueous layer was extracted with Et2O 

(3 x 5 mL). Combined extracts were dried over Na2SO4 and filtered through a 

block of silica (eluted with E2O). Concentration gave 53 (87 mg, 90%) as a col-

orless oil. 
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Rf: 0.75 (50% EtOAc/Hex) 

[α]D
20: -27.4 (c = 0.6, CHCl3)  

IR (film): v 2957, 1776, 1724, 1103, 1006, 745 cm-1. 
1H NMR (400 MHz, CD3Cl): δ 9.85 (s, 1H), 4.42 (t, J = 5.4 Hz, 1H), 4.19 (d, 

J = 5.7 Hz, 1H), 4.02 (dt, J = 6.8, 5.3 Hz, 1H), 3.45 (s, 3H), 2.83 – 2.66 (m, 

2H), 1.25 (s, 3H), 1.22 (s, 3H), 1.00 (t, J = 7.9 Hz, 9H), 0.66 (q, J = 7.9 Hz, 6H) 
13C NMR (101 MHz, CD3Cl): δ 200.1, 180.5, 82.4, 77.4, 73.6, 58.7, 44.9, 

44.2, 24.9, 19.1, 6.8, 5.0 

HRMS (ESI/TOF): calculated 353.1760 (C16H30O5NaSi, M + Na+), found 

353.1758. 

 

 (4R,5R)-5-((1S,6R,7R)-3-hydroxy-1-methoxy-4,6,8-trimethyl-5-oxo-

7-((triethylsilyl)oxy)non-8-en-1-yl)-3,3-dimethyl-4-

((triethylsilyl)oxy)dihydrofuran-2(3H)-one (60) 

 

 
 

In a flame-dried two-necked 10 mL flask (Cy)2BCl (0.133 mmol, 

2.0 equiv.; 1 M in Hex, 0.113 mL) was diluted in dry Et2O (0.3 mL) under Ar 

and the mixture was cooled to -10 °C. Next, Et3N (19 µl, 0.133 mmol, 

2.0 equiv) and ketone 51[100] (16.7 mg, 0.066 mmol, 100 mol%) in dry Et2O 

(0.3 mL) were added dropwise. The resulting mixture was stirred for 2 h at 

0 °C, after which cooled to -78 °C and aldehyde 53 (33 mg, 0.1 mmol, 

150 mol%) in dry Et2O (0.4 mL) was added dropwise. The reaction mixture 

was stirred at -78 °C for 1.5 h, then let slowly warm to -10 °C over a period of 

1.5 h. The reaction was quenched at -10 °C with 0.1 M H3PO4 pH 7 buffer 

(2 mL), diluted with MeOH (2 mL), warmed to 0 °C and added 30% H2O2 

(0.2 mL) dropwise, after which the mixture was stirred vigorously at 0 °C for 

1.5 h. After concentration, the residue was diluted Et2O (10 mL), washed with 

H2O (5 mL), NaHCO3 (5 mL) and brine (5 mL), then back-extracted the com-

bined aqueous phases with Et2O (10 mL). The combined organic phases were 

dried over Na2SO4, filtered, evaporated and purified by flash chromatography 

(20 to 40% EtOAc/Hex) to give the title compound as sticky colorless oil 

(27.7 mg, 70%). The product was obtained as inseparable 3:1 mixture of dia-

stereomers. 

 

Rf: 0.69 (40% EtOAc/Hex). 

IR (film): v 3486, 2956, 2878, 1777, 1703, 1460, 1240, 1105, 1006, 741 cm-1. 

HRMS (ESI/TOF): calculated 623.3770 (C31H60O7Si2Na+, M + Na+), found 

623.3758. 
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Major Diastereomer 
1H NMR (400 MHz, CD3Cl): δ 4.86 – 4.79 (m, 2H, C1-H2), 4.58 (t, J = 5.5 

Hz, 1H, C10-H), 4.24 (d, J = 5.3 Hz, 1H, C11-H), 4.22 (d, J = 7.9 Hz, 1H, C3-

H), 3.89 (dddd, J = 10.6, 6.5, 4.7, 1.9 Hz, 1H, C7-H), 3.70 (dt, J = 6.7, 5.1 Hz, 

1H, C9-H), 3.41 (s, 3H, C9-OCH3), 3.17 (d, J = 4.6 Hz, 1H, C7-OH), 2.92 (qd, J 

= 7.9, 6.8 Hz, 1H, C4-H), 2.60 (qd, J = 7.3, 5.9 Hz, 1H, C6-H), 1.82 (ddd, J = 

14.5, 7.2, 1.9 Hz, 1H, C8-HB), 1.72 (s, 3H, C2-CH3), 1.68 – 1.60 (m, 1H, C8-

HA), 1.24 (s, 3H, C12-CH3), 1.21 (s, 3H, C12-CH3), 1.16 (d, J = 7.3 Hz, 3H, C6-

CH3), 1.14 (d, J = 6.9 Hz, 3H, C4-CH3), 1.01 – 0.92 (m, 18H, 2xTES, CH3), 0.71 

– 0.55 (m, 12H, 2xTES, CH2). 
13C NMR (101 MHz, CD3Cl): δ 217.9, 181.0, 145.7, 113.5, 81.8, 78.0, 77.7, 

76.6, 70.0, 57.9, 52.8, 49.8, 44.5, 33.8, 24.5, 19.1, 17.2, 13.9, 13.4, 6.8, 5.1, 4.8. 
 

Minor Diastereomer 
1H NMR (400 MHz, CD3Cl): δ 4.86 – 4.78 (m, 2H, C1-H2), 4.38 (t, J = 5.5 

Hz, 1H, C10-H), 4.28 (d, J = 8.6 Hz, 1H, C3-H), 4.15 (d, J = 5.3 Hz, 1H, C11-

H), 4.01 – 3.93 (m, 1H, C7-H), 3.84 – 3.77 (m, 1H, C9-H), 3.51 (s, 3H, C9-

OCH3), 3.06 (d, J = 5.5 Hz, 1H, C7-OH), 2.95 – 2.88 (m, 1H, C4-H), 2.69 (dd, 

J = 7.2, 6.0 Hz, 1H, C6-H), 1.82 (m, 1H, C8-HB), 1.72 (s, 3H, C2-CH3), 1.68 – 

1.60 (m, 1H, C8-HA), 1.24 (s, 3H, C12-CH3), 1.21 (s, 3H, C12-CH3), 1.14 (d, J = 

6.9 Hz, 3H, C4-CH3), 1.05 (d, J = 7.2 Hz, 3H, C6-CH3 ) 1.01 – 0.92 (m, 18H, 

2xTES, CH3), 0.71 – 0.55 (m, 12H, 2xTES, CH2). 
13C NMR (101 MHz, CD3Cl): δ 217.5, 180.7, 145.9, 113.6, 83.6, 78.0, 77.7, 

75.8, 69.8, 59.7, 51.8, 51.2, 44.6, 35.9, 24.4, 19.1, 17.1, 13.9, 13.4, 6.8, 5.1, 4.8. 

 

 (4R,5R)-5-((1S)-2-(2-ethyl-5-methyl-6-((2S,3R)-4-methyl-3-

((triethylsilyl)oxy)pent-4-en-2-yl)-1,3,2-dioxaborinan-4-yl)-1-

methoxyethyl)-3,3-dimethyl-4-((triethylsilyl)oxy)dihydrofuran-

2(3H)-one 

 

In a flame-dried two-necked 10 mL flask Et3B (0.049 mmol, 200 mol%; 1 M in 

THF, 0.049 mL) was diluted in anhydrous THF (0.4 mL) and MeOH (0.1 mL, 

dried with 4 Å MS). The solution was stirred at rt for 1.5 h, after which it was 

cooled to -78 °C and transferred to another dried flask containing the two aldol 

adducts (3:1 dr) 60 at -78 °C. The resulting mixture was stirred at this temper-

ature for 30 min, after which NaBH4 (0.049 mmol, 200 mol%, 1.9 mg) was 

added in a single portion. The reaction mixture was stirred at -78 °C for 15 h, 
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then quenched by the addition of H2O, extracted with EtOAc (4x), dried over 

Na2SO4, filtered and concentrated. The residue was purified by flash chroma-

tography to afford the title compound (single diastereomer) as sticky colorless 

oil (7.7 mg, 62%). 

 

Rf: 0.28 (10% EtOAc/Hept) 

[α]D
20: -39.1 (c = 0.2, CH2Cl2) 

IR (film): v 2957, 2878, 1779, 1415, 1330, 1213, 1105, 1005, 900, 850, 726 cm-

1. 

HRMS (ESI/QTOF): calculated 641.4435 (C33H66BO7Si2
+, M + H+), found 

641.4439.  

 

 
 

1H NMR (600 MHz, CD3Cl): δ 4.91 – 4.86 (m, 1H, C1-HB), 4.83 (m, 1H, C1-

HA), 4.72 (dd, J = 6.1, 5.0 Hz, 1H, C10-H), 4.31 (d, J = 5.0 Hz, 1H, C11-H), 4.27 (d, J = 

7.0 Hz, 1H, C3-H), 3.73 – 3.69 (m, 1H, C9-H), 3.69 (td, J = 9.8, 1.5 Hz, 1H, C7-H), 

3.53 (dd, J = 9.8, 3.2 Hz, 1H, C5-H), 3.39 (s, 3H, C9-OCH3), 2.12 (ddd, J = 14.5, 7.4, 

1.5 Hz, 1H, C8-HB), 1.89 (quintd, J = 7.0, 3.2 Hz, 1H, C4-H), 1.73 (ddq, J = 9.8, 9.8, 

6.5 Hz, 1H, C6-H), 1.70 (s, 3H, C2-CH3), 1.50 (ddd, J = 14.5, 10.1, 2.6 Hz, 1H, C8-HA), 

1.24 (s, 3H, C12-CH3), 1.21 (s, 3H, C12-CH3), 1.06 (d, J = 7.0 Hz, 3H, C4-CH3), 0.98 

(t, J = 8.0 Hz, 9H, TES, CH3), 0.95 (t, J = 8.0 Hz, 9H, TES, CH3), 0.89 (d, J = 6.5 Hz, 

3H, C6-CH3), 0.88 (t, J = 7.8 Hz, 3H, B-CH2-CH3), 0.65 (q, J = 7.8 Hz, 6H, TES, CH2), 

0.62 (q, J = 8.0 Hz, 2H, B-CH2), 0.59 (q, J = 7.9 Hz, 6H, TES, CH2). 
13C NMR (150 MHz, CD3Cl): δ 181.1, 147.6, 112.6, 81.7, 78.7, 77.9, 76.6, 76.0, 

72.0, 57.5, 44.8, 40.4, 37.8, 34.1, 24.4, 19.1, 17.8, 14.7, 14.0, 7.9, 6.9 (3C), 6.9 (3C), 5.2 

(3C), 5.2, 4.9 (3C). 

