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I. Introduction and Research Objective  

1. Introduction 

 

Biomass is defined as organic material that was produced by photosynthesis. Annually 170 

billion metric tons are generated by nature.
[1]

 Among the different types of biomass 

lignocellulose constitutes the largest fraction on earth.
[2]

 Lignocellulose consists of three main 

components, cellulose, hemicellulose and lignin.
[3]

 Cellulose is a linear polymer of D-glucose 

chains, contributing with a share of 40% to 50% in hard and soft wood biomass.
[4]

 

Hemicellulose is another major constituent of lignocellulose (16% to 33%). Unlike cellulose, 

hemicellulose is a branched polymer containing a variety of different sugar units. Both 

cellulose and hemicellulose are regarded as renewable feedstocks for generating fuels, 

chemicals and energy and have been subject to extensive valorization studies within the last 

decades.
[1-5]

 This research was facilitated by the ambitious goals of both European and U.S. 

legislation. The European Union defined a mandatory target for all member states that 20% of 

its entire energy consumption should stem from renewable sources with a minimum of 10% 

biofuels.
[6]

 Along those lines the U.S. Department of Agriculture and U.S. Department of 

Energy strive to cover 20% of its transportation fuel and 25% of U.S. chemical needs from 

biomass by the year 2030.
[7]

 In order to achieve these goals in a profitable manner it will be 

necessary to also utilize lignin, the third major component of lignocellulosic biomass. Lignin 

is a three-dimensional amorphous polymer consisting of methoxylated phenylpropane 

structures. It accounts for 15% to 30% of the weight and 40% of the energy content in 

lignocellulose.
[8]

 Lignin gives plants rigidity, enables the water transport and protects the 

cellulose fibers from microbial attackers.
[9]

 The biosynthesis is believed to proceed through 

the three monolignols p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol in a radical 

polymerization.
[8,9]

 Depending on the plant type these monolignols are incorporated in 

different ratios. The radical polymerization mechanism leads to a plethora of linkages that 

connect the different monomers. Figure I.1 highlights the most commonly found 

interconnecting bonds within lignin.  
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Figure I.1. Schematic representation of a lignin structure. 

The -O-4 bond accounts for 45% to 60% of the linkages, depending on the wood type.
[8,9]

 

Other common structural motifs within lignin are the 5-5’, phenylcoumaran (-5), resinol 

structure (-), 4-O-5, -1, dibenzodioxocin and spirodienone. The most stable of the 

aforementioned bonds is the 5-5’ with a bond dissociation enthalpy of about 490 kJ·mol
-1

, 

making it one of the highest bond dissociation enthalpies found in nature.
[10]

 In comparison 

the -O-4 bond dissociation enthalpies vary from 290 kJ·mol
-1

 to 305 kJ·mol
-1

. This multitude 

of interconnecting bonds, that varies in each plant, the high bond stabilities and its recalcitrant 

nature are the main reasons why lignin valorization processes are still at an initial stage. It is 

still mainly used as a low value energy source through incineration. In the last five years, 

however, the number of publications on lignin valorization has doubled.
[8c]

 The target in many 

of these lignin valorization studies was the -O-4 linkage due to its prominence in lignin. It 

was also the focal point of the studies that were conducted in this dissertation. 

1.1. Lignin pretreatment methods 

 

To separate lignin from other constituents of lignocellulose, different pretreatment methods 

are frequently applied.
[8]

 These pretreatment methods influence greatly the morphology, 

impurities, polymer size and chemical structure within lignin. In the lignin cleavage studies 

described in this thesis, both organsolv lignin and kraft lignin were employed. Therefore these 

pretreatment techniques are briefly elaborated here. 

1.1.1. Organosolv Process 

 

In the organosolv process commonly volatile alcohols such as ethanol and methanol are 

employed as solvent.
[8,9]

 A prominent example of an organosolv process is the Alcell process. 

In the first separation step a 1:1 mixture of water and ethanol is used. Cellulose is insoluble in 

this mixture, whereas lignin and hemicellulose are dissolved. After the separation of the 
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cellulose, lignin is precipitated through the addition of an excess of water while hemicellulose 

remains in solution.
[11]

 During the fractionation of biomass, catalysis plays a crucial role. 

Many of the known organosolv processes are autocatalyzed by the formation of acetic acid, 

which is generated through hydrolysis of acetate groups within hemicellulose. Alternatively, 

acids can also be added, which allows the use of milder reaction conditions.
[11]

 

1.1.2. Kraft Process 

 

The most commonly used pretreatment method in pulping is the kraft lignin process.
[8a]

 It is 

conducted in an aqueous solution of NaOH and Na2S at temperatures between 150 °C and 

180 °C.
[11,12]

 Lignin is cleaved by sulfite anions as shown in Scheme I.1. Soluble kraft lignin 

is formed, which is then separated from the remaining constituents.
[13]

 Anthraquinone can be 

employed as catalyst to facilitate this process.
[12]

 

 

Scheme I.1. Cleavage of the -O-4 linkage within lignin during the kraft lignin process. 

1.2. Synthesis of lignin model compounds 

 

The structural complexity of lignin has led many researchers to perform their initial studies 

with lignin model compounds. A great variety of lignin model compounds and the references 

for their synthesis has been presented in the extensive review on catalytic lignin valorization 

by Weckhuysen and co-workers.
[8a]

 Here, only synthetic strategies for the synthesis of -O-4 

1,3-dilignol model compounds will be discussed. 

The first protocol for the synthesis of 1,3-dilignols was published in the year 1952.
[14]

 Adler 

and co-workers employed commercially available acetophenone derivatives as starting 

material that were brominated in the first step, followed by nucleophilic substitution with 

phenol derivatives in the presence of a base (Scheme I.2).
[14,15]

 The corresponding keto aryl 

ethers were then transformed in an aldol addition to -hydroxy ketones. In the final step these 
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-hydroxy ketones were reduced with NaBH4 to form both the erythro and threo 1,3-dilignols. 

These diastereomers, however, cannot be separated completely from each other by 

crystallization or column chromatography. To obtain the pure diastereomers further 

derivatization to the corresponding acetonides is necessary (Scheme I.3).
[16,17]

 After separating 

the erythro and threo acetonides by column chromatography, the diastereomerically pure  

1,3-dilignols are obtained after hydrolysis. 

 

Scheme I.2. Synthetic route to 1,3-dilignols by Adler and co-workers.
[14,15]

 

 

Scheme I.3. Conversion of 1,3-dilignols to the corresponding acetonides. 

To avoid derivatization of 1,3-dilignols, Helm and co-workers have reported a 

diastereoselective reduction of the corresponding acetylated -hydroxy ketones (Scheme 

I.4).
[18,19]

 Diisopinocampheyl chloroborane (Dip-Cl
TM

) was employed for the reduction to the 

corresponding threo 1,3-dilignol and Zn(BH4)2 used for obtaining the erythro 1,3-dilignol. 
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Scheme I.4. Diastereoselective reduction of -hydroxy ketones by Helm and co-workers.
[18,19] 

Lundquist and co-workers described an erythro selective route for the synthesis of  

1,3-dilignols.
[20]

 Starting from a methyl aryloxy ester and a benzaldehyde derivative, an  

,-unsaturated acid was obtained after 1,2-additon, saponification and condensation in the 

presence of sodium hydride. The desired erythro 1,3-dilignol was then obtained after 

hydroboration and subsequent oxidation in total diastereoselectivity.  

 

Scheme I.5. Synthesis of 1,3-dilignols under the conditions by Lundquist and co-workers.
[20] 

The most commonly used route for the synthesis of 1,3-dilignols was first described by 

Nakatsubo et al. (Scheme I.6).
[21]

 His synthesis started off from commercially available ethyl 

chloroacetate and 2-methoxyphenol that were set to react in the presence of a base to form the 

corresponding aryloxy ester. In the next step the corresponding lithium enolate of the aryloxy 

ester reacted with a benzaldehyde derivative in a 1,2-addition to form a -hydroxy ester. The 

formation of the erythro diastereomer was favored over the threo diastereomer which resulted 

in a low yield for the corresponding threo -hydroxy ester.
[22,23]

 In the last step the -hydroxy 

ester was reduced with LiAlH4. 
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Scheme I.6. Synthesis of 1,3-dilignols after the reaction conditions of Nakatsubo et. al..
[21]

 

1.3. Catalytic lignin cleavage 

 

Over the last century many different strategies have been employed for the cleavage of lignin 

with catalysis playing a crucial role in many of these processes.
[8]

 Due to the great diversity of 

this research area only catalyzed reactions are discussed below. Studies that utilized model 

compounds that lack key structural features of lignin (e.g., ferulic acid or veratryl alcohol) are 

not included because of the limited significance of these results for the depolymerization of 

lignin. Furthermore, acid
[24]

 and base
[25,26]

 catalyzed lignin cleavage reactions will not be 

elaborated on, as the focus of this dissertation was to find suitable transition metal catalysts 

for the cleavage of lignin. 

1.3.1. Heterogeneously catalyzed reductive lignin cleavage 

 

Heterogeneous transition metal catalysts have been frequently utilized for the hydrogenation 

and hydrodeoxygenation of lignin.
[8a,27-29]

 They provide access to a plethora of phenolic, 

phenyl, and cyclohexyl derivatives. In general, reductive lignin cleavage leads to less 

functionalized products as these reaction conditions promote the removal of functional 

groups. Among the first catalysts screened for reductive lignin cleavage were copper-

chromium oxide and Rainey nickel.
[27]

 Another class of catalysts that has found frequent 

application in recent years is supported noble metal catalysts. In their pioneering work in the 

1960s, Pepper and co-workers employed Pd-C, Rh-C, Ru-C and Ru-alumina.
[28]

 Depending 

on the catalyst and the reaction conditions they obtained dihydroconiferyl alcohol, phenol, 

guaiacol and various guaiacol and cyclohexyl derivatives.  

1.3.2. Homogeneously catalyzed reductive and redox neutral lignin cleavage 

 

Compared to heterogeneous catalysis there are fewer examples in literature that utilize 

homogeneous transition metal catalysts for reductive lignin cleavage.
[30,31]

 Ragauskas and  
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co-workers compared the reactivity of NaBH4/I2, RhCl(PPh3)3, Ru(Cl)2(PPh3)3, 

Ru(H)(Cl)(PPh3)3 and Ru-polyvinylpyrrolidone nanoparticles (Ru-PVP) with previously 

mentioned heterogenous catalysts such as Rainey-nickel and Pd-C for the hydrogenolysis of 

organosolv lignin.
[31b]

 In general, the homogeneous catalysts afforded higher yields, but had 

some stability issues at elevated temperatures and were difficult to separate from the formed 

products. In a study with lignin model compounds, Hartwig and co-workers reported the 

hydrogenolysis of aryl ethers.
[31c]

 As catalyst they employed Ni(COD)2 in presence of a  

N-heterocyclic carbene ligand (NHC) with tert-BuONa as base and xylene as solvent (Scheme 

I.7). For a 4-O-5 and -O-4 model compound good to excellent yields for the aryl ether 

cleavage products were obtained. The cleavage of a 1,3-dilignol model compound (not 

shown) proceeded without catalyst in a tert-BuONa-mediated reaction affording  

2-methoxyphenol as main product. 

 

Scheme I.7. Aryl ether cleavage by Hartwig and co-workers.
[31c]

 

Recently, Lewis acid catalyzed reductive cleavage of lignin model compounds and lignin has 

been described under Piers-Rubinsztajn-type reaction conditions using either 

tetramethyldisiloxane (TMDS) or pentamethyldisiloxane (PMDS) as reducing agent (Scheme 

I.8).
[32]

 The cleavage of the -O-4 linkage was demonstrated for both lignin model 

compounds and extracted lignin, affording aryl silyl ethers in which both the primary, 

aliphatic and benzylic alcohols are reduced to alkanes. 
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Scheme I.8. Cleavage of 1,3-dilgnols under Piers-Rubinsztajn-type reaction conditions.
[32]

 

Apart from reductive lignin cleavage there have been several reports in which a transition 

metal, such as ruthenium, catalyzed transfer-hydrogenations under redox-neutral reaction 

conditions.
[33,34]

 Simultaneously, Nichols et al.
[33a]

 and Bolm and co-workers
[34]

 have studied 

the cleavage of -O-4 monolignol model compounds with H2RuCO(PPh3)3 as catalyst 

(Scheme I.9). Using 5 mol% H2RuCO(PPh3)3 and a reaction time of 72 h, Bolm and  

co-workers obtained 3,4-dimethoxyacetophenone and 2-methoxyphenol in good yields (75% 

in toluene and 77% in dioxane). Nichols et al. were able to reduce the catalyst loading to 

1 mol% by employing Ph-xantphos as ligand while increasing the yield for  

3,4-dimethoxyacetophenone and 2-methoxyphenol to 89% after 4 h. 

 

Scheme I.9. Cleavage of a monolignol model compound with H2RuCO(PPh3)3 as catalyst.
[33a,34] 
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Commonly, transfer-hydrogenation with ruthenium and rhodium catalysts led to C–O bond 

cleavage within -O-4 model compounds. However, vom Stein et al. reported on the C–C 

bond cleavage within 1,3-dilignols in good yields when they employed a ruthenium triphos 

catalyst as shown in Scheme I.10.
[33e] 

 

Scheme I.10. C–C bond cleavage with ruthenium triphos catalyst.
[33e] 

1.3.3. Homogeneously catalyzed oxidative lignin cleavage 

 

Over many decades homogeneous catalysts have been studied extensively for the oxidative 

cleavage of lignin.
[8,35-38,40,41]

 Oxidative lignin cleavage commonly preserves more of the 

strong intrinsic functionalization within lignin than reductive cleavage while at the same time 

adding new functionality to the products. Homogeneous iron, copper and vanadium catalysts 

were studied over the course of this dissertation in the oxidative cleavage of lignin and 

catalytic systems utilizing these transition metals are now described in greater detail.  

1.3.3.1. Iron-catalyzed oxidative lignin cleavage reactions 

 

Iron has been applied in various manners as catalyst in oxidative lignin cleavage studies.
[37,38]

 

However, considering its natural abundance and oxidation potential in organic 

transformations, it has thus far been underutilized.
[39]

 

Several different macrocyclic iron complexes have been studied in the cleavage of lignin and 

lignin model compounds.
[37]

 Shimada et al. employed tetraphenylporphyrinatoiron (III) 

chloride as catalyst in the cleavage of a -1 lignin model compound at room temperature with 

TBHP as oxidant.
[37a]

 The main product in this reaction was an aromatic aldehyde. Wright and 

co-workers studied the cleavage of a 1,3-dilignol with trisodium  

tetra-4-sulfonatophthalocyanineiron(III) [Fe(TSPc)]. They obtained vanillin and  

2-methoxyphenol as the main products. Another class of macrocycles that has been utilized in 

this context is tetraamido macrocyclic ligands (TAML). Collins et al. used Fe-TAML for the 

removal of lignin and lignin derivatives in pulping and waste water.
[37d]

 In a study with lignin 

model compounds, Andrioletti and co-workers demonstrated the cleavage of a -O-4 

monolignol model compound with Fe(TAML)Li as catalyst and DAIB as oxidant (Scheme 

I.11).
[37e]

 The main product in this reaction was the corresponding keto aryl ether in 31% 

yield. The cleavage products veratraldehyde and veratric acid were obtained in 15% and 3% 

yield, respectively.  
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Scheme I.11. Fe(TAML)Li catalyzed cleavage of a monolignol lignin model compound.
[37e] 

Simple iron salts have been employed under Fenton reaction conditions or at elevated 

temperatures in alkaline medium under dioxygen pressure.
[38]

 Araujo et al. observed that 

when Fenton’s reagent was employed for the cleavage of kraft black liquor with low H2O2 

concentrations, polymerization to higher masses occurred.
[38c]

 Higher H2O2 concentrations or 

omitting an external iron source resulted in depolymerisation to lower mass products. The 

activity of the reaction system without the addition of iron was attributed to iron impurities 

present in the kraft black liquor catalyzing the reaction. Tong and co-workers pretreated 

organosolv lignin under Fenton reaction conditions before cleaving it in supercritical ethanol 

at 250 °C under 7 MPa pressure.
[38d]

 An organic oil was obtained consisting of mono- and 

oligomeric aromatics, phenols and dicarboxylic acids.  