7.4 Cu-catalyzed oxidative lignin valorization 

7.4.1 Synthesis of lignin model compounds  

 

3,5-dimethoxyphenylmethanol 

 

 
 

LiAlH4 (4.2 g, 110 mmol, 200 mol%) was suspended in dry THF (100 mL) at 

0 °C (ice bath) under argon. A solution of 3,5-dimethoxybenzoic acid (10.0 g, 

55 mmol, 100 mol%) in dry THF (200 mL) was added over 30 min, after which 
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the ice bath was removed, and stirring was continued at rt for 6 h (until TLC 

showed no starting material left).  After cooling the reaction mixture in an ice 

bath, it was carefully quenched with H2O (150 mL) and 1 M acetic acid 

(150 mL). The resulting mixture was stirred for 30 min at rt and extracted with 

EtOAc (3 x 200 mL). The combined organic phases were washed with H2O and 

brine, dried with Na2SO4, filtered, and concentrated to give a white solid 

(8.68 g, 94%); mp 47–49 °C (lit. 46–48 °C).[216]  

 

3,5-dimethoxybenzaldehyde (102b)  

 

 
 

The aldehyde was prepared with minor modifications to the previously de-

scribed method.[26] 3,5-Dimethoxyphenylmethanol (9.55 g, 56.8 mmol, 

100 mol%) was dissolved in MeCN (60 mL). Next, CuBr2 (380 mg, 1.7 mmol, 

3 mol%) was added turning the solution to green. Next, addition of 2,2’-

bipyridine (270 mg, 1.7 mmol, 3 mol%) turned the color to brown, and back to 

green after the addition of TEMPO (270 mg, 1.7 mmol, 3  mol%). Finally, N-

methylimidazole (280 mg, 3.4 mmol, 6 mol%) was added  and the solution 

turned to brown again. After covering the reaction mixture with O2 balloon, it 

was stirred for 18 h at rt. Once complete conversion was confirmed by TLC, the 

reaction mixture was partitioned between hexane (130 mL) and water 

(100 mL). The aqueous phase was extracted with hexane (2 x 80 mL). The 

middle phase was diluted in EtOAc (60 mL), combined with hexane extracts 

and washed with aqueous 0.5 M H3PO4 solution (130 mL) and brine (130 mL). 

Drying over sodium sulfate and evaporation in vacuo afforded a white solid 

(9.08 g, 96%); mp 47–49 °C (lit. 47–49 °C).[217] NMR data are consistent with 

those recorded from authentic commercial material received from Fisher Sci-

entific. 

 

4-ethoxy-3-methoxybenzoic acid (102f)   

 

 
 

The procedure was adapted from the literature using a similar substrate.[218] A 

mixture of periodic acid (1.39 g, 6.1 mmol, 220 mol%) in acetonitrile (40 mL) 

was stirred at rt for 20 min. The flask was placed in an ice-bath and 4-ethoxy-

3-methoxybenzaldehyde (102a) (500 mg, 2.8 mmol, 100 mol%) was added 

followed by dropwise addition of pyridinium chlorochromate (12.0 mg, 

0.06 mmol, 2 mol%) in acetonitrile (10 mL). After stirring the reaction mixture 

for 1.5 h at rt, EtOAc (50 mL) was added and the resulting mixture was washed 
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with brine-water (1:1, 50 mL), NaHSO3 solution (1 M, 50 mL) and brine 

(50 mL). The organic phase was dried with Na2SO4, filtered, evaporated and 

eluted through a short pad of SiO2 (with EtOAc) delivering the title compound 

as a pale yellow solid (475 mg, 87%); mp 191–193 °C (lit. 192–193 °C).[219] 
1H NMR (400 MHz, CDCl3): δ 7.76 (dd, J = 2.04, 8.44, 1H), 7.60 (d, J = 

2.00 Hz, 1H), 6.91 (d, J = 8.48, 1H), 4.19 (q, J = 7.00 Hz, 2H), 3.94 (s, 3H), 

1.51 (t, J = 7.00 Hz, 3H). NMR data match with those previously reported.[220] 

 

ethyl 2-(2-methoxyphenoxy)acetate 

 

 
 

This compound was prepared with minor modifications to the procedure de-

scribed in the literature.[142,221] 2-Methoxyphenol (7.0 g, 56.5 mmol, 100 mol%) 

was dissolved in acetone (280 mL), after which K2CO3 (7.80 g, 56.5 mmol, 

100 mol%) and ethyl 2-bromoacetate (9.54 g, 56.5 mmol, 100 mol%) were 

added. The resulting mixture was refluxed for 22 h, then cooled to rt, filtered 

and the cake washed with acetone. After concentrating the filtrate, it was dilut-

ed with EtOAc (100 mL), washed with 1 M NaOH (50 mL) and water (50 mL), 

dried over Na2SO4, filtered and evaporated to give the title product as an or-

ange oil (11.0 g, 93%). Spectral data are consistent with those previously re-

ported.[142,221] 

General procedure for preparation of 2-aryloxy-1-phenyl-1,3-propanediols 
101a–c (modified literature procedure combining two steps)[142,149,222] 

 

 
 

1-(4-ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-

diol (101a)  

 
 

Distilled diisopropylamine (3.42 mL, 2.47 g, 24.4 mmol, 110 mol%) was dilut-

ed in dry THF (35 mL) under argon and the solution was cooled to 0 °C. At this 

temperature, a solution of n-BuLi in dry hexane (1.8 M, 13.6 mL, 24.4 mmol, 

110 mol%) was added dropwise over a period of 20 min and the stirring was 

continued for additional 20 min before cooled to –78 °C. At this temperature, 
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a solution of ethyl 2-(2-methoxyphenoxy)acetate (4.67 g, 22.2 mmol, 

100 mol%) in dry THF (10 mL) was added dropwise over 20 min, and the stir-

ring was continued for 30 min at –78 °C. Next, a solution of 4-ethoxy-3-

methoxybenzaldehyde (102a) (4.0 g, 22.2 mmol, 100 mol%) in dry THF 

(15 mL) was added dropwise over a period of 30 min, after which the reaction 

mixture was stirred for 90 min maintaining the temperature below –70 °C. 

The reaction was quenched with saturated aqueous NH4Cl solution (25 mL), 

the layers were separated and the aqueous phase was extracted with EtOAc 

(3 x 15 mL). The combined organic phases were washed with H2O (100 mL), 

dried over Na2SO4, filtered and concentrated to give viscous dark orange crude 

(8.0 g). The crude was dissolved in a mixture of THF (7.0 mL) and H2O 

(2.3 mL), the solution was cooled to 0 °C, after which NaBH4 (3.4 g, 88 mmol, 

400 mol%) was added in portions. The mixture was stirred rapidly for 15 h 

allowing it slowly warm to rt. The mixture was filtered through a pad of celite 

and the cake was rinsed with EtOAc (40 mL). The filtrate was poured to satu-

rated aqueous NH4Cl solution (20 mL) and the resulting mixture was stirred 

until no significant gas evolution was observed. The phases were separated, 

and the aqueous phase was extracted with EtOAc (2 x 20 mL). The combined 

organic phases were washed with H2O, dried with Na2SO4, filtered and evapo-

rated. The crude diol was purified by flash chromatography (30% EtOAc/Hex 

to 100% EtOAc) to afford 101a as a pale syrup (4.15 g, 53% over two steps, 4:1 

mixture of erythro/threo diastereomers). NMR data are consistent with those 

previously reported.[221]  

 

Rf : 0.23 (60% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.15 – 6.82 (m, 7H), 5.01 – 4.92 (m, 1H), 

4.18 – 4.14 (m, 1H, major diast.), 4.08 (q, J = 7.0 Hz, 2H) 4.05 – 3.99 (m, 1H, 

minor diast.), 3.95 – 3.85 (m, 1H), 3.92 (s, 3H, minor diast.), 3.89 (s, 3H, ma-

jor diast.), 3.88 (s, 3H, minor diast.), 3.87 (s, 3H, major diast.), 3.71 – 3.58 (m, 

1H), 3.54 – 3.43 (m, 1H, minor diast.), 3.45 (d, J = 3.3 Hz, 1H, major diast.), 

2.74 – 2.67 (m, 1H), 1.45 (t, J = 7.0 Hz, 3H).  
13C NMR (101 MHz, CDCl3): δ Major diastereomer: 151.6, 149.3, 147.8, 

146.9, 132.3, 124.3, 121.6, 121.1, 118.4, 112.5, 112.2, 109.4, 87.5, 72.7, 64.3, 

60.8, 60.0, 55.9, 14.7. Minor diastereomer: 151.3, 149.4, 148.2, 147.6, 132.0, 

124.3, 121.7, 121.1, 119.6, 112.5, 112.2, 110.2, 89.6, 73.9, 64.3, 61.1, 60.0, 55.9, 

14.8.  

 

1-(3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol 

(101b) 

 
 

 The title compound was synthesized according to the general procedure 

starting from ethyl 2-(2-methoxyphenoxy)acetate (2.53 g, 12.1 mmol, 
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100 mol%) and 3,5-dimethoxybenzaldehyde (102b) (2.00 g, 12.1 mmol, 

100 mol%). The crude diol was adsorbed on silica gel and chromatographed 

(60% EtOAc/Hex to 100% EtOAc) to give pale colorless syrup (2.34 g, 58% 

over two steps, 4:1 mixture of erythro/threo diastereomers). NMR data are 

consistent with those previously reported.[149] 

 

Rf : 0.28 (60% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.16 – 6.87 (m, 5H), 6.61 (d, J = 2.2 Hz, 2H, 

minor diast.), 6.54 (d, J = 2.3 Hz, 2H, major diast.), 6.40 (t, J = 2.3 Hz, 1H, 

minor diast.), 6.37 (t, J = 2.3 Hz, 1H, major diast.), 5.10 – 4.84 (m, 1H), 4.18 

(ddd, J = 6.1, 4.3, 3.4 Hz, 1H, major diast.), 4.08 – 4.00 (m, 1H, minor diast.), 

3.96 – 3.90 (m, 1H, major diast.), 3.89 (s, 3H), 3.78 (s, 6H), 3.68 – 3.59 (m, 

2H), 3.56 – 3.50 (m, 1H, minor diast.), 2.74 (dt, J = 7.8, 5.0 Hz, 1H).  
13C NMR (101 MHz, CDCl3): δ Major diastereomer: 161.1 (2C), 151.8, 146.9, 

142.3, 124.5, 121.8, 121.3, 112.4, 104.1 (2C), 99.8, 87.4, 73.0, 60.8, 56.0, 55.5 

(2C). Minor diastereomer: 161.1 (2C), 151.4, 147.8, 142.2, 124.4, 121.8, 121.2, 

112.3, 105.1 (2C), 100.5, 89.4, 74.3, 61.3, 56.0, 55.5 (2C).  

 

2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)propane-1,3-diol (101c) 

 

 
 

The title compound was synthesized according to the general procedure 

starting from ethyl 2-(2-methoxyphenoxy)acetate (3.08 g, 14.7 mmol, 

100 mol%) and 4-methoxybenzaldehyde (102c) (2.00 g, 14.7 mmol, 

100 mol%). The crude diol was adsorbed on silica gel and chromatographed 

(60% EtOAc/Hex) to give a pale yellowish syrup (2.64 g, 59% over 2 steps, 6:1 

mixture of erythro/threo diastereomers). NMR data are consistent with litera-

ture values.[222] 

 

Rf : 0.30 (70% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.40 – 7.34 (m, 2H, minor diast.), 7.33 – 

7.28 (m, 2H, major diast.), 7.13 (dd, J = 7.9, 1.6 Hz, 1H, minor diast.), 7.05 

(ddd, J = 8.2, 7.1, 1.9 Hz, 1H, major diast.), 6.99 – 6.86 (m, 5H), 4.99 (dd, J = 

4.6, 3.5 Hz, 1H), 4.15 (ddd, J = 5.9, 4.6, 3.3 Hz, 1H, major diast.), 4.06 – 3.99 

(m, 1H, minor diast.), 3.93 – 3.89 (t, J = 5.6 Hz, 1H), 3.90 (s, 3H, minor di-

ast.), 3.87 (s, 3H, major diast.), 3.80 (s, 3H, minor diast.), 3.80 (s, 3H, major 

diast.), 3.70 – 3.58 (m, 1H), 3.49 (d, J = 3.4 Hz, 1H, major diast.), 3.45 (td, J = 

8.4, 4.2 Hz, 1H, minor diast.), 2.81 (dd, J = 7.6, 5.4 Hz, 1H, major diast.), 2.75 

(dd, J = 8.3, 5.1 Hz, 1H, minor diast.). 
13C NMR (101 MHz, CDCl3): Major diastereomer: δ 159.1, 151.6, 146.9, 

132.0, 127.3 (2C), 124.2, 121.6, 121.1, 113.8 (2C), 112.2, 87.4, 72.6, 60.7, 55.9, 

55.2. Minor diastereomer: 159.5, 151.3, 147.6, 131.7, 128.3 (2C), 124.2, 121.6, 

121.1, 113.9 (2C), 112.1, 89.6, 73.6, 60.9, 55.9, 55.2. 
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1-cyclohexyl-2-(2-methoxyphenoxy)propane-1,3-diol (101i) 

 

 
 

The title compound was synthesized according to the general procedure for 2-

aryloxy-1-phenyl-1,3-propanediols starting from ethyl 2-(2-methoxy-

phenoxy)acetate (1.73 g, 8.23 mmol, 100 mol%) and cyclohexanecarbaldehyde 

(115) (1.10 g, 9.9 mmol, 120 mol%). The crude diol was adsorbed on silica gel 

and chromatographed (60% EtOAc/Hex to 100% EtOAc) to give a colorless 

syrup (1.40 g, 61% over 2 steps, 6:1 mixture of erythro/threo diastereomers).  

 

Rf : 0.44 (70% EtOAc/Hept.) 

IR (film): v 3446, 2924, 2851, 1592, 1500, 1454, 1252, 1218, 1178, 1116, 1024, 

744 cm-1. 
1H NMR (400 MHz, CDCl3): δ 7.14 – 7.02 (m, 2H), 6.95 – 6.91 (m, 2H), 

4.18 – 4.08 (m, 1H,), 4.00 (ddd, J = 12.2, 6.1, 4.4 Hz, 1H), 3.88 (s, 3H), 3.85 – 

3.73 (m, 1H, minor diast.) 3.84 – 3.79 (m, 1H, major diast.), 3.66 (ddd, J = 7.5, 

4.4, 2.3 Hz, 1H), 3.08 (d, J = 4.6 Hz, 1H, minor diast.) 2.91 (d, J = 3.4 Hz, 1H, 

major diast.), 2.87 (dd, J = 8.0, 5.1 Hz, 1H), 2.10 – 1.99 (br d, J = 12.8 Hz, 1H), 

1.84 – 1.47 (m, 5H), 1.31 – 0.95 (m, 5H). 
13C NMR (101 MHz, CDCl3): Major diastereomer δ 151.6, 146.6, 124.0, 

121.5, 120.7, 112.1, 84.2, 74.7, 60.6, 55.9, 39.3, 29.0, 28.9, 26.3, 26.0, 25.8. 

HRMS: calculated 303.1567 (C16H24NaO4
+, M+Na+) found 303.1569. 

 

erythro-ethyl 3-cyclohexyl-3-hydroxy-2-(2-

methoxyphenoxy)propanoate 

 

 
 

An analytical sample of the aldol adduct (precursor for 101i) was prepared by 

flash chromatography (30 % EtOAc/Hex), to afford the title compound as col-

orless oil (single erythro-diastereomer).  

 

Rf : 0.55 (40% EtOAc/Hept.) 

IR (film): v 3499, 2926, 2852, 1744, 1594, 1503, 1453, 1257, 1178, 1127, 1028, 

745 cm-1. 
1H NMR (400 MHz, CD3Cl): δ 7.05 – 6.96 (m, 2H), 6.93 – 6.84 (m, 2H), 

4.67 (d, J = 4.6 Hz, 1H), 4.25 (qq, J = 10.8, 7.1 Hz, 2H), 3.89 – 3.83 (m, 1H),  

3.86 (s, 3H), 2.79 (d, J = 5.4 Hz, 1H), 2.00 (d, J = 12.8 Hz, 1H), 1.83 – 1.62 (m, 

5H), 1.27 (t, J = 7.1 Hz, 3H), 1.35 – 1.02 (m, 5H). 
13C NMR (101 MHz, CD3Cl): δ 170.1, 150.6, 147.1, 123.6, 121.0, 118.4, 112.4, 

80.9, 76.4, 61.2, 55.8, 39.5, 29.5, 28.0, 26.35, 26.1, 25.9, 14.2. 
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HRMS: calculated 345.1673 (C18H26NaO5
+, M+Na+), found 345.1672. 

 

2-bromo-1-(4-methoxyphenyl)ethanone  

 

 
 

1-(4-methoxyphenyl)ethan-1-one (6.09 g, 40.6 mmol, 100 mol%) was added to 

a mixture of CuBr2 (13.60 g, 60.9 mmol, 150 mol%) in ethanol (200 mL) at rt. 

The resulting mixture was stirred at 60 °C for 6 h, after which ethanol was 

evaporated and the residue suspended in EtOAc (100 mL) and filtered through 

a pad of silica (rinsed with EtOAc). The filtrate was washed with brine and the 

solvent evaporated to give a gray solid, which was recrystallized from MTBE to 

afford the title compound as white but slightly brownish crystals (6.22 g, 67%); 

mp 68–70 °C (lit. 69–71 °C).[223] NMR data are consistent with literature val-

ues.[224] 

 

2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanone (107a) 

 

 
 

To a solution of 2-bromo-1-(4-methoxyphenyl)ethanone (3.44 g, 15 mmol, 

100 mol%) in acetone (65 mL) were added 2-methoxyphenol (2.33 g, 

18.8 mmol, 125 mol%) and potassium carbonate (3.11 g, 22.5 mmol, 

150 mol%). The resulting mixture was refluxed for 6 h until the bromoacetate 

was fully consumed. Next, the yellowish mixture was suction filtered through a 

sintered glass funnel, after which the filtrate was concentrated, the residue 

loaded on a short pad of silica and eluted with 20% EtOAc/Hex to give the title 

compound as a beige solid (3.68 g, 90%); mp 78–80 °C (lit. 78–80 °C).[225] 

NMR data are consistent with those previously reported.[146] 1H NMR (400 

MHz, CDCl3): δ 8.08 – 7.97 (m, 2H), 7.02 – 6.79 (m, 6H), 5.28 (s, 2H), 3.89 

(s, 3H), 3.88 (s, 3H).  

 

2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanol (101d) 

 

 
 

Ketone 107a (1.36 g, 5.0 mmol, 100 mol%) was dissolved in MeOH (50 mL) 

and NaBH4 (227 mg, 6.0 mmol, 120 mol%) was added in portions. After stir-

ring the mixture for 1.5 h at rt until TLC showed no starting material left, the 

reaction was quenched with saturated NH4Cl (20 mL) to set the pH between 5 
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and 6. Next, Et2O (70 mL) was added, the resulting precipitate was filtered and 

the phases were separated. The aqueous phase was extracted with Et2O 

(2 x 50 mL), the organic phases were combined, washed with brine (70 mL) 

and concentrated to give a crude, which was purified through a short pad of 

silica (40% Hex/EtOAc) to give alcohol 101d quantitatively. NMR data are 

consistent with those previously reported.[146] 1H NMR (400 MHz, CDCl3): 

δ 7.34 (d, J = 8.3 Hz, 2H), 7.02 – 6.87 (m, 6H), 5.05 (d, J = 9.5 Hz, 1H), 4.12 

(dd, J = 10.0, 3.0 Hz, 1H), 3.96 (dd, J = 10.1, 9.4 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 

3H), 3.73 (s, 1H). 

 

1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-ol (101e) 

 

 
 

Starting from 1-(3,4-dimethoxyphenyl)ethanone (5.0 g, 27.8 mmol) the title 

compound was prepared following the previously described procedure.[226] The 

crude was recrystallized from EtOH to afford alcohol 101e as pale yellow crys-

tals (6.25 g, 74% after 3 steps). NMR data are consistent with those previously 

reported.[226] 1H NMR (400 MHz, CDCl3): δ 7.03 – 6.83 (m, 7H), 5.05 (dt, J 

= 9.3, 2.2 Hz, 1H), 4.17 (dd, J = 10.0, 3.0 Hz, 1H), 3.97 (dd, J = 10.0, 9.4 Hz, 

1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.88 (s, 3H), 3.43 (d, J = 2.0 Hz, 1H). 

 

1-(4-ethoxy-3-methoxyphenyl)-3-hydroxy-2-(2 methoxyphe-

noxy)propan-1-one (101f) 

 

 
 

The title compound was delivered following the previously reported 

procedure[158] with minor exceptions: Diol 101a (295 mg, 0.8 mmol, 

100 mol%) was dissolved in MeCN (16 mL) to which an aqueous solution 

(1.0 mL) containing HCl (0.08 mmol, 10 mol%) and HNO3 (0.08 mmol, 

10 mol%) was added followed by TEMPO (6.2 mg, 0.02 mmol, 5 mol%). The 

solution was bubbled with oxygen for 30 sec and stirred under O2 (balloon), at 

60 °C for 20 h until no starting material was observed by TLC. The resulting 

yellowish solution was cooled to rt, concentrated and purified on silica gel 

(30% to 80 % EtOAc/Hex) to afford ketone 101f as a beige solid (127 mg, 

92%); mp 112–114°C. NMR data are consistent with those found in the litera-

ture.[227]  

 

Rf : 0.38 (30% EtOAc/Hept.) 
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1H NMR (400 MHz, CDCl3): δ 7.72 (dd, J = 8.5, 2.0 Hz, 1H), 7.61 (d, J = 

2.0 Hz, 1H), 7.14 – 6.70 (m, 5H), 5.40 (t, J = 5.3 Hz, 1H), 4.17 (q, J = 7.0 Hz, 

2H), 4.07 (dd, J = 6.4, 5.6 Hz, 2H), 3.91 (s, 3H), 3.86 (s, 3H), 3.06 (t, J = 6.7 

Hz, 1H), 1.50 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3): δ 195.1, 153.5, 150.7, 149.5, 147.1, 127.9, 123.9, 

123.8, 121.3, 118.8, 112.4, 111.2, 111.1, 84.7, 64.7, 63.9, 56.1, 55.9, 14.7.  

 

3-(4-ethoxy-3-methoxyphenyl)-3-methoxy-2-(2-

methoxyphenoxy)propan-1-ol (101g) 

 

 
 

The title compound was synthesized following the previously reported proce-

dure[226] starting from 101a (700 mg, 2 mmol) to deliver 101g as colorless oil 

(457 mg, 63% after 3 steps) erythro/threo 4:1. NMR data are consistent with 

those previously reported.[226] 
 

Rf : 0.45 (40% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): Both diastereomers: δ 7.22 (dd, J = 8.1, 1.5 

Hz, 1H, minor diast.), 7.05 – 6.99 (m, 1H, minor diast.), 6.98 – 6.82 (m, 5H), 

6.76 (td, J = 7.7, 1.6 Hz, 1H, major diast.), 6.52 (dd, J = 8.0, 1.6 Hz, 1H, major 

diast.), 4.43 (d, J = 7.2 Hz, 1H), 4.18 – 4.04 (m, 4H), 3.96 – 3.78 (m, 1H), 3.88 

(s, 1H), 3.86 (s, 3H), 3.82 (s, 3H), 3.31 (s, 3H), 3.20 (t, J = 6.6 Hz, 1H), 1.47 (t, 

J = 7.0 Hz, 2H).  
13C NMR (101 MHz, CDCl3): Major diastereomer: δ 151.2, 149.3, 148.0, 

147.6, 131.3, 123.6, 121.3, 120.4, 120.3, 112.2, 111.9, 110.3, 86.7, 82.9, 64.2, 

61.6, 57.1, 55.9, 55.7, 14.8. Minor diastereomer: δ 151.1, 149.5, 148.4, 148.3, 

130.3, 123.6, 121.5, 121.0, 120.2, 112.2, 111.9, 110.0, 87.8, 83.9, 64.2, 61.8, 57.0, 

55.9, 55.8, 14.8. 