Both Wu et al. and Lee and co-workers used iron (III) salts in combination with copper (II) 

salts for the cleavage of lignin in alkaline solution under dioxygen pressure at temperatures 

between 160 °C and 180 °C.
[38a,38b]

 The combination of both transition metals helped increase 

the yield of aromatic aldehydes which were obtained as the main products. 

1.3.3.2. Copper-catalyzed oxidative lignin cleavage reactions 

 

Compared to iron, copper catalysts have been studied more intensively in recent years in the 

oxidative cleavage of lignin.
[40]

 Watanabe and co-workers used copper 2,2’-dipyridylamine 

and copper 4-aminopyridine complexes for pulp bleaching in alkaline solution with H2O2 as 

oxidant.
[40a]

 Sedai et al. investigated the catalytic activity of a CuOTf/TEMPO catalyst under 

dioxygen atmosphere with 2,6-lutidine as ligand in the cleavage of -1 and -O-4 1,3-dilignol 

lignin model compounds (Scheme I.12).
[40d,40f]

 Aromatic aldehydes were obtained as main 

products in these reactions. The catalytic system was more selective and the reaction 

progressed faster for the cleavage of -1 model compounds than -O-4 model compounds. 

For both lignin linkages the degradation proceeded through C–C bond cleavage. 

A conceptually different approach was demonstrated by Loh and co-workers.
[40c]

 In their 

cleavage studies with -O-4 model compounds first the benzylic alcohol was oxidized to the 

ketone followed by a copper catalyzed aerobic amide bond formation (Scheme I.13). 
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Scheme I.12. CuOTf/TEMPO catalyzed cleavage of a -1 and -O-4 lignin model compound.
[40d,40f] 

 

Scheme I.13. Copper catalyzed aerobic amide bond formation.
[40c] 

One of the key challenges in lignin cleavage is that the formed products are often more 

reactive than the polymeric starting material. These products are susceptible to 

repolymerization. To avoid random repolymerization, Saito and co-workers added  

4-tert-butyl-2,6-dimethylphenol in a copper-catalyzed cleavage of lignin in alkaline solution 

under dioxygen atmosphere. 4-tert-Butyl-2,6-dimethylphenol reacted directly with the formed 

lignin cleavage products to afford more defined and shorter polymers.
[40e]

 Another method to 

prevent repolymerization or over-oxidation of the desired products was shown by Liu et al. in 

a CuSO4 catalyzed reaction in a mixed phosphate solution.
[40g]

 In their reaction set-up the 

formed aromatic aldehyde products were continuously separated by dissociation extraction 

over the course of the reaction. 
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1.3.3.3. Vanadium-catalyzed oxidative lignin cleavage reactions 

 

Another transition metal that has been targeted for the cleavage of lignin in recent years is 

vanadium.
[40b,40d,41]

 Initially Baker and Hanson tested the vanadium complex 

(dipic)V
V
(O)(OiPr) in the cleavage of simple lignin model compounds and a 1,3-dilignol 

(Scheme I.14).
[40b,41a]

 In the conversion of the 1,3-dilignol model compound the benzylic 

alcohol was primarily oxidized. The corresponding -hydroxy ketone was obtained in 65% 

yield. As cleavage products 3,5-dimethoxybenzoic acid and  

1-(3,5-dimethoxyphenyl)prop-2-en-1-one were formed in 11% and 14% yield respectively. 

Simultaneously, Toste and co-workers investigated the cleavage of -O-4 model compounds 

with vanadium salen-type complexes (Scheme I.15).
[41b]

 The main products in the cleavage of 

a 1,3-dilignol were 1-(4-ethoxy-3-methoxyphenyl)prop-2-en-1-one and 2-methoxyphenol in 

82% and 57% yield respectively. As side product the corresponding -hydroxy ketone was 

obtained in 7% yield. Toste proposed a redox-neutral mechanism that proceeds through a  

one-electron process from vanadium (V) to vanadium (IV), which in turn is reoxidized by an 

aryloxy radical to vanadium (V) without the need of an external oxidant. The reaction, 

however, proceeds slower and in lower yields without an external oxidant. This mechanism is 

in contrast to the one observed by Hanson et al. for the oxidation of alcohols with 

(dipic)V
V
(O)(OiPr) in pyridine.

[42]
 They propose a two electron oxidation mechanism from 

vanadium (V) to vanadium (III). 

 

Scheme I.14. [(dipic)V
V
(O)(OiPr)] catalyzed oxidation of a 1,3-dilignol.

[40b] 
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Scheme I.15. Vanadium catalyzed cleavage of a 1,3-dilignol by Toste and co-workers.
[41b] 

Hanson and co-workers modified their previously employed [(dipic)V
V
(O)(OiPr)] complex by 

substituting dipicolinate with 8-quinolinate. The corresponding vanadium bis(quinolinate) 

catalyst, [(HQ)2V
V
(O)(OiPr)], displayed distinctly different selectivity than the previous 

vanadium complexes in the cleavage of a phenolic 1,3-dilignol (Scheme I.16).
[41c]

 They 

observed C–C bond cleavage between the benzylic carbon and the phenylic carbon, affording 

2,6-dimethoxybenzoquinone and an acrolein derivative in 44% and 45% yield. For a  

non-phenolic 1,3-dilignol [(HQ)2V
V
(O)(OiPr)] was less active furnishing the corresponding  

-hydroxy ketone in 55% yield with an overall conversion of 65%.  

Toste and co-workers tested both his previously employed vanadium salen-type complexes 

and [(HQ)2V
V
(O)(OiPr)] in the cleavage of various organosolv lignin samples.

[41d]
 Both 

classes of vanadium complexes showed similar activity for lignin degradation. 2D-NMR 

(HSQC) experiments revealed that unprotected -O-4 linkages within lignin were completely 

degraded. However, acetylated or otherwise protected -O-4 linkages, which are ubiquitous in 

various organosolv lignin sources, as for example from the Alcell process, remained 

unaffected.  
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Scheme I.16. [(HQ)2V
V
(O)(OiPr)] catalyzed cleavage of 1,3-dilignols by Hanson and co-workers.

[41c] 

1.3.4. Heterogeneously catalyzed oxidative lignin cleavage 

 

Heterogeneous transition metal catalysts have been used for the oxidative lignin cleavage, 

albeit less frequently than for example homogeneous catalysts.
[43-46]

 The goal in many of these 

studies was the nonselective removal of lignin and lignin derivatives in pulping and waste 

water streams.
[44]

 One approach for the selective degradation of lignin was to utilize 

immobilized homogeneous catalysts that have been successfully tested in homogenous 

reactions. Along those lines Crestini et al. immobilized methyltrioxorhenium (MTO) in 

various manners and tested them in the cleavage of lignin model compounds and lignin with 

H2O2 as oxidant.
[45a]

 The immobilized MTO catalysts showed both activity in the cleavage of 

model compounds and for the degradation of various lignin sources. 

In this dissertation primarily heterogeneous catalysts were screened that used dioxygen as 

oxidant. Both Sales et al. and Lin and co-workers employed dioxygen as oxidant in their 

studies, investigating catalytic wet aerobic lignin oxidation in alkaline solution.
[46]

 They 

obtained aromatic aldehydes as their main products. Sales et al. employed Pd/-Al2O3 as 

catalyst at reaction temperatures between 100 °C and 120 °C with 20 bar pressure and a 

partial dioxygen pressure of 2 to 10 bar. Lin and co-workers utilized Pervoskite-type oxides 

containing either manganese, copper, iron or cobalt.
[46b-46e]

 After 3 h at 120 °C and 20 bar 

pressure with a partial dioxygen pressure of 5 bar they observed that 67% of the lignin was 

converted. However, when the catalyst was omitted under the same reaction conditions 42% 
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conversion was obtained. This observation is not surprising, considering that the cleavage of 

lignin in alkaline solution under dioxygen pressure at elevated temperatures has been studied 

for several decades.
[47]

 Furthermore, it implies that for both catalytic systems in alkaline 

solution the effect of the catalyst is rather minor. 

 

1.4. Hydrotalcite-like catalysts in organic synthesis 

 

Hydrotalcites, also known as layered double hydroxides or anionic clays, are crystalline 

materials composed of positively charged two-dimensional sheets that are charge 

compensated by exchangeable counteranions and water in their interlayers.
[48]

 In nature 

hydrotalcite has the structure Mg6Al2CO3(OH)16·4H2O. The general formula for natural and 

synthetic hydrotalcites is [M
2+

1-xM
3+

x(OH)2]
x+

 (A
n-

x/n)∙mH2O and they display a brucite-like 

structure (Mg(OH)2). Synthetic hydrotalcites, commonly referred to as hydrotalcite-like 

catalysts, can also contain other bivalent (Ni, Cu, Co) and trivalent cations (Fe, Cr). Positive 

excess charge of layers is induced by the exchange of a bivalent cation with a trivalent cation 

of similar radius.
[48c]

 The acidity and basicity of hydrotalcites can be adjusted through the 

types of ions that are incorporated. Generally the basicity decreases when magnesium and 

aluminum ions are exchanged by other di- and trivalent transition metals. Furthermore, the 

Mg:Al ratio determines the density and strength of basic sites. 

Hydrotalcite-like catalysts can be synthesized by various techniques such as co-precipitation, 

urea hydrolysis, sol-gel and microwave irradiation.
[48b]

 The most frequently employed 

methodology is co-precipitation. Aqueous solutions of inorganic salts (usually nitrates) are 

commonly slowly combined with alkaline solutions of hydroxides and carbonates at a fixed 

pH under stirring and inert atmosphere.
[48c]

 After finishing the addition, the hydrotalcite-like 

catalysts are further modified by ageing of the reaction slurry. Subsequent calcination at 

temperatures of up to 700 °C often increases the catalytic activity by raising the surface area 

and narrowing the pore size distribution. Furthermore the loss of water and anions leads to the 

formation of Lewis basic O
2-

M
n+

 pairs and O
2-

 ions. 

As mentioned earlier in this chapter, transition metal catalysts were targeted for the oxidative 

cleavage of lignin. Transition metal containing hydrotalcite-like catalysts have shown 

interesting properties in oxidative transformations.
[49]

 Zhu et al. employed copper containing 

hydrotalcite-like catalysts (HTc-Cu) in the hydroxylation of phenol with H2O2 as oxidant 

(Scheme I.17).
[49a]
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Scheme I.17. HTc-Cu catalyzed hydroxylation of phenol with H2O2.
[49a] 

Yue and co-workers utilized cobalt-copper hydrotalcite-like catalysts (HTc-Co-Cu) in the 

oxidation of p-cresol to p-hydroxybenzaldehyde under dioxygen atmosphere (Scheme 

I.18).
[49b]

  

 

Scheme I.18. HTc-Co-Cu catalyzed oxidation of p-cresol to p-hydroxybenzaldehyde with dioxygen.
[49b] 

Hydrotalcite-like catalysts have also been successfully employed in alcohol oxidations.
[49c-49e]

 

This is of note because it increases the probability that they can be successfully applied for the 

oxidative cleavage of lignin bonds such as the -O-4. Kaneda and co-workers demonstrated 

the oxidation of allylic and benzylic alcohols with ruthenium and ruthenium-cobalt 

hydrotalcite-like catalysts (HTc-Ru and HTc-Ru-Co) (Scheme I.19).
[49c,49d]

 Furthermore, 

Nishimura et al. reported the oxidation of alcohols with palladium supported on hydrotalcite 

in toluene with pyridine as additive under dioxygen atmosphere (Scheme I.20).
[49e]

 
 

 

Scheme I.19. HTc-Ru-Co catalyzed oxidation of alcohols with dioxygen.
[49d] 

 

Scheme I.20. Pd/HTc catalyzed oxidation of alcohols with dioxygen.
[49e] 
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1.5. Research aim 

 

The aim of this reseach is to investigate the selective cleavage of lignin with transition metal 

catalysts. Furthermore the emphasis is placed on oxidative reaction conditions. In this context 

both homogeneous and heterogeneous catalysts are studied. The catalysts that are utilized 

have been described in literature but for distinctly different transformations. To assess the 

activity and selectivity of the reaction systems, as well as to elaborate mechanistical aspects, 

lignin model compounds are used. Organosolv lignin and kraft lignin are utilized as lignin 

sources for studies with the natural polymer.  
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II. Results and Discussion 

1. Synthesis of lignin model compounds 

 

As mentioned in the previous chapter the goal of this research is to find new catalytic systems 

that enable the selective cleavage of lignin. Due to the complexity of lignin and its 

challenging analytics every initial catalyst screening described in this chapter was performed 

with lignin model compounds. In the introductory part of this thesis several synthetic 

strategies for the synthesis of 1,3-dilignol model compounds have been described. These 

protocols, however, have the drawback of requiring multiple synthetic steps with a low 

overall yield or the separation of the formed diastereomers was very challenging making them 

not easily accessible in their diastereomerically pure form. The development of a superior 

synthetic protocol for diastereomerically pure 1,3-dilignols is now discussed which gives 

access to both their erythro and threo forms. 

1.1. Synthesis of diastereomerically pure 1,3-dilignol -O-4 model compounds 

 

The results presented here were obtained in collaboration with Buendia.
[50]

 In the following 

discussion numerous compounds are shown that have only been synthesized by Buendia and 

are therefore not included in the experimental part. 

The starting point for the optimization process was a synthetic protocol described by 

Nakatsubo et. al. which has been mentioned in the introduction and is shown again in Scheme 

II.1.
[21]

 In the first step, commercially available ethyl chloroacetate and 2-methoxyphenol 

were set to react in the presence of K2CO3 and KI at room temperature for 170 h. The 

corresponding aryloxy ester 1a was obtained in 90% yield. 

 

Scheme II.1. Synthesis of 1,3-dilignols using the reaction conditions of Nakatsubo et. al..
[21] 
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However, for rapid syntheses of 1,3-dilignols a reaction time of 170 h was not desirable. 

Therefore the more reactive ethyl bromoacetate was chosen as starting material. A screening 

of reaction conditions led to a significant decrease in reaction time while maintaining 

excellent yields. After 8 h at reflux aryloxy ester 1a was obtained in 90% yield (Scheme II.2) 

independent of the reaction scale.  

 

Scheme II.2. Optimized reaction conditions for the synthesis of -hydroxy ester 2a-e. 

In the next step the corresponding lithium enolate of aryloxy ester 1a reacted with 

benzaldehyde derivatives in a 1,2-addition to form -hydroxy esters 2a-e. The observed 

diastereomeric selectivities were in accordance to those previously reported in literature.
[17,21-

23,51]
 The formation of the erythro diastereomers was always favored over the threo 

diastereomers giving e:t ratios of 3:1 to 5:1, depending on the employed aldehyde. Separation 

of the diastereomers by column chromatography was very cumbersome and only rendered the 

erythro products diastereomerically pure in low yields. Gratifyingly, for -hydroxy ester 2a 

the erythro diastereomer could be obtained diastereomerically pure (erythro:threo > 98:2) 

after recrystallization in ethyl acetate in 52% yield. Recrystallization had not been reported 

for this product before and the yield of the diastereomerically pure product was higher than 

those previously mentioned in literature.
[17,21-23,51]

 In addition, this reaction could be upscaled 

(up to 0.2 mol reaction scale was tested) without significant decrease in yields, making 2aE 

easily accessible in large quantities. Recrystallization was also possible for -hydroxy ester 

2b furnishing the diastereomerically pure (erythro:threo > 98:2, crystallization from 

ethanol/hexane) 2bE in 30% yield.  
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Scheme II.3. Reaction conditions for the reduction of 2bE with NaBH4 or LiAlH4.  

The final step of the Nakatsubo protocol involved a reduction of the -hydroxy ester with 

LiAlH4 (3.0 eq.) to the desired 1,3-dilignol. The reduction was performed with NaBH4 

(10 eq.) or with LiAlH4 (1.5 eq.) affording 1,3-dilignol 3aE in 90% yield without change in 

stereochemistry (Scheme II.3). 