 

1-(4-ethoxy-3-methoxyphenyl)-3-methoxy-2-(2-

methoxyphenoxy)propan-1-ol (101h) 

 

 
 

The title compound was synthesized following the previously reported proce-

dure [226] starting from 101a (700 mg, 2 mmol) to afford 101h as colorless oil 

(331 mg, 46% after 4 steps) erythro/threo 5:1. NMR data are consistent with 

those previously reported.[226] 
 

Rf : 0.52 (50% EtOAc/Hept.) 
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1H NMR (400 MHz, CDCl3): Both diastereomers: δ 7.11 – 6.81 (m, 7H), 

4.88 (t, J = 4.5 Hz, 1H), 4.36 (dt, J = 6.4, 4.0 Hz, 1H, major diast.), 4.21 (d, J = 

2.2 Hz, 1H, minor diast.), 4.15 – 4.03 (m, 1H, minor diast.) 4.09 (q, J = 7.0 Hz, 

2H), 3.94 (d, J = 4.8 Hz, 1H, major diast.), 3.90 (s, 3H, minor diast.), 3.87 (s, 

3H, major diast.), 3.87 (s, 3H, major diast.), 3.85 (s, 3H, minor diast.), 3.65 

(dd, J = 10.5, 6.4 Hz, 1H, major diast.), 3.51 – 3.48 (dd, J = 10.6, 3.0 Hz, 1H, 

minor diast.) 3.45 (dd, J = 10.5, 3.8 Hz, 1H, major diast.), 3.38 – 3.34 (dd, J = 

10.6, 5.2 Hz, 1H, minor diast.) 3.35 (s, 3H, major diast.), 3.33 (s, 3H, minor 

diast.), 1.45 (t, J = 7.0 Hz, 3H).  
13C NMR (101 MHz, CDCl3): Major diastereomer: δ 151.4, 149.1, 147.6, 

147.3, 132.5, 123.7, 121.4, 120.6, 118.6, 112.3, 112.1, 109.8, 85.1, 72.9, 71.4, 64.2, 

59.2, 55.9, 55.8, 14.8. Minor diastereomer: δ 150.8, 149.2, 148.4, 148.0, 132.4, 

123.6, 121.3, 120.5, 119.6, 112.3, 112.0, 110.2, 87.7, 74.0, 71.7, 64.2, 59.2, 55.9, 

55.8, 14.8. 

 

1-(4-ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)prop-2-en-1-

one (109) 

 

 
 

This compound was prepared according to a procedure described for a similar 

compound.[228] To a solution of 101f (35 mg, 0.1 mmol, 100 mol%) in anhy-

drous CH2Cl2 (1 mL) under argon was added Et3N (42 µl, 0.3 mmol, 

300 mol%) followed by TsCl (38 mg, 0.2 mmol, 200 mol%). The mixture was 

stirred at rt overnight (15 hours), after which it was diluted with 10 mL of 

CH2Cl2, washed with H2O (10 mL), dried over Na2SO4 and concentrated to give 

a crude which was purified on silica gel (20% EtOAc/Heptane) to afford 29 mg 

(85%) of the title compound as a yellow oil. 

 

Rf : 0.36 (25% EtOAc/Hex). 

IR (film): v 2976, 2937, 2837, 1683, 1591, 1499, 1457, 1253, 1176, 1127, 1031, 

747 cm-1. 
1H NMR (400 MHz, CDCl3): δ 7.81 (dd, J = 8.4, 2.0 Hz, 1H), 7.64 (d, J = 

2.0 Hz, 1H), 7.14 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.08 (dd, J = 7.9, 1.6 Hz, 1H), 

7.01 – 6.91 (m, 2H), 6.89 (d, J = 8.5 Hz, 1H), 5.20 (d, J = 2.4 Hz, 1H), 4.71 (d, J 

= 2.4 Hz, 1H), 4.18 (q, J = 7.0 Hz, 2H), 3.93 (s, 3H), 3.86 (s, 3H), 1.50 (t, J = 

7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3): δ 189.0, 157.0, 152.7, 150.9, 148.8, 143.3, 

128.8, 125.7, 125.0, 121.6, 121.2, 112.8, 112.5, 110.8, 99.8, 64.4, 56.0, 55.8, 14.6. 

HRMS: calculated 351.1203 (C19H20NaO5
+, M+Na+) found 351.1202 
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sodium (2R*,3R*)-3-(4-ethoxy-3-methoxyphenyl)-1,3-dihydroxy-2-

(2-methoxyphenoxy)propane-1-sulfonate (118) 

 

 
 

To an ice-cooled solution of diol 101a (400 mg, 1.2 mmol, 100 mol%) in di-

chloromethane (30 mL) was added TEMPO (9.0 mg, 0.06 mmol, 5 mol%) and 

an aqueous solution of KBr (13.7 mg, 0.12 mmol, 10 mol%, 5 mL). After stir-

ring the mixture for 5 min, saturated NaHCO3 (10 mL) was added to set the pH 

to 8–9 followed by a slow addition of a freshly prepared sodium hypochlorite 

pentahydrate (432 mg, 2.6 mmol, 230 mol%) solution in 20 mL of H2O. The 

resulting mixture was stirred vigorously at 0 °C for 15 h, after which the phases 

were separated, and the aqueous phase extracted with dichloromethane 

(2 x 20 mL). The organic phases were combined, washed with 15 wt% Na2S2O3 

aqueous solution and brine, dried with Na2SO4, filtered, and evaporated to give 

a yellow oil. The obtained crude was dissolved in EtOH (2.0 mL) followed by 

the addition of an aqueous NaHSO3 solution (120 mg, 1.15 mmol, 0.22 mL). 

The resulting mixture was stirred at 35 °C for 15 h during which the product 

precipitates out of the solution. The mixture was further stirred in an ice bath 

for an hour. The precipitate was filtered, washed with cold 1:1 EtOH:Hexane 

(3 x 3 mL) and concentrated in vacuo to afford the bisulfite adduct 118 as a 

white powder (138 mg, 30% over 2 steps).  

 

mp: 129–130 °C (decomp.). 

IR (film): v 3312, 2930, 1593, 1503, 1457, 1250, 1213, 1176, 1126, 1040, 742 

cm-1. 
1H NMR (400 MHz, DMSO-d6): δ 7.07 (d, J = 1.9 Hz, 1H), 7.02 (dd, J = 

7.5, 2.3 Hz, 1H), 6.92 (dd, J = 8.3, 2.0 Hz, 1H), 6.81 – 6.63 (m, 4H), 5.40 (d, J 

= 5.0 Hz, 1H), 5.31 (d, J = 6.5 Hz, 1H), 4.91 (t, J = 5.5 Hz, 1H), 4.71 (t, J = 5.5 

Hz, 1H), 4.19 (dd, J = 6.5, 4.9 Hz, 1H), 3.92 (q, J = 7.0 Hz, 2H), 3.65 (s, 6H), 

1.27 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, DMSO-d6): δ 149.0, 148.7, 148.0, 146.8, 134.8, 120.2 

(2C), 119.9, 115.3, 112.1, 111.9, 111.6, 81.5, 81.3, 71.6, 63.6, 55.5, 55.1, 14.8. 

HRMS: calculated 427.1063 (C19H23O9S-, M-Na+), found 427.1065. 
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 (2R*,3R*)-3-(4-ethoxy-3-methoxyphenyl)-3-hydroxy-2-(2-

methoxyphenoxy)propanal (117) 

 

 
 

To an ice-cooled solution of bisulfite adduct 118 (20 mg, 0.045 mmol, 

100 mol%) in H2O/DMSO (3.5 mL, 4:3 ratio) was added dropwisely an aque-

ous solution of NaHCO3 (75 mg, 0.89 mmol, 20 equiv, 1.0 mL). After rapid 

stirring for 10 min at rt the mixture was extracted with Et2O (4 x 10 mL) and 

the combined extracts were washed with H2O (2 x 20 mL), dried with sodium 

sulfate and evaporated in vacuo to give the aldehyde 117 (10.6 mg, 68%) as a 

colorless oil (erythro/threo 20:1). The freshly prepared compound was used in 

the subsequent retro-aldol experiment. 

IR (film): v 3275, 2917, 1734, 1592, 1503, 1454, 1257, 1139, 1027, 754 cm-1. 
1H NMR (400 MHz, CD3CN): δ 9.70 (d, J = 1.9 Hz, 1H), 7.07 (d, J = 2.0 Hz, 

1H), 6.99 – 6.93 (m, 3H), 6.88 (d, J = 8.3 Hz, 1H), 6.84 – 6.77 (m, 2H), 5.07 (t, 

J = 4.6 Hz, 1H), 4.65 (dd, J = 5.4, 1.9 Hz, 1H), 4.03 (q, J = 7.0 Hz, 2H), 3.99 – 

3.97 (m, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 1.36 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3): δ 201.1, 150.7, 149.2, 148.2, 146.9, 130.7, 124.3, 

121.2, 119.6, 119.2, 112.3, 112.2, 110.1, 88.5, 73.5, 64.3, 55.9, 55.7, 14.8. 

HRMS: calculated 369.1309 (C19H22NaO6+, M+Na+), found 369.1305. 

 

2-(2-methoxyphenoxy)acetaldehyde (105) 

 

 
 

3-(2-methoxyphenoxy)propane-1,2-diol (1.98 g, 10 mmol, 100 mol%) was sus-

pended in H2O (10 mL) to which an aqueous solution of sodium periodate 

(2.56 g, 12 mmol, 20 mL) was added over 15 min using an addition funnel. The 

cloudy mixture turned transparent right after the addition, but soon a white 

precipitate was formed. After 1 h stirring at rt, TLC showed no starting materi-

al left and the remaining NaIO4 was decomposed by the addition of ethylene 

glycol (0.15 mL). After stirring the mixture for 15 min it was cooled in ice bath 

and the precipitate was filtered through a sintered glass funnel and washed 

thoroughly with ice-cooled water. The white cake was dried in vacuo over-

night. 1H NMR revealed roughly a 1:1 mixture of 105 and its hydrate. To trans-

form the hydrate to the corresponding aldehyde the crude was passed through 

a short pad of silica (eluted with EtOAc) to deliver the title compound as a 

white, silver shade powder (1.07g, 64%). NMR data are consistent with those 

previously reported.[229] 
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Rf : 0.20 (30% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 9.91 (t, J = 1.2 Hz, 1H), 6.82 – 7.04 (m, 4H), 

4.60, (d, J = 1.2 Hz, 2H), 3.89 (s, 3H).  
13C NMR (101 MHz, CDCl3): δ 200.4, 149.9, 147.4, 123.1, 121.1, 115.1, 112.4, 

74.4, 60.0.  

Preparation of diastereomerically pure model compounds (erythro/threo-
101a, erythro-119) 

 

 

The two diastereomers were prepared according to the procedure described in 

the literature (NMR data are consistent with those previously reported).[221]  

 

erythro-1-(4-ethoxy-3-methoxyphenyl)-2-(2-

methoxyphenoxy)propane-1,3-diol[221] 

 

 
 

Rf : 0.23 (60% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.07 (ddd, J = 8.1, 7.1, 1.8 Hz, 1H), 7.00 – 

6.86 (m, 5H), 6.85 (d, J = 8.0 Hz, 1H), 4.98 (ddt, J = 4.6, 3.2, 0.6 Hz, 1H), 4.16 

(ddd, J = 6.1, 4.7, 3.4 Hz, 1H), 4.09 (q, J = 7.0 Hz, 2H), 3.96 – 3.89 (m, 1H), 

3.89 (s, 3H), 3.87 (s, 3H), 3.66 (ddd, J = 12.2, 7.8, 3.4 Hz, 1H), 3.43 (d, J = 3.3 

Hz, 1H), 2.70 (dd, J = 7.8, 5.3 Hz, 1H), 1.46 (t, J = 7.0 Hz, 3H). 

 

threo-1-(4-ethoxy-3-methoxyphenyl)-2-(2-

methoxyphenoxy)propane-1,3-diol[221] 

 

 
 

Rf : 0.23 (60% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.12 (dd, J = 7.8, 1.6 Hz, 1H), 7.10 – 7.01 (m, 

1H), 7.01 – 6.88 (m, 4H), 6.84 (d, J = 8.2 Hz, 1H), 4.97 (d, J = 8.0 Hz, 1H), 

4.08 (q, J = 7.0 Hz, 2H), 4.03 (ddd, J = 8.0, 3.9, 3.3 Hz, 1H), 3.90 (s, 3H), 3.86 

(s, 3H), 3.62 (dd, J = 12.5, 3.3 Hz, 1H), 3.48 (dd, J = 12.5, 4.0 Hz, 1H), 1.45 (t, 

J = 7.0 Hz, 3H). 
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erythro-1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-

methoxyphenoxy)propane-1,3-diol (119)[142] 

 

 
 

The title compound was prepared according to the literature procedure (NMR 

data are consistent with those previously reported).[142]  

 

Rf : 0.21 (70% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.16 – 6.87 (m, 4H), 6.63 (s, 2H), 5.51 (s, 

1H), 5.03 – 4.79 (m, 1H), 4.25 – 4.05 (m, 1H), 3.89 (s, 3H), 3.87 (s, 6H), 3.79 – 

3.59 (m, 1H), 3.52 (d, J = 3.3 Hz, 1H), 2.72 (dd, J = 7.7, 5.4 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ 151.8, 147.2, 147.0, 134.3, 131.1, 124.5, 121.8, 

121.2, 112.3, 103.9, 102.9 (2C), 87.6, 70.3, 60.9, 56.5 (2C), 56.0.  

 

3-hydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-

methoxyphenoxy)propan-1-one (121) 

 

 
 

The compound was prepared on 0.2 mmol scale following the procedure de-

scribed above for ketone 101f. The crude product was purified on silica gel 

(50 % EtOAc/Hexanes) to give 56 mg (80%) of the title compound. NMR data 

are consistent with those previously reported.[158] 

 

Rf : 0.15 (60% EtOAc/Hept.) 
1H NMR (400 MHz, CDCl3): δ 7.41 (s, 2H), 7.03 – 6.79 (m, 4H), 5.36 (t, J = 

5.2 Hz, 1H), 4.09 (d, J = 4.9 Hz, 2H), 3.90 (s, 6H), 3.84 (s, 3H), 3.12 (s, 1H). 
13C NMR (101 MHz, CDCl3): δ 195.1, 150.4, 146.8 (2C), 140.4, 126.4, 123.6, 

121.2, 118.1, 112.2, 106.5 (2C), 84.5, 63.6, 56.4 (2C), 55.7. 
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7.4.2 Method I 

Procedure for solvent screening with lignin model substrate 101a:  

In a 8 mL vial 101a (0.1 mmol, 100 mol%) was dissolved in the desired solvent 

(1.0 mL). Next, the vial was charged sequentially with CuCl (1.0 mg, 

0.01 mmol, 10 mol%), 2,2’-bipyridine (1.6 mg, 0.01 mmol 10 mol%) and TEM-

PO (1.6 mg, 0.01 mmol 10 mol%). Oxygen was bubbled through the mixture 

for 15 sec, the vial was sealed with a septum and covered with O2 balloon. The 

reaction mixture was heated to 60 °C (pre-heated oil bath) and stirred for 

20 h. After cooling to rt other solvents than acetonitrile were evaporated at 

reduced pressure and the crude product was dissolved in acetonitrile. The re-

action mixture was filtered through a block of SiO2 in Pasteur pipette (1.5 cm) 

followed by acetonitrile rinses (3 x 0.5 mL). Internal standard (dimethyl-

sulfone or 1,3,5-trimethoxybenzene) was then added to the filtrate and after 

concentrating the crude mixture was analyzed by quantitative 1H NMR (relaxa-

tion time 15 sec, acquisition time 5 sec, 32 scans). 

General procedure for catalyst screening with lignin model sub-
strate 101a:  

A 8 mL vial was charged with a standard solution of 101a (0.1 mmol, 

100 mol%; 0.2 M, 0.5 mL) in acetonitrile, Cu source (0.01 mmol, 10 mol%), 

possible salt additive (0.01 mmol, 10 mol%) and a stock solution of the desired 

ligand in acetonitrile (0.01 mmol, 10 mol%; 0.1 M, 0.1 mL). Next, additional 

0.2–0.4 mL of solvent, TEMPO (0.01 mmol, 10 mol%; 0.1 M, in 0.1 mL of 

MeCN) and possible base (NMI and/or DBU in stock solutions) were added 

sequentially ending up to 0.1 M substrate 101a concentration. Oxygen was 

bubbled through the mixture over 15 seconds, after which the vial was sealed 

with a septum and covered with O2 balloon. The mixture was heated to 80 °C 

(pre-heated oil bath) and stirred for 20 h. Once the reaction mixture was 

cooled to rt, a standard solution of 1,3,5-trimethoxybenzene in acetonitrile 

(10 mg/mL, 1.0 mL) was added and the resulting mixture filtered through a 

block of SiO2 in Pasteur pipette (1.5 cm) followed EtOAc rinses (3 x 0.5 mL). 

After concentrating the filtrate, the crude mixture was analyzed by quantitative 
1H NMR. 

General procedure for the oxidations of lignin model substrates 
101a–i and 105: 

A 10 mL round-bottom flask was charged with a standard solution of the de-

sired model compound (0.2 mmol, 100 mol%; 0.2 M, 1.0 mL) in acetonitrile, 

CuCl (2.0 mg, 0.02 mmol, 10 mol%), NaBF4 (2.2 mg, 0.02 mmol 10 mol%) and 

a stock solution of 2,2’-bipyridine (0.02 mmol, 10 mol%; 0.1 M, 0.2 mL) in 

acetonitrile. An additional 0.4 mL of acetonitrile was added to the resulting 

dark red/brown mixture, after which TEMPO (0.02 mmol 10 mol%; 0.1 M, 

0.2 mL) and NMI (0.02 mmol 10 mol%; 0.1 M, 0.2 mL) in acetonitrile stock 

solutions were added sequentially. The resulting mixture was bubbled with 

oxygen over 15 sec, the flask was sealed with a septum and covered with O2 

balloon. The reaction mixture was heated to 80 °C (pre-heated oil bath) and 

stirred for 20 h. Once cooled to rt, a standard solution of 1,3,5-
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trimethoxybenzene in acetonitrile (10 mg/mL, 2.0 mL) was added and the 

resulting mixture was filtered through a block of SiO2 (3 cm) in Pasteur pipette 

followed by EtOAc rinses (3 x 1.0 mL). After concentrating the filtrate, the 

crude mixture was analyzed by quantitative 1H NMR analysis. 

General procedure for retro-aldol studies with model substrate 
117:  

A 2 mL vial was charged with 117 (0.023 or 0.03 mmol) and internal standard 

1,3,5-trimethoxybenzene (0.018 or 0.03 mmol) in acetonitrile (0.16–0.3 mL) 

followed by the desired catalyst components (10 mol%) of which NaBF4 and 

CuCl were weighed and 2,2’-bipyridine, TEMPO and/or NMI were added as 

0.1 M stock solutions in acetonitrile ending up to 0.1 M substrate 117 concen-

tration. The resulting mixture was heated to 80 °C (pre-heated oil bath) and 

stirred for 20 h under air or oxygen (the vial was sealed with a Teflon cap or 

covered with O2 balloon). Once cooled to rt, the mixture was filtered through 

cotton wool plug in Pasteur pipette (rinsed with MeCN) and concentrated in 

vacuo. The crude was dissolved in CD3CN and subjected to quantitative 
1H NMR analysis (relaxation time 15 sec, acquisition time 5 sec, 32 scans). 

Oxidations followed by product isolation  

General procedure for β-O-4 glycerolaryl ethers (101a–c) and their 
derivatives (101g–i): 

In a 50 mL round-bottom flask the selected model compound (1 mmol) was 

dissolved in acetonitrile (7 mL) to which CuCl (10 mg, 0.1 mmol, 10 mol%) and 

NaBF4 (11 mg, 0.1 mmol, 10 mol%) were added followed by stock solutions of 

2,2’-bipyridine (0.1 mmol, 10 mol%; 100 mM, 1 mL), TEMPO (0.1 mmol, 

10 mol%; 100 mM, 1 mL) and NMI (0.1 mmol, 10 mol%; 100 mM, 1 mL) in 

acetonitrile. Oxygen was bubbled through the mixture for 1 min, after which 

the flask was sealed with a septum and covered with O2 balloon. The resulting 

mixture was heated to 80 °C (pre-heated oil bath) and stirred for 20 h. Once 

cooled to rt, the reaction mixture was passed through a short pad of SiO2 (elut-

ed with EtOAc), concentrated in vacuo and the residue subjected to flash 

chromatography (10% EtOAc/Hex to 100% EtOAc) to isolate the products. 

NMR data of commercially available aldehydes 102a–c are consistent with 

those recorded from authentic materials received from Fisher Scientific. 

 

3-(4-ethoxy-3-methoxyphenyl)-3-hydroxy-2-(2-

methoxyphenoxy)propyl formate (103a) 

 

 
 

Pale yellowish oil. Rf : 0.16 (30% EtOAc/Hept.). IR (film): v 3500, 2933, 

1720, 1592, 1500, 1455, 1253, 1170, 1030, 919, 748 cm-1. 1H NMR (400 MHz, 
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CDCl3): δ ppm 8.18 (s, 1H, minor diast.) 8.07 (s, 1H, major diast.), 6.84 – 7.10 

(m, 7H), 4.91 (m, 1H), 4.49 – 4.54 (m, 1H), 4.42 – 4.46 (m, 1H), 4.18 – 4.22 

(ddd, J = 11.7, 2.9, 0.7 Hz, 1H), 4.08 (q, J = 7.0 Hz, 2H), 3.89 (s, 3H, major 

diast.), 3.87 (s, 3H, major diast.), 3.86 (s, 3H, minor diast.), 3.84 (s, 3H, minor 

diast.), 3.65 (d, J = 3.5 Hz, 1H), 1.45 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, 

CDCl3): Major diastereomer δ 160.9, 151.7, 149.4, 147.9, 146.7, 131.2, 124.3, 

121.5, 120.9, 118.4, 112.5, 112.2, 109.5, 84.5, 71.8, 64.3, 62.4, 56.0, 55.9, 14.8. 

HRMS (ESI/TOF): Calculated 399.1420 (C20H24O7Na, M+Na), found 

399.1418.  