Despite a good synthetic availability of the erythro 1,3-dilignols derived from 2aE and 2bE 

now, their threo diastereomers and differently functionalized 1,3-dilignols remained 

inaccessible in their diastereomerically pure form in a satisfying manner. Previous efforts in 

the synthesis of 1,3-dilignols have mostly utilized methyl or ethyl aryloxy esters which favor 

the formation of erythro products. Sterically hindered aryloxy esters, however, have not been 

tested in this context. Therefore the corresponding tert-butyl aryloxy ester 1b was screened in 

the 1,2-addition with veratraldehyde (5) under the hypothesis that it could enhance the 

formation of the threo diastereomer (Scheme II.4).   

 

Scheme II.4. 1,2-addtion of tert-butyl aryloxy ester 1b to -hydroxy esters 4aE and 4aT. 

Gratifyingly, both diastereomers were formed in a 1:1 ratio and a yield of 90%. In addition, 

both isomers could completely be separated from each other by column chromatography. 

Encouraged by these findings aryloxy esters with even greater steric hindrance containing 

either a 1-adamantyl, 1c, or amyl functionality, 1d, were synthesized. The subsequent  

1,2-addition with veratraldehyde (5) afforded the corresponding -hydroxy esters 6a and 7a in 

80% and 76% yield, respectively, with an erythro:threo ratio of 1:1 (Scheme II.5). Once more 

the erythro and threo diastereomers were completely separated by column chromatography.  

 

Scheme II.5. 1,2-addtion with sterically more hindered aryloxy esters. 
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Due to the better synthetic availability of tert-butyl aryloxy esters from commercially 

available tert-butyl bromoacetate and the higher yield in the test reaction they were chosen for 

further screening reactions (Scheme II.6). The first reaction step furnished the corresponding 

tert-butyl aryloxy esters 1b, 1e and 1f in very good to excellent yields of 75% to 93%. The 

subsequent 1,2-addition with differently functionalized benzaldehyde derivatives afforded the 

-hydroxy esters 4a-i in very good to excellent yields (81–95%). For the majority of the 

products the erythro diastereomer was formed in slight excess or in equimolar amount as the 

threo diastereomer. The only exceptions were -hydroxy esters 4f and 4h where the threo 

compounds were the main product. This change in selectivity can be attributed to the greater 

steric hindrance of 2,4,6-trimethoxybenzaldehyde and 2,4,6-trimethylbenzaldehyde which 

seem to favor the threo transition state in the 1,2-addition. Apart from -hydroxy esters 4i all 

erythro and threo diastereomers could completely be separated from each other by column 

chromatography.  

Next, in a likewise manner as previously described for ethyl -hydroxy esters 2aE, the 

reduction of the tert-butyl -hydroxy esters 4aE was investigated with NaBH4 or LiAlH4 as 

reducing agents. Unfortunately with NaBH4 (10 eq.) at 60 °C and a reaction time of 24 h no 

complete conversion was achieved. LiAlH4 (2.5 eq.), however, afforded 1,3-dilignol 3aE in 

90% yield after a reaction time of 3 h at 60 °C without change in stereochemistry. The 

reduction of all -hydroxy esters proceeded smoothly furnishing the diastereomerically pure 

1,3-dilignols 3a-h in very good to excellent yields (80–96%) (Scheme II.7). For -hydroxy 

esters 4eE and 4eT 5 equivalents of LiAlH4 were employed because of the presence of a 

second ester group. -Hydroxy esters 4bE and 4bT were directly deprotected with hydrogen 

and Pd/C after reduction with LiAlH4 without prior purification by column chromatography. 

3bE and 3bT were obtained in 90% and 80% yield, respectively, after two steps. 
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Scheme II.6. Synthesis of tert-butyl -hydroxy esters. 
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Scheme II.7. Reduction of tert-butyl -hydroxy esters to 1,3-dilignols. 

The easier accessibility of 1,3-dilignols, especially that of dilignol 3aE on a large reaction 

scale, facilitated the transition metal catalyzed lignin cleavage studies described later in this 

chapter. 

1.2. Synthesis of other lignin model compounds 

 

During the course of this dissertation not only 1,3-dilignols were utilized as lignin model 

compounds. One of the employed model compounds was monolignol 11 which does not 

contain a primary alcohol group. The synthesis has been reported in various sources in 

literature.
[22,33a]

 The starting point in these syntheses was generally commercially available 

3,4-dimethoxyacetophenone (8) which in turn was brominated to  

2-bromo-1-(3,4-dimethoxyphenyl)ethan-1-one (9). Frequently elemental bromine was used as 

the bromine source in the synthesis of lignin model compounds.
[22,23,41b,52]

 Due to its high 

toxicity and unselective reaction behavior in this bromination the halogen source was changed 

to N-bromosuccinimide (NBS). Lee et. al. have described the bromination of other 

acetophenone derivatives with N-bromosuccinimide in the presence of p-toluenesulfonic acid 

monohydrate.
[53]

 With a slightly modified procedure bromide 9 could be obtained in 82% 
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yield (Scheme II.8). Concomitantly also the di-brominated product,  

2,2-dibromo-1-(3,4-dimethoxyphenyl)ethan-1-one, was formed in small amounts. The 

separation of this undesired byproduct proceeded smoothly by column chromatography with 

DCM as eluent. 

 

Scheme II.8. Synthesis of monolignol 11. 

The second step was a nucleophilic substitution with 2-methoxyphenol in the presence of 

K2CO3. The reaction conditions were in accordance to those given by Pardini et. al. and 

yielded keto aryl ether 10a in 88%.
[22]

 In the final step 10a was reduced with LiAlH4 (1.0 eq.) 

using the same reaction conditions as previously described for the reduction of the -hydroxy 

esters. Monolignol 11 was obtained in 81% yield. 

 

Scheme II.9. Synthesis of -hydroxy ketones. 

In the oxidative cleavage studies with 1,3-dilignols later discussed in this chapter -hydroxy 

ketones were frequently obtained as main or by-products. For the purpose of HPLC 

calibration and further mechanistic studies -hydroxy ketones 12a-c were synthesized in a 

three-step synthesis starting from commercially available 3,4-dimethoxyacetophenone (8) 

(Scheme II.9). 
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The first two synthetic steps used the same reaction conditions previously described for the 

synthesis of monolignol 11. In the last step differently substituted keto aryl ethers reacted with 

paraformaldehyde in DMSO using a modified procedure by Cho et. al..
[23]

 For -hydroxy 

ketone 12a and 12c only 0.05 eq. instead of 1.0 eq. of K2CO3 were used because higher 

amounts of base promoted the formation of an alkene byproduct through elimination. The 

yields were moderate to very good (43-80%) depending on the steric hindrance and the 

substitution pattern at the aromatic ring adjacent to the aryl ether bond (Scheme II.10). 

 

 

Scheme II.10. Synthesized -hydroxy ketones. 
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2. Oxidative cleavage of lignin model compounds with nonheme iron 

complexes  

 

One of the goals of these investigations was finding catalytic systems that would employ 

abundant transition metals in homogeneously catalyzed lignin cleavage reactions. A 

potentially suitable transition metal for the oxidative cleavage of lignin is iron. As elaborated 

in the introduction iron has not been applied as frequently in lignin cleavage reactions as its 

natural abundance might suggest.
[24b,24c,30,37,38]

 This is surprising considering its great potential 

in oxidation reactions.
[39]

  

Nonheme iron catalysts seemed like promising candidates for lignin cleavage studies, they 

have frequently been utilized in epoxidation reactions of alkenes. Recently Tsogoeva and  

co-workers have written an extensive review summarizing the innovations made with 

nonheme iron catalysts for the epoxidation and aziridination reactions of terminal alkenes.
[39j]

 

The focus in many of these studies has been on asymmetric oxidations using chiral iron 

catalysts. For the cleavage of lignin, however, no asymmetric induction is needed which is 

why the focus was set on achiral catalysts. Along those lines White and Jacobsen reported the 

epoxidation of alkenes with [Fe
II
(mep)(CH3CN)2](SbF6)2  

(mep = N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine) (Scheme II.11).
[54]

 

 

Scheme II.11. Iron catalyzed epoxidation of alkenes by White et al..
[54] 

2.1. Synthesis of nonheme iron catalysts 

 

Therefore, [Fe
II
(mep)(CH3CN)2]X2 (X = Cl or SbF6) were chosen as catalyst for screening 

reactions. Starting from commercially available 2-(chloromethyl)pyridine hydrochloride and  

N,N’-dimethyl ethlyenediamine, [Fe(mep)(CH3CN)2](Cl)2 was synthesized in a two-step 

synthesis. In the first step 2-(chloromethyl)pyridine hydrochloride was deprotonated in the 

presence of K2CO3 to 2-(chloromethyl)pyridine and then set to react with DMEDA to form  

N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine (mep, 13) in 71% yield 

(Scheme II.12). Next, mep reacted with FeCl2·4H2O yielding [Fe
II
(mep)(CH3CN)2](Cl)2 14a 

in 67%. In order to determine whether the nature of the counter ion had an influence on the 

reactivity also [Fe
II
(mep)(CH3CN)2](SbF6)2 14b was synthesized in one step from 

[Fe
II
(mep)(CH3CN)2](Cl)2 and AgSbF6 in 93% yield. 
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Scheme II.12. Synthesis of [Fe(mep)(CH3CN)2](X)2 (14). 

2.2. Cleavage studies of dilignol 3aE and nonheme iron catalysts 

 

The screening reactions for the nonheme iron catalysts were performed with erythro dilignol 

3aE as starting material on a 0.25 mmol scale. In the initial reactions, using modified reaction 

conditions by White and co-workers,
[55]

 [Fe
II
(mep)(CH3CN)2](Cl)2 14a and 

[Fe
II
(mep)(CH3CN)2](SbF6)2 14b were tested as catalysts (Table II.1). The catalyst loading in 

these reactions was 5 mol% using 3.0 equivalents of H2O2, 0.5 equivalents of AcOH, 0.5 mL 

of acetonitrile as solvent and a reaction time of 3 h. The conversion was determined by HPLC 

with 3,4-dimethoxybenzyl alcohol as internal standard. The progression of the reactions was 

also monitored by 
1
H NMR. However in this research project, in contrast to the catalytic 

systems described in part 3, 4 and 5 of this chapter, the overall carbon balance for the 

identified products and remaining starting material was poor. The ratio in the 
1
H NMR of the 

prior identified products with the sum of the products and the starting material shall be refered 

to in this dissertation as “product factor”. 

[Fe
II
(mep)(CH3CN)2](Cl)2 14a and [Fe

II
(mep)(CH3CN)2](SbF6)2 14b gave similar conversions 

with 64% and 68%, respectively, indicating that the counter ion had a negligible effect on the 

activity of the catalyst. The HPLC chromatograms and the 
1
H NMR spectra showed that 

ketone 12a, enol ether enone 15 and aldehyde 5 were formed as products, albeit in less than 

5% yield. When the catalyst was omitted under the same reaction conditions no conversion 

was observed.  
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Table II.1: Nonheme iron catalyst screening.
[a] 

 

catalyst conversion [%]
[b] 

[Fe
II

(mep)(CH3CN)2](Cl)2 14a 64 (19
[c]

) 

[Fe(mep)(CH3CN)2](SbF6)2 14b 68 

- 0 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (5 mol%), 

CH3CN (0.5 mL), H2O2 (3.0 eq.), AcOH (0.5 eq.), 40 °C, 3 h; [b] 

conversion determined by HPLC with 3,4-dimethoxybenzyl 

alcohol as internal standard; [c] product factor determined by 
1
H NMR [product/(product+starting material)]*100. 

Considering the minor influence of the counter ion, further test reactions were only performed 

with [Fe
II
(mep)(CH3CN)2](Cl)2 14a. Table II.2 shows the product factor with a catalyst 

loading of 5 mol% and 20 mol%. A catalyst loading of 20 mol% did not lead to an increase in 

the product factor. Even higher catalyst loadings (not shown in Table II.2) did not lead to 

greater product factors. Furthermore higher amounts of solvent were necessary to ensure a 

complete dissolution of the catalyst which was not beneficial for the product factor when the 

same reaction time was employed.  

Table II.2: Variation of the catalyst loading for [Fe
II

(mep)(CH3CN)2](Cl)2 14a.
[a] 

 

catalyst loading (mol%) product factor by 
1
H NMR

[b] 

5 19 

20 19 
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[a] Reaction conditions: 3aE (0.25 mmol), [Fe
II
(mep)(CH3CN)2](Cl)2 14a, CH3CN 

(0.5 mL), H2O2 (3.0 eq.), AcOH (0.5 eq.), 40 °C, 3 h; [b] [product/(product+starting 

material)]*100. 

Next, the influence of the reaction time was analyzed. The reactions were either carried out 

using 20 mol% or 5 mol% catalyst loading (Table II.3 and Table II.4, respectively). 2.5 mL of 

acetonitrile were used for the 24 h and 65 h reactions, with 20 mol% of catalyst, due to the 

loss of solvent that occurred over longer reaction times even in the presence of a reflux 

condenser. The product factor increased from 9 to 19 when the reaction time was changed 

from 2 h to 3 h. A decrease in the product factor was observed for a reaction time of 24 h 

when larger amounts of solvent were used. When the reaction time was further extended to 

65 h, the product factor increased to 22. Reactions with 5 mol% catalyst loading, while 

employing 0.5 mL of solvent, showed that the conversion increased from 64% after 3 h to 

70% after 24 h. However, because the improvement in conversion after 24 h was not 

significant, further screening reactions were performed with a reaction time of 3 h. 

Table II.3: Influence of the reaction time with 20 mol% [Fe(mep)(CH3CN)2](Cl)2 14a.
[a] 

 

time [h] product factor by 
1
H NMR

[c] 

2 9 

3 19 

24
[b] 

11 

65
[b] 

22 

[a] Reaction conditions: 3aE (0.25 mmol), [Fe
II
(mep)(CH3CN)2](Cl)2 

14a (20 mol%), CH3CN (0.5 mL), H2O2 (3.0 eq.), AcOH (0.5 eq.), 

40 °C; [b] 2.5 mL CH3CN; [c] [product/(product+starting 

material)]*100. 
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Table II.4: Influence of the reaction time with 5 mol% [Fe
II

(mep)(CH3CN)2](Cl)2 14a.
[a] 

 

time [h] conversion by HPLC [%]
[b]

 

3 64 

24 70 

[a] Reaction conditions: 3aE (0.25 mmol), 

[Fe
II
(mep)(CH3CN)2](Cl)2 (5 mol%), CH3CN (0.5 mL), 

H2O2 (3.0 eq.), AcOH (0.5 eq.), 40 °C; [b] conversion 

determined by HPLC with 3,4-dimethoxybenzyl alcohol as 

internal standard. 

To determine the influence of the solvent, dioxane, dimethyl carbonate, DMF, pyridine, THF 

and toluene as well as mixtures of acetonitrile and water were tested (see Table II.5). 

Unfortunately, none of the aforementioned solvents or solvent mixtures had a positive effect 

on the reaction system. Pyridine afforded the highest product factor of any non-acetonitrile 

containing system with 7.  

Table II.5: Solvent screening for [Fe
II

(mep)(CH3CN)2](Cl)2 14a.
[a] 

 

solvent product factor by 
1
H NMR

[b] 

acetonitrile 19 

acetonitrile/water 3:1 7 

acetonitrile/water 1:1 8 
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dioxane 2 

DMC 4 

DMF 2 

pyridine 7 

THF 1 

toluene 2 

[a] Reaction conditions: 3aE (0.25 mmol), [Fe
II
(mep)(CH3CN)2](Cl)2 14a 

(5 mol%), solvent (0.5 mL), H2O2 (3.0 eq.), AcOH (0.5 eq.), 40 °C, 3 h; 

[b] [product/(product+starting material)]*100. 

One of the final parameters that was screened in this reaction system was the temperature. For 

the reaction performed at 100 °C 1 mL of acetonitrile was used, due to the refluxing of the 

solvent. An increase of the reaction temperature from 40 °C to 60 °C led to a slightly higher 

product factor of 22. Even higher reaction temperatures of 80 °C or refluxing at 100 °C had 

no beneficial effect on the product factor. 