 

2-methoxyphenyl formate (104a)  

 

 
 

Transparent oil. 1H NMR (400 MHz, CDCl3): δ ppm 8.27 (s, 1H), 7.29 – 

7.19 (m, 1H), 7.10 (dd, J = 7.9, 1.7 Hz, 1H), 7.04 – 6.92 (m, 2H), 3.85 (s, 3H). 
13C NMR (101 MHz, CDCl3): δ ppm 159.2, 150.8, 138.9, 127.4, 122.6, 120.9, 

112.6, 55.9. NMR data are consistent with those previously reported.[227] 

 

3-(3,5-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propyl 

formate (103b)  

 

 
 

Pale yellow oil. Rf : 0.18 (30% EtOAc/Hept.). 1H NMR (400 MHz, CDCl3): 

δ 8.07 (s, 1H), 7.10 – 7.05 (m, 2H), 7.01 – 6.90 (m, 2H), 6.53 (dd, J = 2.3, 0.7 

Hz, 2H), 6.37 (t, J = 2.3 Hz, 1H), 4.91 (t, J = 3.5 Hz, 1H), 4.54 (ddd, J = 11.8, 

8.0, 0.9 Hz, 1H), 4.45 (ddd, J = 7.9, 3.7, 2.8 Hz, 1H), 4.17 (ddd, J = 11.8, 2.9, 

0.9 Hz, 1H), 3.89 (s, 3H), 3.78 (s, 6H), 3.69 (d, J = 3.4 Hz, 1H). 13C NMR (101 

MHz, CDCl3): δ 160.9 (2C), 160.8, 151.7, 146.5, 141.0, 124.5, 121.6, 121.0, 

112.2, 103.9 (2C), 99.7, 84.5, 71.8, 62.2, 55.9, 55.4 (2C). NMR data are con-

sistent with those previously reported.[153] 
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3-hydroxy-2-(2-methoxyphenoxy)-3-(4-methoxyphenyl)propyl for-

mate (103c) 

 

 
 

Pale yellowish oil. Rf : 0.22 (40% EtOAc/Hept.). IR (film): v 3489, 2938, 

2838, 1724, 1501, 1457, 1253, 1176, 1116, 1029, 749 cm-1. 1H NMR (400 MHz, 

CDCl3): δ 8.06 (s, 1H), 7.30 (d, J = 8.1 Hz, 2H), 7.11 – 7.02 (m, 2H), 6.96 – 

6.92 (m, 2H), 6.88 (d, J = 8.8 Hz, 2H), 4.92 (t, J = 3.6 Hz, 1H), 4.51 (ddd, J = 

11.7, 7.7, 0.8 Hz, 1H), 4.43 (ddd, J = 7.6, 3.9, 3.0 Hz, 1H), 4.19 (ddd, J = 11.7, 

2.9, 0.9 Hz, 1H), 3.89 (s, 3H), 3.80 (s, 3H), 3.64 (d, J = 3.7 Hz, 1H). 13C NMR 

(101 MHz, CDCl3): δ 160.8, 159.1, 151.7, 146.7, 130.8, 127.2 (2C), 124.3, 

121.5, 120.9, 113.9 (2C), 112.3, 84.5, 71.7, 62.3, 55.9, 55.2. HRMS: calculated 

355.1152 (C18H20NaO6
+, M+Na+) found 355.1144. 

 

 
 

The reaction was run on a 0.5 mmol scale according to the general procedure 

above. Once cooled to rt, the reaction mixture was passed through a short pad 

of SiO2 (eluted with EtOAc). After concentration the crude mixture was sub-

jected to flash chromatography (10% EtOAc/Hex to 100% EtOAc) to isolate the 

products. 

 

3-(4-ethoxy-3-methoxyphenyl)-3-methoxy-2-(2-

methoxyphenoxy)propanal (110) 

 

 
 

Colorless oil. Rf : 0.18 (1% MeOH/CH2Cl2). IR (film): v 2979, 2937, 2835, 

1735, 1685, 1593, 1502, 1457, 1258, 1140, 1033, 749 cm-1. 1H NMR (400 

MHz, CDCl3): δ Major diastereomer: 9.74 (d, J = 2.7 Hz, 1H), 7.01 – 6.95 (m, 

2H), 6.91 (dd, J = 8.2, 2.0 Hz, 1H), 6.85 (d, J = 8.2 Hz, 2H), 6.78 (td, J = 7.6, 

1.5 Hz, 1H), 6.71 (dd, J = 8.0, 1.7 Hz, 1H), 4.60 (d, J = 5.5 Hz, 1H), 4.45 (dd, J 

= 5.6, 2.7 Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 3.88 (s, 3H), 3.77 (s, 3H), 3.31 (s, 

3H), 1.47 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ Major diastere-

omer 200.5, 150.4, 149.2, 148.3, 147.3, 129.2, 123.7, 120.9, 120.3, 118.7, 112.3, 

112.0, 110.7, 87.0, 83.0, 64.2, 57.1, 55.9, 55.6, 14.8. HRMS: calculated 

383.1465 (C20H24NaO6
+, M+Na+) found 383.1465. 
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(E)-3-(4-ethoxy-3-methoxyphenyl)-2-(2-

methoxyphenoxy)acrylaldehyde (111) 

 

 
 

Yellow oil. Rf : 0.54 (80% Et2O/Hex). IR (film): v 2979, 2935, 2837, 1684, 

1594, 1500, 1456, 1270, 1209, 1175, 1142, 1118, 1031, 747 cm-1. 1H NMR (400 

MHz, CDCl3): δ 9.45 (s, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.30 (dd, J = 8.4, 2.0 

Hz, 1H), 7.00 –  6.98 (m, 3H), 6.85 (d, J = 8.5 Hz, 1H), 6.80 (ddd, J = 8.0, 6.2, 

2.6 Hz, 1H), 6.75 – 6.71 (m, 1H), 4.13 (q, J = 7.0 Hz, 2H), 3.94 (s, 3H), 3.76 (s, 

3H), 1.47 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 187.1, 150.7, 

149.1, 149.0, 147.4, 145.0, 136.0, 125.4, 125.0, 123.1, 120.8, 114.5, 112.9, 112.6, 

111.9, 64.3, 56.1, 55.6, 14.6. HRMS: calculated 329.1384 (C19H21O5
+, M+H+) 

found 329.1384. 

 

2-methoxyphenyl 2-(4-ethoxy-3-methoxyphenyl)-2-methoxyacetate 

(112) 

 

 
 

Pale yellow oil. Rf : 0.30 (1% MeOH/ CH2Cl2). IR (film): v 2977, 2932, 2837, 

1772, 1501, 1464, 1258, 1141, 1110, 1036, 751 cm-1. 1H NMR (400 MHz, 

CDCl3): δ 7.18 (ddd, J = 8.2, 6.7, 2.4 Hz, 1H), 7.14 – 7.04 (m, 2H), 6.96 – 6.87 

(m, 4H), 4.98 (s, 1H), 4.13 (q, J = 7.0 Hz, 2H), 3.90 (s, 3H), 3.70 (s, 3H), 3.52 

(s, 3H), 1.48 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 169.0, 151.0, 

149.4, 148.8, 139.4, 128.2, 127.1, 122.5, 120.7, 120.5, 112.5, 112.1, 110.2, 82.2, 

64.3, 57.4, 56.0, 55.7, 14.8. HRMS: calculated 369.1309 (C19H22NaO6
+, 

M+Na+) found 369.1308. 

 

methyl 4-ethoxy-3-methoxybenzoate (113)  

 

 
 

Rf : 0.22 (10% EtOAc/Hex). 1H NMR (400 MHz, CDCl3): δ 7.66 (dd, J = 

8.4, 2.0 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 6.88 (d, J = 8.5 Hz, 1H), 4.17 (q, J = 

7.0 Hz, 2H), 3.93 (s, 3H), 3.89 (s, 3H), 1.50 (t, J = 7.0 Hz, 3H). 13C NMR (101 

MHz, CDCl3): δ 166.9, 152.3, 148.7, 123.5, 122.4, 112.1, 111.1, 64.4, 56.0, 52.0, 

14.6. NMR data are consistent with those previously reported.[230] 
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1-(4-ethoxy-3-methoxyphenyl)-3-methoxy-2-(2-

methoxyphenoxy)propan-1-one (114) 

 

 
 

The reaction was run on a 0.5 mmol scale according to the general procedure 

above. Once cooled to rt, the reaction mixture was passed through a short pad 

of SiO2 (eluted with EtOAc). After concentration the crude mixture was sub-

jected to flash chromatography (10% EtOAc/Hex to 100% EtOAc) to isolate the 

title compound. 

 

Rf : 0.55 (50% EtOAc/Hex). mp 91.5–92.5 °C (white solid). IR (film): v 

2980, 2934, 2835, 1680, 1592, 1503, 1456, 1420, 1255, 1222, 1126, 1029, 744 

cm-1. 1H NMR (400 MHz, CDCl3): δ 7.78 (dd, J = 8.5, 2.0 Hz, 1H), 7.66 (d, 

J = 2.1 Hz, 1H), 6.93 (ddd, J = 8.1, 7.2, 1.6 Hz, 1H), 6.89 – 6.84 (m, 3H), 6.79 

(ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 5.49 (dd, J = 5.9, 4.2 Hz, 1H), 4.17 (q, J = 7.0 

Hz, 2H), 4.03 – 3.91 (m, 2H), 3.90 (s, 3H), 3.79 (s, 3H), 3.43 (s, 3H), 1.50 (t, J 

= 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 195.5, 153.1, 150.0, 149.0, 

147.1, 128.0, 123.6, 122.6, 120.8, 116.7, 112.3, 111.3, 110.8, 81.8, 73.3, 64.4, 

59.5, 55.9, 55.7, 14.6. HRMS: calculated 383.1465 (C20H24NaO6
+, M+Na+) 

found 383.1464. 

 

 
 

The reaction was run on a 1 mmol scale according to the general procedure 

above. Once cooled to rt, the reaction mixture was passed through a short pad 

of SiO2 (eluted with EtOAc). After concentration the crude mixture was sub-

jected to flash chromatography (10% EtOAc/Hex to 100% EtOAc) to isolate the 

products. NMR data of cyclohexanecarbaldehyde (115) match to those record-

ed from authentic commercial material received from Sigma Aldrich. 

 

3-cyclohexyl-3-hydroxy-2-(2-methoxyphenoxy)propyl formate (116) 

 

 
 

Colorless oil. Rf : 0.42 (60% EtOAc/Hex). IR (film): v 3482, 2926, 2852, 

1725, 1593, 1501, 1454, 1255, 1219, 1176, 1115, 1026, 746 cm-1. 1H NMR (400 

MHz, CDCl3): 8.15 (s, 1H), 7.07 – 7.01 (m, 2H), 6.92 (d, J = 7.5 Hz, 2H), 4.56 
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– 4.52 (m, 2H), 4.41 (dt, J = 6.3, 4.0 Hz, 1H), 3.86 (s, 3H), 3.54 (dt, J = 7.5, 3.6 

Hz, 1H), 2.97 (d, J = 3.3 Hz, 1H), 2.04 (d, J = 13.3 Hz, 1H), 1.77 – 1.48 (m, 5H), 

1.32 – 0.94 (m, 5H). 13C NMR (101 MHz, CDCl3): δ 161.2, 151.7, 146.4, 

123.9, 121.3, 120.2, 112.3, 80.9, 74.2, 62.4, 55.9, 39.1, 29.2, 28.9, 26.3, 25.9, 

25.7. HRMS: calculated 331.1516 (C17H24NaO5
+, M+Na+) found 331.1521. 

 

2-(2-methoxyphenoxy)-2-((2,2,6,6-tetramethylpiperidin-1-

yl)oxy)acetaldehyde (106) 

 

 
 

The reaction was run on a 1 mmol scale according to the general procedure 

above. Once cooled to rt, the reaction mixture was passed through a short pad 

of SiO2 (eluted with EtOAc). After concentration the crude mixture was sub-

jected to flash chromatography (10% Et2O/pentane to 100% Et2O) to give for-

mate 104a as transparent low-viscous oil and TEMPO-adduct 106 as yellow 

oil (data below). 

 

Yellow oil. Rf : 0.38 (30% EtOAc/Hept). IR (film): v 2974, 2933, 1743, 1593, 

1501, 1457, 1364, 1255, 1213, 1179, 1025, 748 cm-1. 1H NMR (400 MHz, 

CDCl3): δ 9.56 (d, J = 3.1 Hz, 1H), 7.17 (dd, J = 7.9, 1.6 Hz, 1H), 7.01 (ddd, J = 

8.7, 7.4, 1.6 Hz, 1H), 6.93 – 6.84 (m, 2H), 5.52 (d, J = 3.1 Hz, 1H), 3.83 (s, 3H), 

1.51 – 1.32 (m, 6H), 1.26 – 1.14 (m, 12H). 13C NMR (101 MHz, CDCl3): δ 

193.9, 150.2, 145.7, 123.5, 120.9, 118.5, 112.4, 106.9, 61.1, 60.2, 55.8, 40.3, 

40.0, 33.2, 33.0, 20.6, 20.2, 17.1. HRMS: calculated 322.2013 (C18H28NO4
+), 

found 322.2014. 

Procedure for the oxidation of β-O-4 ethanolaryl ethers (101d, 
101e) 

 

 
 

To a solution of alcohol 101d (1.37 g, 5 mmol, 100 mol %) in acetonitrile 

(45 mL) in a round bottom flask were added CuCl (49 mg, 0.5 mmol, 

10 mol%), NaBF4 (55 mg, 0.5 mmol, 10 mol %) and BiPy (78 mg, 0.5 mmol, 

10 mol%). The resulting mixture was stirred for 5 min, after which TEMPO 

(78 mg, 0.5 mmol, 10 mol %) and NMI solution in acetonitrile (0.5 mmol, 

10 mol%; 0.1 M, 5 mL) were added. Oxygen was bubbled through the mixture 

for a minute before covering it with O2 balloon. The reaction mixture was 

heated to 80 °C (pre-heated oil bath) and stirred (500 rpm) for 20 h. Once 

cooled to rt, the reaction mixture was diluted with H2O (40 mL) and 1.0 M 
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NaOH (10 mL). After stirring for an hour, the pH was adjusted to 8 with 0.5 M 

H3PO4. Next, MTBE (50 mL) was added and any significant precipitate was 

filtered through a block of cotton wool before transferring the biphasic mixture 

to a separation funnel. After separation, the aqueous phase was further ex-

tracted with MBTE (25 mL) and the organic phases were combined and treat-

ed later. The pH of the aqueous phase was adjusted to 1–2 with 1.0 M H3PO4 

(10 mL) and extracted with MTBE (50 mL). This single organic phase was 

washed with brine (30 mL) and H2O (30 mL), dried with sodium sulfate, fil-

tered, and evaporated to give pure acid 102d (502 mg, 66%). The combined 

organic phases, which were collected earlier, were washed with 0.5 M H3PO4 

(50 mL), brine (50 mL), dried with Na2SO4, filtered, and evaporated to give an 

orange oily crude, which was Kugelrohr-distilled to deliver pure phenol 104b 

fraction(130 mg). The residue was flash chromatographed (10% Et2O/pentane 

to 100% Et2O) to isolate the remaining 104b (126 mg, 41% combined yield) 

and TEMPO-adduct 107b (121 mg, 6%). NMR data of p-anisic acid (102d) 

and phenol 104b are consistent with those recorded from authentic commer-

cial materials received from Sigma Aldrich and Fisher Scientific. 

 

2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-2-((2,2,6,6-

tetramethylpiperidin-1-yl)oxy)ethan-1-one (107b) 

 

 
 

Yellow oil. Rf : 0.58 (30% EtOAc/Hept). IR (film): v 3004, 2971, 2933, 2840, 

1681, 1599, 1503, 1457, 1254, 1172, 1103, 981, 814, 745 cm-1. 1H NMR (400 

MHz, CDCl3): δ 8.28 (d, J = 9.0 Hz, 2H), 7.15 (dd, J = 7.9, 1.6 Hz, 1H), 6.95 

(d, J = 9.1 Hz, 2H), 6.91 (dd, J = 7.8, 1.7 Hz, 1H), 6.82 (ddd, J = 18.1, 7.8, 1.7 

Hz, 2H), 5.94 (s, 1H), 3.87 (s, 3H), 3.65 (s, 3H), 1.54 – 1.31 (m, 6H), 1.41 (s, 

3H), 1.22 (s, 3H), 1.13 (s, 3H), 1.03 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 

191.5, 163.5, 150.4, 146.0, 132.7 (2C), 126.4, 122.8, 120.9, 118.0, 113.4 (2C), 

112.7, 110.7, 61.0, 59.8, 55.8, 55.4, 40.2, 39.8, 33.6, 33.1, 20.8, 20.2, 17.1. 

HRMS: calculated 428.2432 (C25H34NO5
+, M+H+), found 428.2431. 

 

 
 

Following the procedure above for 101d, the oxidation of 1-(3,4-

dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-ol (101e) delivered 3,4-

dimethoxybenzoic acid (102e) (60%), phenol 104b (36%) and ketone 108b 
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(6%). NMR data of 102e and 104b are consistent with those recorded from 

authentic material received from commercial supplier. 

 

1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)-2-((2,2,6,6-

tetramethylpiperidin-1-yl)oxy)ethan-1-one (108b) 

 

 
 

Yellow oil. Rf : 0.45 (30% EtOAc/Hept). IR (film): v 2934, 1678, 1594, 1503, 

1462, 1273, 1255, 1217, 1176, 1133, 1024, 983, 746 cm-1. 1H NMR (400 MHz, 

CDCl3): δ 8.03 (dd, J = 8.5, 2.0 Hz, 1H), 7.84 (d, J = 2.0 Hz, 1H), 7.13 (dd, J = 

8.0, 1.6 Hz, 1H), 6.96 – 6.90 (m, 2H), 6.86 – 6.78 (m, 2H), 5.97 (s, 1H), 3.96 

(d, J = 1.0 Hz, 6H), 3.67 (s, 3H), 1.61 – 1.33 (m, 6H), 1.42 (d, J = 6.8 Hz, 3H), 

1.22 (s, 3H), 1.15 (s, 3H), 1.05 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 191.5, 

153.4, 150.4, 148.4, 146.0, 126.4, 125.3, 122.8, 120.9, 117.7, 112.8, 112.4, 110.4, 

110.0, 61.1, 59.9, 56.0, 55.9, 55.9, 40.3, 39.9, 33.7, 33.1, 20.9, 20.2, 17.1. 

HRMS: calculated 480.2357 (C26H35NNaO6
+), found 480.2354. 

7.4.3 Method II 

Representative procedure for lignin model compounds: 

A 8 mL vial was charged with separate stock solutions of 101a (0.1 mmol, 100 

mol%; 0.2 M, 0.5 mL), Cu(NO3)2·3H2O (0.005 mmol, 5 mol%; 0.075 M, 

0.067 mL) and 2,2’-bipyridine (0.005 mmol, 5 mol%; 0.1 M, 0.05 mL) in sul-

folane. Next, additional 0.213 mL of solvent followed by stock solutions of 

TEMPO (0.01 mmol, 10 mol%; 0.1 M, 0.1 mL), NMI (0.005 mmol, 5 mol%; 

0.1 M, 0.05 mL) and DMAP 0.001 mmol, 1 mol%; 0.05 M, 0.02 mL) were add-

ed sequentially ending up to 0.1 M substrate 101a concentration. The resulting 

mixture was bubbled with oxygen in a 35 °C water bath for 60 seconds. Subse-

quently, the vial was sealed with a septum, covered with O2 balloon and heated 

to 125 °C (reaction mixture temperature) in a pre-heated oil bath. After stir-

ring at this temperature for 20 h, the reaction mixture was cooled to rt and 

transferred to an Erlenmeyer flask followed by rinses with MTBE (2 x 5 mL). A 

standard solution of 1,3,5-trimethoxybenzene in MTBE (5.00 mL, 2.0 mg/mL) 

was added and the resulting mixture was stirred for 5 min. Any significant pre-

cipitate was filtered through a plug of cotton wool, after which the mixture was 

washed with 0.3 M H3PO4 (10 mL). The aqueous phase was extracted with 

MTBE (2 x 10 mL), the organic phases were combined and washed with 

1:1 Brine/H2O (2 x 15 mL). After drying over Na2SO4, filtration and concentra-

tion, the crude mixture was dissolved in CDCl3 and subjected to quantitative 
1H NMR. 
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NOTE: Each stock solution in sulfolane were stored at room temperature and 

used within 30 days. A control reaction with 101a after 30 days showed no 

difference in the reaction outcome. Also, control samples of stock solutions 

taken for GC analysis showed no extra peaks. In case the stock mixtures were 

not liquid prior to usage (typically < 0.1 M appeared solid), they were incubat-

ed in a 30 °C water bath until fully melted. 

Monitoring the reactions with HPLC: 

Reactions followed by HPLC were performed on 0.2 mmol scale following the 

representative procedure. Samples (ca. 150 µl) were withdrawn with a Pasteur 

pipette and transferred to a narrow glass vial (d = 0.7 cm). After cooling to rt, 

an aliquot of 100 µl was taken and transferred to a 16 mL glass vial containing 

a drop of 0.3 M H3PO4. Next, a standard solution of (4-ethoxy-3-

methoxyphenyl)methanol in MTBE (1.000 mL, 1.0 mg/mL) was added. Addi-

tional MTBE (1 mL) was added and the mixture was washed with 

1:1 Brine/H2O (1 mL), after which about 1 mL of the organic phase was with-

drawn and evaporated. The residue was dissolved in MeCN (3 mL) and filtered 

to a HPLC vial with a 0.45 µm PTFE filter. 

Monitoring the reaction with GC-FID: 

The reaction was performed following the representative procedure above. 

Samples (ca. 150 µl) were withdrawn with a Pasteur pipette and transferred to 

a thin glass vial (d = 0.7 cm). After cooling to rt, an aliquot of 100 µl was trans-

ferred to a GC vial. A standard solution of 1,3,5-trimethoxybenzene (0.500 mL, 

0.45 mg/mL) in EtOAc was added followed by 0.4 mL of N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA), after which the vial was sealed, 

shaken vigorously and incubated at 70 °C for 30 min prior to GC-FID analysis. 

7.4.4 Lignin isolation  

Dioxasolv birch lignin was isolated according to a previously reported proce-

dure.[173] Hardwood sawdust was obtained from Finnish bark-free birch wood 

(Betula pubescens) using a miter saw and dried under high vacuum at 50°C for 

24 h. To birch sawdust (50 g) placed in a 1 L one-necked round-bottom flask 

was added 1,4-dioxane (360 mL) followed by 2M HCl (40 mL). The flask was 

equipped with a reflux condenser and air was evacuated from the system using 

vacuum-argon cycles (3x). The mixture was then gently refluxed under argon 

for 1 h, after which it was cooled to rt and suction filtered. The reddish filtrate 

was partially concentrated under reduced pressure to give a gummy residue 

which was dissolved in acetone/H2O (9:1, 60 mL) and precipitated by pouring 

the mixture to vigorously stirring water (600 mL). The precipitated crude lig-

nin was collected by suction filtration and dried under high vacuum. Next, the 

dried crude lignin was dissolved in acetone/MeOH (9:1, ~100 mL) and precip-

itated by pouring the mixture to vigorously stirring Et2O (500 mL). The pre-

cipitated lignin was suction filtered, and the cake was dried under high vacu-
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um to yield a purified birch lignin as brown fine powder (2.8 g, 5.6 wt%). The 

obtained lignin was used as such for subsequent experiments. 