Table II.6: Temperature dependency with [Fe
II

(mep)(CH3CN)2](Cl)2 14a as catalyst.
[a] 

 

temperature [°C] product factor by 
1
H NMR

[b] 

40 19
 

60 22
 

80 10 

100 12 

[a] Reaction conditions: 3aE (0.25 mmol), [Fe
II
(mep)(CH3CN)2](Cl)2 

14a (5 mol%), CH3CN (0.5 mL), H2O2 (3.0 eq.), AcOH (0.5 eq.), 3 h; 

[b] [product/(product+starting material)]*100. 

After having screened various reaction conditions, the conversion remained more or less 

constant unless the solvent was changed or the catalyst was omitted. One factor that had not 

been taken into consideration thus far was the decomposition of H2O2 by the iron catalyst 

without the desired oxidation.
[56]

 To counter this potential effect the addition sequence was 
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changed. At the beginning of the reaction, after 1 h and after 2 h 1.0 equivalent of H2O2 was 

added instead of adding 3.0 equivalents at the beginning. This led to an increase of the 

conversion from 64% to 78% (Table II.7). However, even with the higher conversion the 

yields for ketone 12a, aldehyde 5 and enol ether enone 15 remained below 5%. 

Table II.7: Influence of the addition rate of the oxidant.[a] 

 

addition of H2O2 conversion by HPLC [%]
[b]

 

3.0 eq. at the beginning 64 

1.0 eq. per hour 78 

[a] Reaction conditions: 3aE (0.25 mmol), [Fe
II
(mep)(CH3CN)2](Cl)2 

14a (5 mol%), solvent (0.5 mL), H2O2 (3.0 eq.), AcOH (0.5 eq.), 

40 °C, 3 h; [b] conversion determined by HPLC with  

3,4-dimethoxybenzyl alcohol as internal standard.  

Changing the reaction atmosphere to oxygen had no effect on the conversion and omitting 

acetic acid lead to a decrease in conversion. 

Considering the poor selectivity and the low yields for cleavage products such as 

veratraldehyde (5) the two options moving forward were either to screen other nonheme iron 

catalysts with a different ligand back bone in hope of better selectivity, or to search for other 

reaction systems. Other nonheme iron catalysts commonly employ considerably more 

expensive ligands. This, however, does not seem reasonable in the context of lignin 

degradation where the long term goal is to find catalysts that are suitable for a multi ton 

feedstock. Therefore the focus was shifted to other catalytic systems. 
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3. Oxidative cleavage of lignin model compounds with FeCl3-derived iron 

complexes 

 

In the introduction of this dissertation several examples were presented regarding the use of 

iron catalysts in cleavage studies with both lignin model compounds and extracted 

lignin.
[24b,24c,30,37,38]

 However, these reaction systems required either rigorous reaction 

conditions with high reaction temperatures and pressure, expensive solvents or complex 

ligands. 

In a protocol published by the Bolm group, FeCl3 and tert-butyl hydroperoxide (TBHP) in 

pyridine were utilized for benzylic oxidations (Scheme II.13).
[57]

  

 

Scheme II.13. Benzylic oxidation with FeCl3 by Bolm and co-workers. 

Since previous lignin cleavage studies utilizing FeCl3 required quite harsh reaction conditions 

it was envisaged that inexpensive nitrogen ligands could potentially increase the catalytic 

activity. One FeCl3-derived iron complex that fulfilled the desired profile was 

[(FeCl3)2(TMEDA)3]. Cahiez and co-workers employed this complex in the iron catalyzed 

alkylation of aromatic Grignard reagents (Scheme II.14).
[58]

  

 

Scheme II.14. Iron catalyzed alkylation of aromatic Grignard reagents by Cahiez et al..
[58] 

Many of the following results with FeCl3-derived iron complexes have also been presented in 

the master’s thesis of Rinesch which was scientifically accompanied by Bolm and myself 

during the course of this dissertation.
[59]

  

3.1 Synthesis and characterization of FeCl3-derived iron complexes 

 

As described by Cahiez et. al., [(FeCl3)2(TMEDA)3] was synthesized in a one-step synthesis 

from anhydrous FeCl3 and TMEDA in dry THF at room temperature.
[58]

 The yield after a 

reaction time of 1 h was 65% which was significantly lower than the reported 97% in 

literature. To improve the yield the reaction time was increased. After testing shorter reaction 

times the reaction was stirred for 65 h and [(FeCl3)2(TMEDA)3] was obtained in 91% yield. In 

addition to TMEDA, other inexpensive bi- and tridentate nitrogen ligands were employed in 

this one-step synthesis (Scheme II.15 and Table II.8).  
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Scheme II.15. Synthesis of FeCl3 based iron complexes. 

Depending on the ligand, the reaction time had to be varied. DABCO and PMDTA afforded 

the corresponding complexes after 1 h in excellent yields of 97% and 93%, respectively 

(Table II.8). HMTA and 1,4-dimethylpiperazine furnished the respective FeCl3-derived 

complexes in 93% and 64%, respectively, after stirring for 16 h. Even longer reaction times 

(65 h) for [(FeCl3)2(1,4-dimethylpiperazine)3] increased the yield only marginally to 72%. 

The reaction for [(FeCl3)2(HMTA)3] was performed on a 15 mmol instead of a 5 mmol scale. 

Table II.8: Yields for the FeCl3-based iron complexes.
[a] 

ligand proposed catalyst formula yield [%] 

tetramethylethylenediamine (TMEDA) [(FeCl3)2(TMEDA)3] 91
[b] 

hexamethylenetetramine (HMTA) [(FeCl3)2(HMTA)3] 93
[c] 

1,4-diazabicyclo[2.2.2]octane (DABCO) [(FeCl3)2(DABCO)3] 97 

N,N,N′,N′,N′′-

pentamethyldiethylenetriamine (PMDTA) 
[(FeCl3)2(PMDTA)2·2H2O] 93 

1,4-dimethylpiperazine 
[(FeCl3)2(1,4-

dimethylpiperazine)3] 
64

[d] 

[a] Reaction conditions: FeCl3 (5 mmol), amine (7.5 mmol), THF (50 mL), rt, 1 h; [b] 65 h; [c] FeCl3 

(15 mmol), amine (22.5 mmol), THF (150 mL), rt, 16 h; [d] 16 h. 

Despite proposing a stoichiometry for the FeCl3-derived complex [(FeCl3)2(TMEDA)3], 

Cahiez and co-workers did not provide any spectroscopic data to support this structure.
[58]

 

Initial attempts to characterize the complexes by ESI-MS and IR spectroscopy did not provide 

any conclusive evidence about the nature of the complexes. 

In order to confirm the formation of new iron complexes that differed from FeCl3, EPR 

measurements of all the complexes and FeCl3 were conducted. As can be seen in Figure II.1, 

all the formed complexes showed different EPR signals from FeCl3. Unfortunately, the 

spectra did not provide conclusive evidence about the exact nature of the complexes. 
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Figure II.1. EPR spectra of FeCl3 and FeCl3-derived complexes. 

Therefore, elemental analysis was chosen to provide more insight on the composition of the 

catalysts (Table II. 9). With the hypothesis that all the iron complex had the stoichiometry 

[(FeCl3)2(ligand)3], it was observed that the C- and N-contents were lower than theoretical 

values would suggest. Based on the experimental values of the elemental analysis, 

[(FeCl3)2(PMDTA)2·2H2O] was proposed as possible structure for the PMDTA containing 

iron complex.  

Table II.9: Elemental analysis and ICP-OES of the FeCl3-derived complexes 

catalyst Fe [%] C [%] H [%] N [%] 

      

[(FeCl3)2(TMEDA)3] 
Theo. 16.59 32.12 7.19 12.49 

Exp. 13.10 27.82 6.80 10.63 

[(FeCl3)2(DABCO)3] 
Theo. 16.90 32.71 5.49 12.72 

Exp. 13.42 27.30 5.91 10.52 

[(FeCl3)2(HMTA)3] 
Theo. 15.00 29.02 4.87 22.56 

Exp. 12.00 27.82 5.34 21.29 

[(FeCl3)2(PMDTA)2] 
Theo. 16.65 32.22 6.91 12.52 

Exp. 9.92 30.78 7.52 11.85 

[(FeCl3)2(1,4-dimethylpiperazine)3] 
Theo. 16.75 32.42 6.35 12.60 

Exp. 11.47 28.11 7.49 10.83 

      

 

To determine the iron content of the complexes ICP-OES measurements were performed 

(Table II.9). Again a deviation from the theoretically expected iron content was observed with 

all iron values being lower than expected for the proposed structures. Both the results of the 

elemental analysis and the ICP-OES indicate that certain amounts of solvent or water have 

been incorporated into the iron complexes. Attempts to obtain single crystals from these 

complexes for X-ray crystal structure analysis to unequivocally determine the structure in 

solid state remained unsuccessful.  
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In the following discussion all the FeCl3-derived iron complexes are referred to as  

{Fe-ligand}. Due to feasibility reasons with regard to calculating the catalyst loading for the 

reaction screening the proposed structure by Cahiez and co-workers was used. During the 

reaction optimization process I was aware that the actual iron loading was always slightly 

lower than indicated. The following results, however, display that these slight deviations in 

the theoretical and experimental iron loading do not have a crucial effect on the catalytic 

activity and selectivity, as the catalyst loading was not a decisive factor for the reactivity in 

the optimized reaction conditions (see Table II.20). 

3.2. Cleavage studies of dilignol 3aE with FeCl3-derived iron catalysts 

 

The screening reactions for the FeCl3-derived iron catalysts were performed with erythro 

dilignol 3aE as starting material on a 0.25 mmol scale. Initial tests used modified reaction 

conditions by Nakanishi et al. with a catalyst loading of 5 mol%, 3.0 equivalents of TBHP as 

oxidant, pyridine as a solvent at a reaction temperature of 82 °C and a reaction time of 

24 h.
[57]

 

Table II.10: Iron catalyst screening for the cleavage of dilignol 3aE in pyridine and TBHP as oxidant.
[a] 

 

catalyst conversion [%]
[b]

 12a [%]
[b] 

FeCl3 43 15 

FeCl3
[c] 45 20 

{Fe-TMEDA} 48 17 

{Fe-DABCO} 57 21 

{Fe-HMTA} 52 15 

{Fe-PMDTA} 48 18 

{Fe-1,4-dimethylpiperazine} 48 12 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (5 mol%), pyridine (1.0 mL), TBHP 

(3 eq.), 82 °C, 24 h; [b] conversion and yield determined by HPLC with  

3,4-dimethoxybenzyl alcohol as internal standard; [c] 10 mol% catalyst. 

When FeCl3 was employed as a catalyst 43% conversion of 3aE was obtained. The main 

product was ketone 12a in 15% yield. Increasing the catalyst loading to 10 mol% increased 

the conversion marginally to 45% and the yield of ketone 12a increased to 20%. A change in 

catalyst to the FeCl3-derived complexes led to an increase in conversion. {Fe-DABCO} gave 

the highest conversion with 57% and afforded ketone 12a in 21% yield.  
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Since the reactions with TBHP as oxidant afforded ketone 12a as the main product, tests with 

H2O2 were then conducted in order to determine whether a change in oxidant would lead to an 

enhancement of cleavage products (Table II.11). In those reactions the amount of oxidant was 

increased to 6 equivalents. 

Table II.11: Iron catalyst screening for the cleavage of dilignol 3aE in pyridine and H2O2 as oxidant.
[a]

 

 

catalyst conversion [%]
[b]

 12a [%]
[b] 

5 [%]
[b]

 

{Fe-TMEDA} 19 11 8 

{Fe-DABCO} 10 6 4 

{Fe-HMTA} 15 9 6 

{Fe-PMDTA} 10 6 4 

{Fe-1,4-dimethylpiperazine} 13 8 5 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (5 mol%), pyridine (1.0 mL), H2O2 

(6 eq.), 82 °C, 24 h; [b] conversion and yields determined by HPLC with  

3,4-dimethoxybenzyl alcohol as internal standard. 

As can be seen in Table II.11 the conversions for all the FeCl3-derived complexes were very 

similar ranging from 10% to 19%. Under these reaction conditions {Fe-TMEDA} showed the 

highest activity with 19% conversion. The main product in all reactions was ketone 12a with 

yields of 6% to 11%. Despite these low conversions, the yields for the cleavage product 

veratraldehyde (5) were now higher than previously observed with TBHP. To enhance both 

the conversion and the yield of cleavage products the solvent was changed from pyridine to 

DMSO. A detailed solvent screening is presented at a later stage in this chapter (Table II.18). 
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Table II.12: Iron catalyst screening for the cleavage of dilignol 3aE in DMSO and H2O2 as oxidant.
[a]

 

 

catalyst conversion [%]
[b]

 12a [%]
[b]

 5 [%]
[b] 

{Fe-TMEDA} 30 13 4 

{Fe-DABCO} 41 14 5 

{Fe-HMTA} 35 15 2 

{Fe-PMDTA} 38 14 5 

{Fe-1,4-dimethylpiperazine} 32 11 3 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (5 mol%), DMSO (1.0 mL), H2O2 (6 eq.), 

82 °C, 24 h; [b] conversion and yields determined by HPLC with 3,4-dimethoxybenzyl alcohol 

as internal standard. 

The change in solvent to DMSO led to the desired enhancement in conversions ranging from 

30% to 41% (Table II.12). As previously observed for the reaction system with pyridine and 

TBHP, {Fe-DABCO} was the most active catalyst with 41% conversion. The main product 

was still ketone 12a in yields of 11% to 15%, depending on the catalyst. The yield for 

aldehyde 5, however, remained low (2% to 5%). Considering the fact that {Fe-DABCO} gave 

the highest conversion and furnished the highest yields in the synthesis of all the  

FeCl3-derived complexes it was chosen as catalyst for further screening reactions. 

Table II.13: Influence of the oxidants and catalyst on the conversion of dilignol 3aE.
[a] 

 

catalyst oxidant  solvent conversion [%]
[b] 

- - pyridine 0 

- - DMSO 0 

- H2O2 pyridine 0 

- H2O2 DMSO 0 

- TBHP pyridine 9
[c] 

- TBHP pyridine 11 
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- TBHP DMSO 10 

{Fe-DABCO} - DMSO 0 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (5 mol%), solvent 

(1.0 mL), oxidant (6 eq.), 82 °C, 24 h; [b] conversion determined by 

HPLC with 3,4-dimethoxybenzyl alcohol as internal standard; [c] 3 eq. 

oxidant. 

To verify that no uncatalyzed background reactions were occurring, several reactions were 

conducted without the addition of a catalyst or an oxidant (Table II.13). In DMSO and 

pyridine no conversion was observed when both the catalyst and the oxidant were omitted. 

Likewise, no reaction occurred when only H2O2 was added as an oxidant or {Fe-DABCO} 

employed without the addition of an oxidant. However with TBHP as oxidant and no catalyst, 

independent of the solvent, 9% to 11% conversion was recorded. This uncatalyzed reaction 

did not increase significantly with more equivalents of oxidant as 9% conversion were 

observed with 3 equivalents of TBHP and 11% conversion with 6 equivalents of TBHP.  

Table II.14: Temperature dependency for the cleavage of dilignol 3aE in DMSO with H2O2 as oxidant.
[a]

 

 

temperature conversion [%]
[b] 

12a [%]
[b] 

5 [%]
[b] 

RT 0 0 0 

50 °C 1 1 0 

60 °C 2 2  0 

70 °C 13 13 0 

82 °C 37 19 5 

90 °C 58 21 5 

100 °C 64 30 15 

[a] Reaction conditions: 3aE (0.25 mmol), {Fe-DABCO} (5 mol%), 

DMSO (1.0 mL), H2O2 (6 eq.), 6 h; [b] conversion and yields determined 

by HPLC with 3,4-dimethoxybenzyl alcohol as internal standard. 

After having established that both the catalyst and the oxidant were important for the activity, 

a temperature screening was performed for both H2O2 and TBHP as oxidant in DMSO with a 

reaction time of 6 h. At temperatures below 70 °C, no conversion or only trace amounts of 

starting material were converted with H2O2 as oxidant (Table II.14). This changed at 70 °C in 

which ketone 12a was obtained as the only product in 13% yield. Further increasing the 

reaction temperature enhanced both the conversion and the product formation. At 100 °C, 

64% conversion of 3aE was observed. Gratifyingly, the yield of both ketone 12a and 
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aldehyde 5 increased. Ketone 12a was still the main product with 30% but aldehyde 5 was 

now formed in 15% yield. 

Table II.15: Temperature dependency for the cleavage of dilignol 3aE in DMSO with TBHP as oxidant.
[a]

 

 

temperature conversion [%]
[b] 

12a [%]
[b] 

5 [%]
[b] 

RT 1 1 0 

50 °C 16 16 0 

60 °C 28 28 0 

70 °C 40 40 0 

82 °C 59 31 3 

90 °C 37 36 1 

100 °C 35 33 2 

[a] Reaction conditions: 3aE (0.25 mmol), {Fe-DABCO} (5 mol%), 

DMSO (1.0 mL), TBHP (6 eq.), 6 h; [b] conversion and yields determined 

by HPLC with 3,4-dimethoxybenzyl alcohol as internal standard. 

In contrast to H2O2, TBHP already afforded 16% conversion of 3aE at 50 °C. The catalytic 

activity was highest at 82 °C and decreased with higher reaction temperatures. However, the 

highest yield for ketone 12a was achieved at 70 °C with 40%. Aldehyde 5 always remained a 

minor product with yields of 3% or lower. 

Studies in which the oxidants were added sequentially with 1.0 equivalent per hour instead of 

the entire amount at the beginning of the reaction did not lead to significant improvements in 

the activity. Furthermore, a change in the reaction atmosphere from air to oxygen or argon had 

a negligible effect on the reactivity. The amount of solvent employed in the reactions was also 

not crucial for the activity. However, switching to a 1:1 mixture of DMSO/H2O led to a 

significant increase in conversion (Table II.16). After 24 h at 82 °C with 6.0 equivalents of 

H2O2 as oxidant the conversion increased from 41% in pure DMSO to 74% with a 1:1 mixture 

of DMSO/H2O. The yield for both ketone 12a and aldehyde 5 rose slightly to 17% and 7%, 

respectively. This trend was also observed with higher reaction temperatures. At 100 °C the 

conversion increased from 84% in pure DMSO to 94% in a 1:1 mixture of DMSO/H2O. 

Furthermore the yield for aldehyde 5 increased from 20% to 24%. 
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Table II.16: Comparison of DMSO and DMSO/H2O in the cleavage of dilignol 3aE with H2O2 as 

oxidant.
[a]

 

 

solvent T [°C] conversion [%]
[b]

  12a [%]
[b]

  5 [%]
[b]

 

DMSO 82 41 14 5 

DMSO/H2O 82 74 17 7 

DMSO 100 84 11 20 

DMSO/H2O 100 94 12 24 

[a] Reaction conditions: 3aE (0.25 mmol), {Fe-DABCO} (5 mol%), solvent (1.0 mL), 

H2O2 (6 eq.), 24 h; [b] conversion and yields determined by HPLC with  

3,4-dimethoxybenzyl alcohol as internal standard. 

During the optimization process the question arose why the reactions with H2O2 as oxidant 

displayed significantly more activity in DMSO then in pyridine. A possible explanation is 

given in reports by Swern and Norman and co-workers.
[60-62]

 At elevated temperatures the 

disproportionation of H2O2 leads to formation of the hydroxyl radical. The hydroxyl radical in 

turn reacts with DMSO to form a methyl radical and methanesulfonic acid. This methyl 

radical could be a reactive species in the cleavage mechanism. Bertilsson et al. have shown 

that methyl radicals generated from H2O2 and DMSO with iron catalysts in acidic conditions 

can be employed in organic synthesis for the methylation of 1,3,5-trinitrobenzene and  

p-benzoquinone.
[63]

  

With regard to these reports in literature, several acids were then screened as additives since 

the formation of hydroxyl radicals in Fenton reactions is favored at an acidic pH which would 

concomitantly increase the production of methyl radicals (Table II.17).
[64]

 Additionally two 

bases were also tested as control experiment. 
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Table II.17: Influence of an additive for the cleavage of dilignol 3aE in DMSO with H2O2 as oxidant.
[a]

 

 

additive equivalents
 

conversion [%]
[b] 

acetic acid  0.1 90 

acetic acid 0.5 97 

acetic acid 5 88 

boric acid 0.5 86 

benzoic acid 0.5 91 

H3PO4 0.5 61 

NaOH 0.5 72 

Cs2CO3 0.5 0 

[a] Reaction conditions: 3aE (0.25 mmol),  

{Fe-DABCO} (5 mol%), DMSO/H2O 1:1 (1.0 mL), H2O2 

(6 eq.), additive, 100 °C, 16 h; [b] conversion determined 

by HPLC with 3,4-dimethoxybenzyl alcohol as internal 

standard. 

Acetic acid, boric acid, benzoic acid and H3PO4 were screened as acid additives. Of the four 

acids tested only H3PO4 had a notably negative effect on the activity with a conversion of 

61%. Acetic acid, however, led to an increase in conversion with 97% even though a shorter 

reaction time of 16 h had been employed in the additive screening. Furthermore the yield for 

aldehyde 5 increased to 32% while affording ketone 12a in 15%. These results favor the 

hypothesis that the methyl radical is indeed an important reactive species in this reaction. The 

highest activity was achieved with 0.5 equivalents of acetic acid as increasing or decreasing 

the amount of acetic acid lowered the conversion in this reaction.  

When NaOH was employed as an additive the conversion decreased less than initially 

expected (72%). Changing the additive to Cs2CO3 led to a complete inhibition of the reaction. 

Considering reports by Swern and co-workers who made similar observations with a  

DMSO-based reaction system in the oxidation of benzyl alcohol to benzaldehyde in the 

presence of sodium carbonate, this is not surprising.
[62]

 To further elucidate the crucial 

influence of DMSO on this reaction, THF, NMP, 1,4-dioxane, toluene, DMF and dimethyl 

carbonate were screened as solvents for this reaction (Table II.18). As hypothesized the 

conversions decreased significantly.  
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Table II.18: Solvent screening for the cleavage of dilignol 3aE with H2O2 as oxidant.
[a]

 

 

solvent conversion [%]
[b] 

DMSO/H2O 1:1 97 

THF  2 

NMP 10 

1,4-dioxane 0 

toluene 29 

DMF 27 

dimethyl carbonate 8 

[a] Reaction conditions: 3aE (0.25 mmol),  

{Fe-DABCO} (5 mol%), solvent (1.0 mL), H2O2 

(6 eq.), AcOH (0.5 eq.), 100 °C, 16 h; [b] conversion 

determined by HPLC with 3,4-dimethoxybenzyl 

alcohol as internal standard. 

Since these results suggest that the main function of the catalyst is to generate the 

corresponding reactive radical species it was considered whether ligands that can potentially 

stabilize iron at higher oxidation states are actually necessary. Therefore, other iron salts were 

screened under the optimized conditions (Table II.19). The conversions for these iron salts 

varied from 54% to 82%. The most active iron salts were anhydrous FeCl3 and Fe(NO3)3 with 

81% and 82% conversion, respectively. In a control experiment FeCl3 and DABCO were also 

added individually instead of the preformed complex. The conversion decreased to 77%. All 

these findings indicate that the nature of the iron source for this reaction is not very crucial as 

the activity from the salts does not vary greatly from the FeCl3-derived complexes and the 

differences stem most likely from a different solubility.  

Furthermore, other transition metal salts that are known to be active in Fenton reactions were 

also screened (Table II.19).
[56]

 CuBr2 was used as a copper source and it was less active than 

the iron salts with a conversion of 52%. The activity decreased even more when 

Mn(OAc)3∙2H2O and Co(OAc)3∙4H2O were employed as catalyst with conversions of 25% 

and 10%, respectively. 
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Table II.19: Metal salt screening for the cleavage of dilignol 3aE with H2O2 as oxidant.
[a]

 

 

catalyst conversion [%]
[b] 

FeCl3·6 H2O 65 

FeCl3 81 

FeCl2·4 H2O 54 

Fe(NO3)3 82 

Fe(acac)3 76 

FeC6H5O7·3 H2O 62 

FeCl3 + DABCO
[c] 77

 

CuBr2 52 

Mn(OAc)3∙2H2O 25 

Co(OAc)3∙4H2O 10 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst 

(10 mol%), DMSO/H2O 1:1 (1.0 mL), H2O2 (6 eq.), 

AcOH (0.5 eq.), 100 °C, 16 h; [b] conversion 

determined by HPLC with 3,4-dimethoxybenzyl 

alcohol as internal standard; [c] 15 mol% of 

DABCO. 

The final reaction parameter that was investigated was the influence of the catalyst loading. 

As already mentioned earlier in this chapter the catalyst loading was not crucial for the 

activity. Both decreasing the catalyst loading to 2.5 mol% and increasing it to 10 mol% 

slightly lowered the conversion to 88% and 86%, respectively. The yields for both ketone 12a 

and aldehyde 5 with 2.5 mol% instead of 5 mol% {Fe-DABCO} were slightly lower with 

12% and 26%, respectively. When 10 mol% of {Fe-DABCO} were employed the yield for the 

aldehyde 5 did not differ from the one with 5 mol% but the yield for ketone 12a was a little 

lower with 9%. 

Table II.20: Influence of the catalyst loading for the cleavage of dilignol 3aE with {Fe-DABCO}.
[a]

 

 

catalyst loading [mol%] conversion [%]
[b] 

12a [%]
[b] 

5 [%]
[b] 
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2.5 88 12 26 

5.0 97 15 32 

10.0 86 9 31 

[a] Reaction conditions: 3aE (0.25 mmol), {Fe-DABCO}, DMSO/H2O 1:1 (1.0 mL), 

H2O2 (6 eq.), AcOH (0.5 eq.), 100 °C, 16 h; [b] conversion and yields determined by 

HPLC with 3,4-dimethoxybenzyl alcohol as internal standard. 

 

 

Scheme II.16. Optimized reaction conditions for the {Fe-DABCO} catalyzed cleavage. 

With the optimized reaction conditions in hand, the reaction was performed on a 1.00 mmol 

scale to isolate all the formed products (Scheme II.16). After column chromatography 

aldehyde 5 was obtained in 35% and ketone 12a in 16% yield. As a side product diketone 16 

was isolated in 5%. The main product of the reaction is 2-methoxyphenol with 42% yield. It is 

most likely concomitantly formed both in the cleavage of dilignol 3aE to aldehyde 5 and in 

the cleavage of ketone 12a to diketone 16. Stahl and co-workers have postulated a mechanism 

for the cleavage of 12a to diketone 16 and 2-methoxyphenol in the presence of formic acid 

and sodium formate (Scheme II.17).
[65]

 A similar mechanism seems plausible for acetic acid 

which is present in the optimized reaction conditions shown in Scheme II.16.  
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Scheme II.17. Proposed mechanism by Stahl and co-workers for the cleavage of 12a.
[65] 

The optimized reaction conditions were also applied with TBHP as oxidant. 68% conversion 

was achieved in that reaction and ketone 12a was the main product in 42% yield. The yield 

for the aldehyde 5 remained low with 4%. 

Further studies investigating the substrate scope with other model compounds and extracted 

lignin samples as well as EPR studies on the radical species present in the reaction are 

described in the article “Iron-catalysed oxidative cleavage of lignin and -O-4 lignin model 

compounds using peroxides in DMSO” which has been published in the journal Green 

Chemistry and will be discussed in detail in the dissertation of Rinesch.
[66] 

 

  



II. Results and Discussion 

 

47 
 

4. Oxidative cleavage of lignin model compounds with supported gold 

catalysts 

 

The research goal of this dissertation was not only to examine suitable homogeneous 

transition metal catalysts but also heterogeneous catalysts. With regard to this incentive, 

supported gold catalysts were chosen for further investigations. Supported gold catalysts have 

been successfully employed in alcohol oxidations making them also potentially applicable for 

the oxidative cleavage of lignin bonds such as the -O-4.
[67-69]

 Furthermore, Corma and  

co-workers utilized them in the synthesis of quinoxalines from biomass-derived glycols and 

1,2-dinitrobenzene derivatives.
[70]

 A side reaction in this transformation was the oxidative 

cleavage of 1,2-diols to aldehydes, which, in turn reacted further to unwanted side products 

(Scheme II.18.).  

 

Scheme II.18. Side reaction observed by Corma and co-workers in the synthesis of quinoxalines.
 

Due to the structural similarity of these 1,2-diols and the 1,3-diol motif in the -O-4 linkage it 

was envisaged that this side reaction could be amplified to facilitate lignin cleavage. The 

initial experiments were performed during my stay at the ITQ in Valencia, Spain under the 

supervision of Corma. In the first reactions, gold nanoparticles supported on cerium oxide 

were used as catalyst which had been synthesized during that time. This catalyst was calcined 

under air as described in the experimental section. The other gold catalysts on various 

supports were synthesized by Juárez or Alós and either reduced with H2 or 1-phenylethanol. 

The gold loading for all the employed catalysts was around 1% in weight. 

4.1. Cleavage studies of dilignol 3aE with air calcined Au/CeO2 

 

The screening reactions were once more conducted with erythro dilignol 3aE as starting 

material. The initial test reactions were performed using a modified procedure by Corma and 

co-workers for the oxidation of alcohols.
[68]

 For the oxidation of alcohols with supported gold 

catalysts, as well as the oxidative depolymerization of lignin, basic reaction conditions have 

been reported to be favorable.
[46,69,71] 

Therefore numerous bases and solvents as well as 

different temperatures and dioxygen pressures were tested as shown in Scheme II.19. The 

progression of these reactions was monitored by 
1
H NMR. The highest conversions were 

obtained with toluene, pyridine and water, with the former two giving better selectivities for 

cleavage products. Furthermore, toluene gave higher conversions than pyridine. Of all the 

tested bases LiOH gave the highest and most reproducible conversion. 
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Scheme II.19. Screening of reaction conditions for air calcined Au/CeO2. 

To quantify the yields, the reaction in toluene and with LiOH as base was repeated on a 

1.00 mmol scale and the products were separated by column chromatography (Scheme II.20). 

2-Methoxyphenol was isolated as the main product in 16% yield. Veratraldehyde (5) and 

veratric acid (17) were obtained in 7% and 14% yield, respectively. Enol ether enone 15 was 

formed as a side product in 6% and the starting material was re-isolated in 60%.  

 

Scheme II.20. Cleavage of 3aE with air calcined Au/CeO2 in toluene with LiOH. 

A control reaction without catalyst showed that there was also conversion of 3aE without the 

gold catalyst, albeit to a lower degree. In another control experiment without catalyst the base 

was switched to K2CO3 to assess whether carbonates were also active under these reaction 

conditions. However, no conversion of 3aE was observed.  

Since the activity of the air calcined Au/CeO2 catalyst was not as high as originally hoped for, 

the focus was shifted to differently calcined gold catalysts and transition metal-containing 

hydrotalcite-like catalysts. These transition metal-containing hydrotalcite-like catalysts 

combine favorable basicity for cleavage reactions with oxidation potential and the obtained 

results are discussed in greater detail in part 5 of this chapter. 

4.2. Cleavage studies of dilignol 3aE with reduced supported gold catalysts 

 

Here are now shown the results for the supported gold catalysts that were either reduced with 

H2 or 1-phenylethanol before use. Furthermore not only CeO2 but also hydrotalcite (HTc), 

TiO2, MgO and ZrO2 were used as support for the gold nanoparticles. Starting material was 

once more erythro dilignol 3aE. The conversion was determined by HPLC with  
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3,4-dimethoxybenzyl alcohol as internal standard. The progression of the reactions was also 

monitored by 
1
H NMR. The ratio in the 

1
H NMR of the prior identified products with the sum 

of the products and the starting material is refered to as “product factor”. In contrast to the 

results described in part 2 of this chapter there was not a large discrepancy between the 

conversion determined by HPLC and the product factor determined by 
1
H NMR because the 

selectivities for this reaction system were superior. 