7.4.5 Lignin experiments 

Representative procedure for Cu/TEMPO catalyzed oxidations of 
lignin: 

A 8 mL vial was charged with dioxasolv birch lignin (50 mg, 100 wt%), sul-

folane (1.73 mL) and separate stock solutions of Cu(NO3)2·3H2O (1 µmol, 

0.5 wt%, 1 eq.; 25 mM, 41 µL) and 2,2’-bipyridine (1 µmol, 1 eq.; 2o mM, 

52 µL) in sulfolane. Next, stock solutions of TEMPO (2 µmol, 2 eq.; 2o mM, 

103 µL), NMI (1 µmol, 1 eq.; 2o mM, 52 µL) and DMAP (0.2 µmol, 0.2 eq.; 

1o mM, 0.052 mL) in sulfolane were added. The resulting mixture was bubbled 

in a 35 °C water bath with oxygen for 60 seconds, after which the vial was 

sealed with a septum, covered with an O2 balloon and heated to 125 °C (reac-

tion mixture temperature) in a pre-heated oil bath. After stirring (500 rpm) at 

this temperature for 30 h, the reaction mixture was cooled to rt and trans-

ferred to an Erlenmeyer flask followed by rinses with H2O (5 mL) and MTBE 

(15 mL). Next, a solution of H3PO4 (0.3 M, 10 mL) saturated with NaCl was 

added and the resulting heterogeneous mixture was stirred for 5 minutes to 

facilitate the precipitation of residual lignin polymers, after which the mixture 

was suction filtered through a sintered glass Büchner funnel. The filter cake 

was then washed with H2O (3 x 5 mL) and MTBE (3 x 5 mL). The filtrate was 

transferred to a separation funnel and the separated aqueous phase was fur-

ther extracted with MTBE (2 x 25 mL). The organic phases were combined, 

washed with 1:1 Brine/H2O (4 x 40 mL), dried with Na2SO4, filtered, and con-

centrated in vacuo to give a brown oily residue.  

 

Experiments with 5 wt% (or higher) of Cu salt were done with following stock 

solutions in sulfolane: 0.075 M [Cu(NO3)2·3H2O]; 0.1 M (2,2’-bipyridine, 

TEMPO and NMI separately); 0.05 M (DMAP). 

 

Experiment under oxygen without catalyst was done as above excluding the 

addition of catalyst components.  

 

Control reactions under argon balloons were performed in Schlenk tubes after 

removing air with the following preparation: (1) The solution of lignin in sul-

folane was frozen in a dry ice-acetone bath at –78 °C, (2) the air space was 

evacuated with vacuum pump for 2–3 min, after which the connection to the 

pump was closed with a tap, and (3) the frozen mixture was molten in a 35 °C 

water bath, which caused bubbling of the solution to release the dissolved air. 

This three-step cycle was repeated five times (bubbling was not observed dur-

ing the fourth time). The Schlenk tube was then covered with Ar balloon, the 

mixture was heated to 125 °C in a pre-heated oil bath and stirred at 500 rpm 

for 30 h. 
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Sample preparation for GPC, GC-FID/MS and HSQC NMR analysis  

GPC:  

The oily residue was dissolved in 25 mL of EtOAc in a volumetric flask. The 

obtained lignin cake was dissolved in THF or pyridine (25 mL). From these 

solutions, 1.000 mL aliquots were withdrawn, combined, concentrated and 

acetylated with 1:1 Ac2O/pyridine (1.0 mL) at room temperature for 20 h, after 

which the mixture was evaporated under high vacuum in a 35 °C water bath. 

The residue (ca. 2–3 mg) was then dissolved in 1 mL of THF and subjected to 

GPC analysis. 

GC-FID/MS:  

The remaining oily residue (96%) in EtOAc was concentrated, after which a 

standard solution of 1,3,5-trimethoxybenzene (0.960 mL, 0.45 mg/mL) in 

EtOAc was added. The sample was then silylated with 150 µl of BSTFA (con-

taining 1% of TMSCl) at 70 °C for 30 min before GC-FID (and GC-MS) analy-

sis.  

NMR:  

Following the GC-FID analysis the sample was concentrated under high vacu-

um, dissolved in DMSO-d6 (1.0 mL) together with the lignin cake and subject-

ed to HSQC analysis. In case of a reproduced oxidation experiment, the work-

up was performed as before, after which the dried lignin cake and the concen-

trated oily residue were directly dissolved in DMSO-d6. 

Monitoring the reactions with GC-FID:  

The reaction was performed following the representative procedure above. 

Samples (ca. 150 µl) were withdrawn with a Pasteur pipette and transferred to 

a thin glass vial (d = 0.7 cm). After cooling to rt, an aliquot of 100 µl was trans-

ferred to a GC vial. A standard solution of 1,3,5-trimethoxybenzene (0.500 mL, 

0.045 mg/mL) in EtOAc was added followed by 0.4 mL of BSTFA, after which 

the vial was sealed, shaken vigorously and incubated at 70 °C for 30 min prior 

to GC-FID analysis. 

7.4.6 Wood experiments 

Preparation of sawdust and estimation of lignin content  

Saw dusts were obtained from Finnish bark-free birch (Betula pubescens) and 

pinewood (Pinus sylvestris) using a miter saw. Before use, the saw dusts were 

dried under high vacuum at 50°C for 24 h. Lignin contents (of dry matter) 

were estimated based on literature: Finnish bark-free birch wood has been 

reported to have lignin content of 22.3 wt%,[186] while pine wood has lignin 

content of about 26.1 wt%.[184] 

Representative procedure for Cu/TEMPO catalyzed oxidations of 
wood: 

A 4 mL vial was charged with 50 mg of pine sawdust (13 mg lignin, 100 wt%). 

Next, sulfolane (0.65 mL) and individual stock solutions of Cu(NO3)2·3H2O 

(0.27 µmol, 0.5 wt%, 1 eq.; 5 mM, 54 µL), 2,2’-bipyridine (0.27 µmol, 1 eq.; 
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4 mM, 67 µL), TEMPO (0.54 µmol, 2 eq.; 4 mM, 135 µL), NMI (0.27 µmol, 

1 eq.; 4 mM, 67 µL) and DMAP (0.054 µmol, 1 eq.; 2 mM, 27 µL) in sulfolane 

were added. Finally, H2O (10 µL) was added and the resulting mixture was 

bubbled in a 35 °C water bath with oxygen for 60 seconds, after which the vial 

was sealed with a septum, covered with an O2 balloon and heated to 125 °C 

(reaction mixture temperature) in a pre-heated oil bath. After stirring 

(500 rpm) for 30 h at this temperature, the mixture was cooled to rt and fil-

tered through a plug of cotton wool followed by rinses with EtOAc (4 x 2 mL). 

Next, a standard solution of 1,3,5-trimethoxybenzene (0.500 mL, 0.45 mg/mL 

in EtOAc) was added and after shaking the mixture vigorously an aliquot 

(0.5 mL) was transferred to a GC vial followed by addition of 0.4 mL of 

BSTFA, after which the vial was sealed, shaken vigorously and incubated at 

70 °C for 30 min prior to GC-FID (and GC-MS) analysis.  

 

For birch wood (11.2 mg lignin, 100 wt%) the catalyst loading using the same 

stock solutions was adjusted according to the estimated lignin content as 

above. Total amount of sulfolane was set to 1 mL.  

5 g scale Cu/TEMPO catalyzed oxidations of pine wood: 

A 500 mL 2-necked round-bottom flask was charged with 5 g of pine sawdust 

and an oval magnetic stirring bar (32 mm x 15 mm). Next, sulfolane (97.5 mL) 

and individual stock solutions of Cu(NO3)2·3H2O (0.027 mmol, 0.5 wt%, 1 eq.; 

75 mM, 0.36 mL), 2,2’-bipyridine (0.027 mmol, 1 eq.; 100 mM, 0.27 mL), 

TEMPO (0.054 mmol, 2 eq.; 100 mM, 0.54 mL), NMI (0.027 mmol, 1 eq.; 

100 mM, 0.27 mL) and DMAP (5.4 µmol, 1 eq.; 50 mM, 0.11 mL) in sulfolane. 

Finally, 1 mL of H2O was added. The resulting mixture was then bubbled with 

O2 (2 balloons) for 10 min, after which the flask was sealed with septa and cov-

ered with total 4 x O2 balloons. The reaction mixture was then heated to 125 °C 

in a pre-heated oil bath and stirred for 30 h (500 rpm). After cooling to rt, the 

mixture was suction filtered through filter paper using a Büchner funnel. The 

filter cake was washed with H2O (3 x 50 mL) and MTBE (3 x 50 mL). The fil-

trate was passed through a plug of cotton wool, after which the phases were 

separated, and the aqueous phase was further extracted with MTBE 

(2 x 100 mL). The combined organic phases were washed with H2O 

(3 x 150 mL) and evaporated to approximately 100 mL volume. Next, 0.1 M 

NaOH (100 mL) was added and the mixture was stirred vigorously for 10 min 

(pH > 12). Phases were separated and the organic phase was put aside. The pH 

of the aqueous phase was then set to 8 using 0.5 M H3PO4 and the solution was 

extracted with MTBE (2 x 50 mL). The aqueous phase was put aside for further 

treatment. The organic phase was washed with H2O (50 mL), dried with 

Na2SO4 and concentrated to give orange oil (crude vanillin). The previously 

collected aqueous phase (pH 8) was acidified to pH 2 with 1M H3PO4 and ex-

tracted with MTBE (2 x 50 mL). The combined organic phases were washed 

with H2O (2 x 50 mL), dried with Na2SO4, filtered, and concentrated to give 

orange/brown oil (crude vanillic acid). 

 



Experimental Section 

191 

Vanillin rich residue was subjected to flash chromatography using gradient 

elution from 0.5% to 1% MeOH in CH2Cl2. Yellowish solid was obtained 

(14.5 mg). An unknown impurity overlapped regardless of the eluent systems 

tested. 1H NMR analysis revealed 82% purity, which meant 0.9 wt% yield of 

vanillin based on lignin amount in pine. 1H NMR (400 MHz, CDCl3): δ 

9.83 (s, 1H), 7.43 (dq, J = 3.2, 1.8 Hz, 2H), 7.05 (d, J = 8.5 Hz, 1H), 6.23 (s, 

1H), 3.97 (s, 3H). NMR data are consistent with those previously reported.[231] 

 

Crude vanillic acid was precipitated from concentrated MTBE solution by the 

addition of CH2Cl2 and collected by filtration. The residue was purified by flash 

chromatography using gradient elution from 1% to 5% MeOH in CH2Cl2. Pure 

acid (>98%) was obtained as beige solid (21.9 mg, 1.7 wt% based on lignin 

amount in pine). 1H NMR (400 MHz, CD3OD): δ 7.66 – 7.44 (m, 2H), 6.83 

(d, J = 8.7 Hz, 1H), 3.89 (s, 3H). NMR data are consistent with those previous-

ly reported.[232] 
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