To assess whether reduced supported gold catalyst would lead to a higher activity, the initial 

experiments were conducted with Au/CeO2. The reaction conditions, however, were modified 

from the previous ones. The dioxygen pressure was increased to 10 bar, a catalyst loading of 

20 wt% was utilized and the reaction time was extended to 72 h. The most promising solvents 

in the previous study had been toluene and pyridine. Additionally to these two solvents, 

dimethyl carbonate (DMC) was screened (Table II.21). 

Table II.21: Solvent screening for reduced Au/CeO2 catalysts.
[a]

 

 

reduction method
 

solvent
 

conversion [%]
[b] 

H2 pyridine 0
[c,d] 

H2 toluene 31 

H2 DMC 100 

1-phenylethanol pyridine 0
[c,d] 

1-phenylethanol toluene 59 

1-phenylethanol DMC 100
 

[a] Reaction conditions: 3aE (0.25 mmol), Au/CeO2 (20 wt%), O2 

(10 bar), solvent (0.2 M), 72 h; [b] conversion determined by HPLC with 

3,4-dimethoxybenzyl alcohol as internal standard; [c] product factor 

determined by 
1
H NMR [product/(product+starting material)]*100; [d] 

performed on a 0.30 mmol scale. 

Au/CeO2 was not active in pyridine regardless of whether the catalyst was reduced with H2 or  

1-phenylethanol. This changed when either toluene or dimethyl carbonate was employed as 

solvent. In toluene a clear difference in activity was observed depending on how Au/CeO2 had 

been reduced. The conversion increased from 31% with H2 reduction to 59% with  

1-phenylethanol reduction. A control experiment with CeO2 was performed to determine 

whether or not the catalytic activity originated from gold nanoparticles. CeO2 converted 3aE 

to 34%. This indicates that only for 1-phenylethanol reduced Au/CeO2 a little of the catalytic 

activity stems from the gold nanoparticles.  
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When dimethyl carbonate was employed as solvent the conversion of 3aE increased for both 

the H2 and 1-phenylethanol reduced Au/CeO2 to 100%. The control experiment with CeO2 

showed that CeO2 by itself was also very active converting 3aE to 92%. CeO2, however, 

displayed a different selectivity than both Au/CeO2 catalysts (Table II.22). Ketone 12a was 

only formed in 2% yield with CeO2 as compared to 32% and 34% yield with 1-phenylethanol 

and H2 reduced Au/CeO2. Veratraldehyde (5) was one of the two main products for the CeO2 

catalyzed reaction with 18% yield. With 1-phenylethanol and H2 reduced Au/CeO2 as catalyst 

aldehyde 5 was formed in 13% and 5% yield, respectively. A different cleavage product, 

methyl 3,4-dimethoxybenzoate (18), was identified and obtained in 18% yield with CeO2, 

15% yield for H2 reduced Au/CeO2, and 14% yield for 1-phenylethanol reduced Au/CeO2.  

Table II.22: Product selectivities for Au/CeO2 and CeO2 in DMC.
[a]

 

 

catalyst reduction method conversion [%]
[b]

 12a [%]
[b]

  5 [%]
[b]

  18 [%]
[b]

 

Au/CeO2 H2 100 34 5 15 

Au/CeO2 1-phenylethanol 100 32 13 14 

CeO2 - 92 2 18 18 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (20 wt%), O2 (10 bar), DMC (1.25 mL), 72 h; [b] yields 

determined by HPLC with 3,4-dimethoxybenzyl alcohol as internal standard. 

With regard to the findings with Au/CeO2, gold catalysts supported on HTc, MgO, ZrO2 and 

TiO2 were tested both in toluene and dimethyl carbonate. Table II.23 shows the activity of the 

supported gold catalyst in toluene. In order to determine whether the activity of the catalyst 

actually stemmed from the gold nanoparticles or just from the support, control reactions in 

toluene were made using just the supports (Table II.24). Au/HTc furnished a conversion of 

33% when it was reduced before use with H2. The corresponding 1-phenylethanol reduced 

catalyst was significantly more active, converting 3aE to 86%. The main products in this 

reaction were veratric acid (17) in 23% and ketone 12a in 22% yield. As side products 

veratraldehyde (5) was obtained in 11% and enol ether enone 15 in 6% yield. A lower 

dioxygen pressure of 6 bar decreased the conversion slightly to 77%. The control experiment 

with HTc afforded only trace conversion of 3aE. This implies that the catalytic activity 

originates from the gold nanoparticles.  
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Employing MgO as support did not have a beneficial effect on the activity of the gold 

nanoparticles. With both Au/MgO catalysts only trace conversions of 3aE were observed. 

MgO without Au was not tested because the corresponding gold catalysts already showed no 

relevant catalytic activity. Au/TiO2 was very active and converted 3aE under the standard 

reaction conditions to >99% when it had been reduced with H2. 1-Phenylethanol reduced 

Au/TiO2 showed similar catalytic activity with a conversion of 96%. The control experiment 

with TiO2 however revealed that the activity originated mostly from the support. 3aE was 

converted to 97% with TiO2 as catalyst under the same reaction conditions as employed for 

Au/TiO2. Despite the high activity for all the TiO2 derived catalysts, the selectivity towards 

the known cleavage products and standard oxidations products was low in each case.  

The final gold catalysts that were tested in toluene were supported on ZrO2. H2 reduced 

Au/ZrO2 displayed relatively low activity with 19% conversion of 3aE. Again the 

corresponding 1-phenylethanol reduced catalyst was more active converting 3aE to 50% after 

72 h. The control experiment with ZrO2 revealed that the catalytic activity for both Au/ZrO2 

catalysts originated from the gold nanoparticles as ZrO2 afforded only trace conversion. 

Similar to Au/TiO2 the selectivity for cleavage products was low with less than 5%. 

Table II.23: Cleavage of 3aE with supported gold catalysts in toluene.
[a]

 

 

support  reduction method
 

O2 pressure [bar]
 

conversion [%]
[b] 

HTc H2 10 33 

HTc 1-phenylethanol 10 86 

HTc 1-phenylethanol 6 77
[c] 

MgO H2 10 traces 

MgO 1-phenylethanol 10 traces 

TiO2 H2 10 >99
 

TiO2 1-phenylethanol 10 96 

ZrO2 H2 10 19
 

ZrO2 1-phenylethanol 10 50 

CeO2 H2 10 31 

CeO2 1-phenylethanol 10 59 

[a] Reaction conditions: 3aE (0.25 mmol), Au/support (20 wt%), O2, toluene (1.25 mL), 

72 h; [b] conversion determined by HPLC with 3,4-dimethoxybenzyl alcohol as internal 
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standard; [c] reaction performed in a glass autoclave (25 mL) instead of a steel autoclave 

(20 mL). 

Table II.24: Cleavage of 3aE with the support as catalyst in toluene.
[a]

 

 

catalyst  time [h]
 

O2 pressure [bar]
 

conversion [%]
[b] 

HTc 72 10 traces 

TiO2 72 10 97
 

ZrO2 72 10 traces 

CeO2 72 10 34 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (20 wt%), O2, dimethyl 

carbonate (1.25 mL); [b] conversion determined by HPLC with 3,4-

dimethoxybenzyl alcohol as internal standard. 

As previously observed with Au/CeO2, the reaction behavior for the different supported gold 

catalysts changed significantly when dimethyl carbonate was employed as a solvent instead of 

toluene (Table II.25). Au/HTc afforded a product factor of 100 even when the dioxygen 

pressure was reduced to 1 bar and independently of how the gold nanoparticles had been 

reduced. Similar observations were made for gold on MgO. For the H2 reduced Au/MgO a 

product factor of 85 was obtained with 1 bar of dioxygen pressure and for the corresponding 

1-phenylethanol reduced catalyst a product factor of 90. The product factors did not increase 

with 10 bar of dioxygen pressure (not shown). The activity decreased considerably when gold 

catalysts were employed in which the support was less basic. Independent of the prior 

reduction method, Au/TiO2 showed no catalytic activity with 1 bar of dioxygen pressure. 

When the dioxygen pressure was increased to 10 bar Au/TiO2 became catalytically active. 

Furthermore, a clear difference in activity was observed depending on which reduction 

method had been utilized. The 1-phenylethanol reduced Au/TiO2 afforded a product factor of 

70 as compared to a product factor of 20 with H2 reduced Au/TiO2. No increased activity with 

higher dioxygen pressures was observed for Au/ZrO2 as the results with 1 bar and 10 bar of 

dioxygen were almost identical. Furthermore, similar to the results with the other gold 

catalysts, a higher product factor was obtained when Au/ZrO2 was reduced with  

1-phenylethanol, affording a product factor of 33.  

Table II.25: Cleavage of 3aE with supported gold catalysts in dimethyl carbonate.
[a]
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support  reduction method
 

O2 pressure [bar]
 

product factor by 
1
H NMR

[b] 

HTc
 

H2 1 100
[c] 

HTc
 

1-phenylethanol 1 100
[c] 

MgO
 

H2 1 85
[c] 

MgO 1-phenylethanol 1 90
[c] 

TiO2 H2 1 0
 

TiO2 1-phenylethanol 1 0 

TiO2 H2 10 20
 

TiO2 1-phenylethanol 10 70 

ZrO2 H2 1 traces
 

ZrO2 1-phenylethanol 1 30 

ZrO2 H2 10 traces
 

ZrO2 1-phenylethanol 10 33 

CeO2 H2 1 35
[c] 

CeO2 1-phenylethanol 1 45
[c]

 

CeO2 H2 10 100
[d]

 

CeO2 1-phenylethanol 10 100
[d] 

[a] Reaction conditions: 3aE (0.25 mmol), Au/support (20 wt%), O2, toluene (1.25 mL), 70 h; [b] 

[product/(product+starting material)]*100; [c] performed on a 0.30 mmol scale; [d] conversion 

determined by HPLC with 3,4-dimethoxybenzyl alcohol as internal standard. 

Strikingly, the observed product selectivities were different for each supported gold catalyst. 

In order to isolate the formed products by column chromatography the reaction with  

1-phenylethanol reduced Au/HTc was repeated on a 1.00 mmol scale (Scheme II.21). The 

main product in this reaction was biscarbonate 21. Trace amounts of veratraldehyde (5) and 

veratric acid (17) were obtained as side products. Instead of 2-methoxyphenol the 

corresponding methylated derivative veratrol (19) was isolated in small quantities. Another 

by-product was methyl (E)-3-(3,4-dimethoxyphenyl)acrylate (20). The formation of 

biscarbonate 21 as main product is not surprising considering that dimethyl carbonate is 

utilized in organic synthesis as a carboxymethylating and methylating reagent at temperatures 

higher than 90 °C in the presence of catalytic amounts of base.
[72]
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Scheme II.21. Cleavage of 3aE with 1-phenylethanol reduced Au/HTc in dimethyl carbonate. 

To further elucidate whether the activity of the reaction system in dimethyl carbonate 

stemmed only from the support acting as a base, several test reactions were made with various 

supports and other inorganic bases (Table II.26). HTc already furnished a product factor of 

100 after 2 h at 135 °C under ambient atmosphere. The product factors for TiO2, ZrO2 and 

CeO2 with 1 bar of dioxygen pressure and a reaction time of 72 h were almost identical to the 

ones with the corresponding supported gold catalysts. When the catalyst was omitted entirely 

no product formation was observed after 72 h. NaOH and K2CO3 were tested as catalyst with 

a reaction time of 16 h and 1 bar of dioxygen pressure. In both cases a product factor of 100 

was achieved. These results indicate that the gold nanoparticles are not responsible for the 

catalytic activity in dimethyl carbonate when only 1 bar of dioxygen pressure is employed. An 

extensive study which further elaborates these initial findings on base catalyzed lignin 

cleavage is presented in the article “Base-catalysed cleavage of lignin β-O-4 model 

compounds in dimethyl carbonate” that has been published in the journal Green Chemistry 

and will be discussed in detail in the dissertation of Dabral.
[26] 

Table II.26: Cleavage of 3aE with the support or base in dimethyl carbonate.
[a]

 

 

catalyst  time [h]
 

O2 pressure [bar]
 

product factor by 
1
H NMR

[b] 

HTc 72 1 100 

HTc 72 - 100 

HTc 16 1 100 

HTc 2 - 100 

TiO2 72 1 0
 

ZrO2 72 1 35 
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CeO2 72 1 49
 

- 48 1 0 

- 72 - 0
 

NaOH 16 1 100 

K2CO3 16 1 100 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (20 wt%), O2, dimethyl carbonate (1.25 mL); 

[b] [product/(product+starting material)]*100. 

In summary, the most active reaction system found during these investigations, HTc in 

dimethyl carbonate, actually did not require gold nanoparticles for its catalytic activity. The 

highest reactivity for a gold catalyst, in which the catalytic activity originated only from the 

gold and not from the support or the solvent, was observed for 1-phenylethanol reduced 

Au/HTc in toluene. Under the optimized conditions (Table II.23) 86% conversion was 

achieved with ketone 12a and acid 17 as the main products. A significant effect of the 

reduction method was observed for the majority of the supported gold catalyst. All the  

1-phenylethanol reduced gold catalysts were more or at least as active as the corresponding 

H2 reduced gold catalyst.  
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5. Oxidative cleavage of lignin with hydrotalcite-like catalysts and 

V(acac)3/Cu(NO3)2·3H2O as catalyst 

 

In part 4 of this chapter it was alluded to that transition metal-containing hydrotalcite-like 

catalysts combine favorable basicity for lignin cleavage reactions with oxidation potential. 

They have been employed in a variety of oxidation reactions in organic synthesis which has 

been described in the introduction of this dissertation.
[49]

 Copper, iron, cobalt and vanadium 

containing hydrotalcite-like catalysts were chosen for screening reactions as these transition 

metals have displayed good activity in homogeneously catalyzed lignin cleavage 

studies.
[35,37,38,40,41]

 All of the employed hydrotalcite-like catalysts were synthesized by Puche. 

The initial experiments were conducted at the ITQ in Valencia, Spain under the supervision of 

Corma. 

5.1. Cleavage studies of dilignol 3aE with hydrotalcite-like catalysts 

 

For the screening of the hydrotalcite-like catalysts erythro dilignol 3aE was used as the 

starting material under similar reaction conditions as described in part 4 of this chapter for the 

supported gold catalysts. Table II.27 shows the conversion in toluene with 6 bar of dioxygen 

pressure and a reaction temperature of 130 °C or 135 °C. Iron, cobalt and zinc containing 

HTcs converted only trace amounts of 3aE. The copper containing hydrotalcite (HTc-Cu) 

afforded a product factor of 50 (determined by 
1
H NMR) after 40 h with cleavage products 

veratraldehyde (5) and veratric acid (17) as the main products. Yet, at a later stage of this 

investigation, those results could never be reproduced and only trace conversions of 3aE with 

HTc-Cu were obtained. When vanadium was introduced into the interlayers of the HTcs as 

vanadate, the catalysts became catalytically active. Iron-vanadium and copper-vandium 

hydrotalcite-like catalysts (HTc-Fe-V and HTc-Cu-V) converted 3aE to >99% after 13 h. 

Again the formation of cleavage products such as veratraldehyde (5) and veratric acid (17) 

was observed. These reactions, however, were rather unselective and furnished numerous 

products. Similar selectivities were observed with vanadium and cobalt-vanadium 

hydrotalcite-like catalysts (HTc-V and HTc-Co-V) but the conversions were lower with 72% 

and 71%, respectively.  

Table II.27: Hydrotalcite-like catalyst screening with dilignol 3aE in toluene.
[a]

 

 

catalyst T [°C] time [h]  conversion [%]
[b]

 

HTc-Fe 130 40 traces 

HTc-Co 135 72 traces 
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HTc-Zn-Co 135 72 traces 

HTc-Cu 135 72 traces 

HTc-Zn 135 72 traces 

HTc 135 72 traces 

HTc-Fe-V 135 13 >99 

HTc-Co-V 135 13 71 

HTc-Cu-V 135 13 >99 

HTc -V 135 13 72 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (20 wt%), toluene 

(1.25 mL), O2 (6 bar), 600 rpm; [b] conversion determined by HPLC 

with 3,4-dimethoxybenzyl alcohol as internal standard. 

When pyridine was employed as solvent both HTc-Fe and HTc afforded only trace 

conversions of 3aE (Table II.28). HTc-Cu on the other hand was active in pyridine with 77% 

conversion after 72 h. The cleavage products veratraldehyde (5) and veratric acid (17) were 

the main products. The best activity and selectivity for the formation of cleavage products was 

obtained when either HTc-Cu-V or HTc-Zn-Cu-V was utilized as catalyst. The reaction time 

could be reduced in both cases to 17 h with 5 bar of dioxygen pressure, converting 3aE to 

>99%. Scheme II.22 shows the yields with HTc-Cu-V as catalyst on a 0.25 mmol reaction 

scale. Veratric acid (17) was the main product in 64% yield and veratraldehyde (5) was 

obtained as a side product in 8%. To reach similar conversions with HTc-V the dioxygen 

pressure had to be increased to 6 bar. Despite the high conversion HTc-V furnished lower 

yields for aldehyde 5 and acid 17 than either HTc-Cu-V or HTc-Zn-Cu-V. Changing the 

oxidant from dioxygen to air slightly reduced the conversion to 92% with HTc-Cu-V being 

used as catalyst. 
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Table II.28: Hydrotalcite-like catalyst screening with dilignol 3aE in pyridine.
[a]

 

 

catalyst time [h]  O2 pressure [bar]  conversion [%]
[b]

 

HTc-Fe 72 6 traces 

HTc-Cu 72 6 77 

HTc 40 6 traces 

HTc-Cu-V 17 5 >99 

HTc-Zn-Cu-

V 

17 5 >99 

HTc-V 17 6
 

98 

HTc-Cu-V 17 5
[c] 

92 

[a] Reaction conditions: 3aE (0.25 mmol), catalyst (20 wt%), pyridine 

(1.25 mL), O2, 600 rpm; [b] conversion determined by HPLC with  

3,4-dimethoxybenzyl alcohol as internal standard; [c] air (5 bar) instead of O2. 

 

Scheme II.22. Cleavage of 3aE with HTc-Cu-V in pyridine on a 0.25 mmol scale. 

All of the reactions thus far described in this part were performed in a 25 mL glass autoclave. 

To elucidate the effect of the oxidant and the employed reaction vessel, test reactions were 

also made in 25 mL two-necked round bottom flasks equipped with a reflux condenser and a 

gas storage balloon (Table II.29). The progression of these reactions was determined by 
1
H NMR. After a reaction time of 13 h a product factor of only 7 was observed when the 

reaction was run under reflux with air as oxidant from a gas storage balloon. When the 

oxidant was changed to dioxygen while also employing a reflux condenser and gas storage 

balloon the product factor increased to 33. In both reactions ketone 12a and enol ether enone 

15 were the main products. The selectivity for the formation of the cleavage products 

aldehyde 5 and acid 17 was substantially higher when the reaction was performed under 1 bar 

of dioxygen pressure in a 25 mL glass autoclave. After a reaction time of 24 h a product factor 

of 70 was obtained. The higher yields for the cleavage products can only be partially 

attributed to the longer reaction time because later in this chapter it will be shown that the 
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yields for aldehyde 5 were always higher after shorter reaction times. The effect of different 

autoclave volumes on the activity will be discussed later on in this chapter. 

Table II.29: Influence of the oxidant and the reaction vessel on the conversion of dilignol 3aE.
[a]

 

 

oxidant time [h]  product factor by 
1
H NMR

 [b]
 

dioxygen 24 70 

air
[c] 

13 7 

dioxygen
[c] 

13 33 

[a] Reaction conditions: 3aE (0.25 mmol), HTc-Zn-Cu-V (20 wt%), 

pyridine (1.25 mL), oxidant (1 bar), 600 rpm; [b] 

[product/(product+starting material)]*100; [c] under reflux in a 25 mL 

two-necked round bottom flask with a gas storage balloon. 

After having distinguished the influence of the oxidant and the reaction vessel, different 

catalyst loadings were tested. 5 wt% of HTc-Cu-V and a dioxygen pressure of 6 bar afforded 

83% conversion of 3aE after 17 h. The conversion increased to 98% when 10 wt% of  

HTc-Cu-V were employed. When the dioxygen pressure was reduced to 5 bar the conversion 

with 10 wt% catalyst decreased slightly to 89%. These results indicate that the catalyst 

loading can indeed be reduced but in order to maintain high activity the dioxygen pressure 

would have to be increased. As described earlier, 20 wt% of HTc-Cu-V and a dioxygen 

pressure of 5 bar afforded >99% conversion after 17 h. Therefore in all further studies 20 wt% 

of catalyst were used. 
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Table II.30: Influence of the catalyst loading on the conversion of dilignol 3aE.
[a]

 

 

catalyst loading [wt%]  pressure [bar]  conversion [%]
[b]

 

5 6 83 

10
 

5 89 

10
 

6 98 

20
 

5 >99 

[a] Reaction conditions: 3aE (0.25 mmol), HTc-Cu-V, pyridine (1.25 mL), O2, 

600 rpm; [b] conversion determined by HPLC with 3,4-dimethoxybenzyl alcohol 

as internal standard. 

Dimethyl carbonate was also tested as a solvent because it had shown interesting activity in 

the cleavage studies described in part 4 of this chapter. Using HTc-Cu-V as catalyst and a 

dioxygen pressure of 6 bar 92% of 3aE was converted after 17 h. The main product in this 

reaction, however, was ketone 12a with aldehyde 5 and acid 17 formed as side products. 

With the optimized reaction conditions in hand, the reaction with 20 wt% of HTc-Cu-V was 

repeated on a 1.00 mmol scale to facilitate the isolation and characterization of the formed 

products (Scheme II.23). The dioxygen pressure had to be increased to 6 bar to ensure 

complete conversion of 3aE under the upscaled reaction conditions. After column 

chromatography veratraldehyde (5) and veratric acid (17) were obtained as main products in 

38% and 31% yield, respectively. As side products ketone 12a was isolated in 5% and enol 

ether enone 15 in 3% yield. The fact that aldehyde 5 and acid 17 were formed in almost 

equimolar amounts was surprising considering the results on a 0.25 mmol scale. Initially it 

was suspected that the different dioxygen uptake could be responsible for this altered 

selectivity. Therefore the influence of the stirring rate was investigated (Figure II.2). 

However, no general trend was observed that would support this hypothesis. Considering the 

results on metal leaching that will be discussed in detail in part 5.2., the changes in selectivity 

are most likely caused by a difference in the ratio of active copper and vanadium species that 

have gone into solution on a 0.25 mmol and on a 1.00 mmol scale.  
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Scheme II.23. Cleavage of 3aE with HTc-Cu-V in pyridine on a 1.00 mmol scale. 

 

Figure II.2. Influence of the stirring on the conversion of 3aE. 

During the entire investigation with transition metal-containing hydrotalcite-like catalysts  

2-methoxyphenol was never detected as a product. This was surprising since in part 3 and 4 of 

this chapter it was formed concomitantly in the cleavage of 3aE to aldehyde 5. An 

explanation for this observation is given by Alejandre et al. who reported that copper 

hydrotalcite-like catalysts oxidized phenol derivatives to organic acids and CO2 with 

benzoquinone derivatives as intermediates.
[73]

 To further validate this report 2-methoxyphenol 

was subjected to the reaction conditions shown in Scheme II.22. Under these conditions  

2-methoxyphenol was completely degraded to numerous products confirming previous 

observations. 

5.2. Catalyst recycling and catalyst leaching studies 

 

Having found a catalyst system that displayed good activity and selectivity it was of 

fundamental interest to see whether the catalyst remained active after being reused for several 

reactions (Table II.31). HTc-Zn-Cu-V was used as catalyst and a dioxygen pressure of 5 bar 

was employed. These conditions were chosen to avoid full conversion and thus help detect 

changes in the activity. In the first two runs the conversion of 3aE remained almost constant 

with 89% and 91%, respectively. The activity in the third run, however, decreased with a 
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conversion of 76%. In all three runs veratraldehyde (5) and veratric acid (17) were the main 

products with ketone 12a and enol ether enone 15 being formed as side products. The yields 

for ketone 12a and enol ether enone 15 remained almost constant in all three runs. The yield 

for aldehyde 5 decreased in each run from 30% in the first run, to 26% in the second and 22% 

in the third. A potential explanation for the decreasing catalyst activity was leaching of the 

heterogeneous catalyst into solution. Furthermore to be able to provide a reasonable 

explanation as to why the yields for aldehyde 5 declined with every additional run some of the 

obtained results will be revealed now. In Figure II.8 to Figure II.12 reaction kinetics with 

homogeneous copper and vanadium are presented. In these it can be seen that copper 

enhances the formation of aldehyde 5. At the same time, as shown in Figure II.3, the amount 

of copper from the heterogeneous catalyst that leached into solution continuously rose over 

the course of the reaction. Thus with every consecutive run there was less and less copper still 

present in the catalyst to help facilitate the formation of aldehyde 5 and therefore the yields 

for 5 steadily decreased.  

Table II.31: Catalyst recycling experiments with HTc-Zn-Cu-V.
[a]

 

 

run 
yield [%]

[b] 

3aE
[c] 

12 15 5
 

17
 

1
st
 11 8 2 30 22 

2
nd

 9 5 2 26 32 

3
rd

 24 7 3 22 14 

 [a] Reaction conditions: 3aE (1.00 mmol), HTc-

Zn-Cu-V (20 wt%), pyridine (5.0 mL), O2 

(5 bar), 600 rpm; [b] after column 

chromatography; [c] reisolated starting material. 

When initially investigating potential leaching of the heterogeneous catalysts, a control 

experiment was made in which HTc-Cu-V was filtered off from the hot reaction solution after 

2 h and the resulting clear solution was then subjected to the original reaction conditions for 

additional 15 h. The conversion after 2 h was 38% and after the additional 15 h 82%. This 

clearly showed that catalytically active species had gone into solution. Since the conversion 

was lower than under the standard reaction conditions it still remained to be seen whether 
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these leached species were less active than the heterogeneous catalyst or if they deactivated 

over time due to agglomeration or a resting state of the catalyst. The amount of leached 

copper and vanadium was quantified by ICP-OES. After a reaction time of 2 h and hot 

filtration 111.9 mg/L copper and 251.0 mg/L vanadium had gone into solution. This 

corresponds to 6.4% of the original vanadium and 10% of the original copper content in  

HTc-Cu-V. 

In order to determine whether there was just initial leaching or a continuous release of metal 

species, the concentration of the metal species in solution after hot filtration was monitored by 

ICP-OES over the course of the reaction (Figure II.3). The same reaction conditions were 

employed as shown in Scheme II.22. Copper was continuously released over the entire course 

of the reaction. Within the first 4 h the copper concentration in solution increased faster than 

after longer reaction times. For vanadium high initial leaching was observed but then the 

concentration remained more or less constant over the course of the reaction with a slight 

decline at the end. The significantly lower vanadium value after 4 h most likely represents an 

outlier. The decline at the end could potentially be attributed to agglomerates because in the 

previous experiment with hot filtration after 2 h the formation of precipitates from the initially 

clear solution was observed during the 15 h of additional reaction time.  

 

Figure II.3. By ICP-OES determined concentration of leached metal species from HTc-Cu-V over the 

course of the reaction. 

After having investigated the extent of the leaching in solution it was studied whether the 

leaching had influenced the morphology of the solid catalyst. Figure II.4 shows the XRD 

patterns of HTc-Cu-V before and after a reaction time of 17 h. Here it can be clearly seen that 

no significant structural changes had occurred. The same observations were made when  

HTc-Cu-V was analyzed by Raman spectroscopy before and after a reaction of 17 h (Figure 

II.5). All the characteristic metal-oxygen stretching vibrations (317, 338 cm
-1

) and  

metal-oxygen-metal vibrations (867 and 943 cm
-1

) were present before and after the reaction. 
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Figure II.4. XRD spectra of HTc-Cu-V a) before and b) after a reaction time of 17 h; * peak caused by the 

sample holder. 

 

Figure II.5. Raman spectra of HTc-Cu-V a) before and b) after 17 h of reaction. 

To gain a better understanding of the general activity of homogeneous copper and vanadium, 

both individually and together, additional experiments were conducted with a copper and a 

vanadium salt. As a copper source Cu(NO3)2·3H2O and as a vanadium source V(acac)3 were 

used. In the previous ICP-OES measurements 251.0 mg/L vanadium were detected in solution 

after 2 h. This translates to 2.5 mol% vanadium. Correspondingly, 111.9 mg/L copper were 

found in solution after 2 h which correlates to 1.0 mol%. Therefore, to assess whether the 

activity was similar to the leached components, 2.5 mol% of V(acac)3 and 1.0 mol% of 

Cu(NO3)2·3H2O were employed in the test experiment under the reaction conditions shown in 

Scheme II.22. After a reaction time of 17 h 97% of 3aE was converted and veratric acid (17) 
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and veratraldehyde (5) were the main products in 39% and 26% yield, respectively. When 

V(acac)3 (2.5 mol%) was employed without Cu(NO3)2·3H2O the conversion remained high 

with 96%. The yield for veratric acid (17) stayed the same with 39% but the yield for 

aldehyde 5 decreased to 15% as described earlier in this chapter. Cu(NO3)2·3H2O without 

V(acac)3 did not display high activity. Even when the catalyst loading was increased to 

5 mol% or 10 mol% only 20% conversion after 17 h was obtained. Detailed kinetics and rate 

constants for reaction systems using V(acac)3 and Cu(NO3)2·3H2O will be presented in part 

5.3 of this chapter. 

 

Figure II.6. EPR spectra of the reaction solution after hot filtration of HTc-Cu-V.  

 

Figure II.7. EPR spectra of the reaction solution using 5 mol% of V(acac)3/Cu(NO3)2·3H2O.  



II. Results and Discussion 

 

66 

 

After having established that homogeneous copper and vanadium together were very active 

for the conversion of 3aE I wanted to verify whether there was a correlation between the 

nature of the active homogeneous copper and vanadium species in the 

V(acac)3/Cu(NO3)2·3H2O catalyst and the leached metal species that had gone into solution 

from the HTc-Cu-V catalyst. To enable such a correlation additional experiments with 

V(acac)3/Cu(NO3)2·3H2O and HTc-Cu-V were performed that were monitored by EPR 

spectroscopy. Figure II.6 shows the results that were obtained for the leached species of  

HTc-Cu-V. In these experiments HTc-Cu-V was set to react under the reaction conditions 

shown in Scheme II.22. Similar to the initial leaching experiment, HTc-Cu-V was filtered off 

hot after a reaction time of 2 h. The resulting reaction solution was analyzed by EPR 

spectroscopy. The EPR spectrum showed a strong signal typical for copper (II) and none for 

vanadium (IV). This experiment was repeated but the resulting solution after the hot filtration 

was again subjected to the original reaction conditions for additional 15 h and then examined 

by EPR. The spectrum not only showed a signal for copper (II) but also a distinct signal for 

vanadium (IV) (to have a reference of a pure vanadium (IV) EPR spectrum, the spectrum of 

5 mol% V(acac)3 dissolved at room temperature in pyridine is included in the experimental 

part).  

Next, V(acac)3/Cu(NO3)2·3H2O was investigated (Figure II.7). The experiments with this 

catalyst system were performed with a catalyst loading of 5 mol%. The EPR spectra after 

0.5 h and 2 h displayed a strong signal for copper (II) and only a very weak signal for 

vanadium (IV). These results correlate to the ones with HTc-Cu-V after 2 h. The signal 

intensity for vanadium (IV) increased significantly after a reaction time of 17 h similar to 

HTc-Cu-V after 15 h of additional reaction time. On the basis of these and the previously 

presented results it is reasonable to postulate that the homogeneous copper and vanadium 

species from the leached HTc-Cu-V and V(acac)3/Cu(NO3)2·3H2O are most likely very 

similar in their nature. Furthermore, the EPR results suggest that vanadium (IV) is not the 

catalytically active species in both reaction systems and potentially represents a resting state 

of the catalyst. The kinetics for 5 mol% V(acac)3/Cu(NO3)2·3H2O shown later in Figure II.10 

demonstrate that the reaction system is most active at the beginning of the reaction when 

almost no vanadium (IV) is present. As the reaction system becomes less active the amount of 

vanadium (IV) increases. These finding are in accordance with reports by Hanson et al. who 

propose a two electron oxidation mechanism from vanadium (V) to vanadium (III) in the 

alcohol oxidations with dipicolinate vanadium (V) in the presence of pyridine.
[42]

 With regard 

to all the results presented in part 5.2 of this chapter it can be concluded that HTc-Cu-V and 

HTc-Zn-Cu-V act to a significant degree as a dispenser of the catalytically active 

homogeneous species that are continuously released. These leached species deactivate over 

time either through agglomeration or a resting state of the catalyst. 

5.3. Reaction kinetics and reaction pathways 

 

To gain a better understanding of the reactivity and selectivity of both the homogenous 

reaction system with V(acac)3/Cu(NO3)2·3H2O and the hydrotalcite-like catalysts a series of 

kinetics were conducted. All the kinetics presented in part 5.3 were performed at a reaction 
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temperature of 135 °C and 5 bar of dioxygen pressure. Figure II.8 and Figure II.9 show the 

kinetics of V(acac)3/Cu(NO3)2·3H2O with a catalyst loading of 20 mol% and 10 mol%, 

respectively. The activity with regard to the conversion of 3aE was almost identical, 

demonstrating that a higher catalyst loading did not lead to a faster conversion. Ketone 12a 

was initially formed in 26% yield under both reaction conditions after a reaction time of 2 h 

and was then consumed over time. The yield for aldehyde 5 remained more or less constant 

between the reaction times of 2 h to 17 h, but with 10 mol% V(acac)3/Cu(NO3)2·3H2O the 

yields were in average 5% higher than those obtained with 20 mol% 

V(acac)3/Cu(NO3)2·3H2O. After a reaction time of 17 h veratric acid (17) was obtained in 

54% yield independently of the catalyst loading (10 mol% or 20 mol%). In both cases the 

yield for acid 17 had reached a plateau at the end of the reaction. 

 

Figure II.8. Reaction kinetics for 3aE using 20 mol% of V(acac)3/Cu(NO3)2·3H2O. 
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Figure II.9. Reaction kinetics for 3aE using 10 mol% of V(acac)3/Cu(NO3)2·3H2O. 

For the kinetics with 5 mol% V(acac)3/Cu(NO3)2·3H2O the yields after 0.5 h and 1.0 h were 

determined in order to calculate the rate constant for the initial 4 h (Figure II.10). After 

making the approximation that the degradation of 3aE followed a first order decay, the 

formula for integrated first order kinetics was used: 

 ln[𝐴]𝑡 = −𝑘𝑡 + ln[𝐴]0 

The rate constant –k was obtained after plotting ln([A]t/[A]0) versus the reaction time t (Figure 

II.11). Accordingly, the rate constant k for the degradation of dilignol 3aE within the first 4 h 

was 0.53 h
-1

. Despite the high rate constant a reaction time of 20 h was needed to reach full 

conversion. The yield for acid 17 during that time increased almost linearly with a yield of 

62% after 20 h. Compared to 10 mol% and 20 mol% V(acac)3/Cu(NO3)2·3H2O, the yield for 

acid 17 was slightly higher after 17 h with 56%. The yield for aldehyde 5 after 17 h was 

almost identical for 5 mol% and 10 mol% V(acac)3/Cu(NO3)2·3H2O with 31% and 30%, 

respectively.  
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Figure II.10. Reaction kinetics for 3aE using 5 mol% of V(acac)3/Cu(NO3)2·3H2O. 

 

Figure II.11. Rate constant –k for the first 4 h with 5 mol% of V(acac)3/Cu(NO3)2·3H2O. 

In part 5.2 of this chapter it was mentioned that V(acac)3/Cu(NO3)2·3H2O was also very 

active with lower catalyst loadings. 3aE was converted to 97% with 2.5 mol% 

V(acac)3/Cu(NO3)2·3H2O after 17 h. This conversion was identical to the one with 2.5 mol% 

V(acac)3 and 1.0 mol% Cu(NO3)2·3H2O after the same reaction time. However, a difference 

in selectivity was observed between these two reaction conditions. As previously reported 

2.5 mol% V(acac)3 and 1.0 mol% Cu(NO3)2·3H2O afforded veratric acid (17) and 

veratraldehyde (5) in 39% and 26% yield, respectively. 2.5 mol% of V(acac)3/Cu(NO3)2·3H2O 

furnished acid 17 in 53% and aldehyde 5 in 35% yield (Figure II.12). Despite the low activity 

of Cu(NO3)2·3H2O by itself (see Figure II.15), increasing its loading from 1.0 mol% to 

2.5 mol% helped raise the selectivity towards the cleavage products veratric acid (17) and 
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veratraldehyde (5) from 67% to 91%. The rate constant k for the degradation of dilignol 3aE 

within the first 4 h was 0.45 h
-1

 and therefore slightly lower than with a catalyst loading of 

5 mol%.  

 

Figure II.12. Reaction kinetics for 3aE using 2.5 mol% of V(acac)3/Cu(NO3)2·3H2O. 

To extend the scope of the kinetic investigation the initial kinetics and rate constants for 

5.0 mol% and 2.5 mol% of V(acac)3 were determined (Figure II.13 and Figure II.14). Table 

II.32 summarizes the rate constants for all homogeneous reaction systems. The rate constant 

for the degradation of 3aE within the first 4 h with 5 mol% V(acac)3 was 0.40 h
-1

 and 

therefore lower than with 2.5 mol% V(acac)3/Cu(NO3)2·3H2O. These observations were a 

little surprising considering that vanadium is primarily responsible for the catalytic activity 

when evaluating the two metals individually. A combined effect of V(acac)3 together with 

Cu(NO3)2·3H2O appears to occur which leads to a noticeably higher rate constant than what 

the sum of the individual rate constant for V(acac)3 and Cu(NO3)2·3H2O would suggest. 

Accordingly, the rate constant with 2.5 mol% V(acac)3 during the first 4 h of the reaction was 

0.32 h
-1

 and therefore lower than with 2.5 mol% V(acac)3/Cu(NO3)2·3H2O. The yield for acid 

17 after 17 h with 5 mol% V(acac)3 was the same as for 5 mol% V(acac)3/Cu(NO3)2·3H2O 

with 56%. Again the yields for aldehyde 5 differed more strongly from each other with 17% 

and 31%, respectively. When employing 2.5 mol% V(acac)3 the yields for acid 17 and 

aldehyde 5 after 17 h were 39% and 15% which were both lower than with 2.5 mol% 

V(acac)3/Cu(NO3)2·3H2O.  

Table II.32: Rate constants k for the degradation of 3aE within the first 4 h of reaction.
[a] 

V(acac)3 [mol%] Cu(NO3)2·3H2O [mol%]
 

rate constant k [h
-1

]
 

5.0 5.0 0.53
 

2.5 2.5 0.45 
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5.0 - 0.40 

2.5 - 0.32
 

- 5.0 0.01
 

[a] Reaction conditions: 3aE (0.25 mmol), V(acac)3, Cu(NO3)2·3H2O, pyridine 

(1.25 mL), O2 (5 bar), 135 °C, 600 rpm. 

 

Figure II.13. Reaction kinetics for 3aE using 5 mol% of V(acac)3. 

 

Figure II.14. Reaction kinetics for 3aE using 2.5 mol% of V(acac)3. 

For a final comparison the initial kinetics and rate constants for 5 mol% Cu(NO3)2·3H2O were 

determined. As alluded to earlier Cu(NO3)2·3H2O was not very active by itself. In order to 

provide a comparison with the previously described reaction systems the rate constant within 
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the first 4 h of the reaction was calculated for first order kinetics, obtaining a value of 0.01 h
-1

. 

Realistically, however, the reaction of Cu(NO3)2·3H2O follows zero order kinetics. After 17 h 

only 21% of 3aE had been converted. Aldehyde 5 and acid 17 were both obtained in 4% 

yield. 

 

Figure II.15. Reaction kinetics for 3aE using 5 mol% Cu(NO3)2·3H2O. 

To also gain a better understanding of the HTc-Cu-V catalyzed reaction system kinetic studies 

were performed for both dilignol 3aE and ketone 12a. In both kinetic studies 20 wt% of  

HTc-Cu-V were employed with 5 bar of dioxygen pressure at a reaction temperature of 

135 °C. The obtained yields and rate constants cannot be compared in a direct manner with 

the previous kinetic investigations because they were performed in 20 mL steel autoclaves 

instead of 25 mL glass autoclaves. The smaller reactor volume led to slightly higher pressures 

during the reaction which is why the reactions in the steel autoclave proceeded marginally 

faster than in the glass autoclave. The general trend, however, is very much comparable.  



II. Results and Discussion 

 

73 
 

 

Figure II.16. Reaction kinetics for 3aE using 20 wt% HTc-Cu-V in a steel autoclave. 

Figure II.16 shows the kinetics for dilignol 3aE. Within the first 2 h of the reaction with  

HTc-Cu-V the conversion of 3aE proceeded markedly slower than with all the homogeneous 

reaction systems apart from Cu(NO3)2·3H2O. Accordingly, the initial rate constant within the 

first 2 h of the reaction is quite low with 0.26 h
-1

. But when taking into account the first 4 h of 

the reaction, the rate constant doubles to 0.52 h
-1

. In part 5.2 it was shown that a continuous 

release of homogeneous copper species and a fast initial leaching of homogeneous vanadium 

species by HTc-Cu-V occurred. The increase in the rate constant from 2 h to 4 h can therefore 

most likely be attributed to the catalytic activity of the leached homogeneous copper and 

vanadium species that are then present in sufficient concentration in the reaction solution to 

significantly accelerate the progression of the reaction. The early reactivity within the first 2 h 

probably stems from the heterogeneous catalyst that is less active than the homogeneous 

species. 

The evolution of the reaction products over time was very similar to the homogeneous 

systems. Ketone 12a was formed at the beginning of the reaction reaching its maximum yield 

after 4 h in 24% yield. After reaching its maximum, 12a was slowly consumed over the 

course of the reaction. Aldehyde 5 also had an early maximum after 2 h with 20%. Between a 

reaction time of 4 h and 14 h the yield remained almost constant around 10% before 

decreasing at the very end. The yield for acid 17 increased more or less linearly during the 

entire reaction similar to the kinetics with 5 mol% V(acac)3/Cu(NO3)2·3H2O. The 83% yield 

of acid 17 after 17 h is most likely an outlier as the HPLC yields for veratric acid with yields 

higher than 50% were subject to a greater variance than with other products. The general 

credibility of the yields determined by HPLC had been previously established in the 

homogeneous kinetics where the highest yields for veratric acid were confirmed by yields 

after column chromatography. 

In the kinetics of dilignol 3aE with both the homogeneous catalysts and HTc-Cu-V it was 

seen that ketone 12a was formed initially as a product in over 20% yield before being 
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consumed over longer reaction times. The kinetics for ketone 12a were determined to verify 

whether it acted as an intermediate product that was subsequently cleaved to veratric acid or 

veratraldehyde. Figure II.17 shows that ketone 12a was converted following a first order 

decay. Furthermore, acid 17 was almost exclusively formed as product. The yield for veratric 

acid increased almost linearly before reaching a plateau after 10 h. The yield between 10 h 

and 17 h remained almost constant at about 70%. Aldehyde 5 on the other hand was only 

formed in minute quantities and its yields stayed between 1% and 2% over the entire reaction. 

The initial rate constant within the first 4 h of the reaction was 0.19 h
-1

. The comparison of the 

rate constants shows that the conversion of ketone 12a proceeds markedly slower than the 

conversion of dilignol 3aE. When the conversion of 12a was monitored by 
1
H NMR it was 

seen that only trace amounts of enol ether enone 15 were formed in this reaction. 

 

Figure II.17. Reaction kinetics for 12a using 20 wt% HTc-Cu-V in a steel autoclave. 

After proving that ketone 12a is a key intermediate in the formation of veratric acid (17) from 

dilignol 3aE it was still of interest to see whether the cleavage products 17 and 5 were also 

formed from enol ether enone 15, another side product in this reaction. Due to the limited 

stability of enol ether enone 15 at room temperature no kinetic studies were performed with 

this substrate. After preparing it freshly from ketone 12a, enol ether enone 15 was directly 

employed in a reaction on a 1.00 mmol scale with 20 wt% of HTc-Cu-V, 5 bar of dioxygen 

pressure at 135 °C and a reaction time of 17 h (Scheme II.24). Acid 17 was again the main 

product in 40% yield. The transformation of 15 was a bit more sluggish as 17% of 15 were 

reisolated and it proceeded less selectively with two other by-products being observed.  

 

Scheme II.24. Cleavage of 15 with HTc-Cu-V on a 1.00 mmol scale in a steel autoclave. 
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Therefore, aldehyde 5 seems to be formed either directly by C–C bond cleavage from 3aE, or 

through an unknown intermediate directly at the beginning of the reaction. To elucidate to 

what extent the over-oxidation of aldehyde 5 contributed to the yield of acid 17 another 

control experiment was performed (Scheme II.25). On a 1.00 mmol scale veratraldehyd (5) 

was set to react under the standard reaction condition with HTc-Cu-V as catalyst. After 17 h 

veratric acid (17) was isolated in 27% yield. This result confirms that over oxidation of 

aldehyde 5 to acid 17 indeed occurs but proceeds slowly.  

 

Scheme II.25. Oxidation of 5 with HTc-Cu-V on a 1.00 mmol scale in a glass autoclave. 

The final mechanistic studies of this chapter investigated the influence when monolignol 11, 

lacking the primary hydroxyl group (Scheme II.26) or dilignol 3bE, containing a phenolic 

moiety, were employed as substrates (Scheme II.27).  

 

Scheme II.26. Cleavage of monolignol 11 with HTc-Zn-Cu-V. 

Under the standard reaction conditions monolignol 11 was significantly less reactive. After 

17 h a product factor of only 15 was obtained (determined by 
1
H-NMR) and the 

corresponding ketone 10a was the main product while almost no cleavage products were 

observed. This implies that the primary hydroxyl group is very important for the different 

oxidation and cleavage pathways. However, since the structural motif of the monolignol 11 is 

not present in natural lignin it does not represent a limitation for applications in the natural 

polymer. 

 

Scheme II.27. Cleavage of dilignol 3bE with HTc-Cu-V. 

When dilignol 3bE was utilized as starting material with HTc-Cu-V as catalyst, after 3 h 

complete conversion was already achieved. The reaction, however, was far less selective 

leading to a large mixture of different products. Therefore in future applications lignin sources 

should be used with a lower content of phenolic moieties. 
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5.4. Lignin cleavage studies 

 

After studying model based systems it was investigated whether these results would translate 

to extracted lignin sources. In the lignin cleavage studies two different organosolv beech 

lignin and two different kraft lignin sources were utilized. The first organosolv beech lignin 

(MPI lignin) had been extracted from beech wood chips at the MPI für Kohlenforschung, 

Mülheim a.d.R., Germany, by Stiefel and Roth (both Aachener Verfahrenstechnik) using an 

organosolv process with ethanol/water = 50/50 without the addition of an acid catalyst. The 

second organosolv beech lignin (HH lignin) was also extracted from beech wood chips using 

an organosolv process with ethanol/water = 50/50 without the addition of an acid catalyst and 

was supplied by Puls from the Institut für Holztechnologie und Holzbiologie, Hamburg, 

Germany. Both kraft lignin #471003 and kraft lignin #370959 were purchased from Sigma 

Aldrich. 

The initial optimization experiments were performed with MPI and HH lignin. The cleavage 

of the characteristic bonds within lignin was monitored by HSQC 2D-NMR. The signals for 

the different lignin linkages were assigned with the help of an article by Sun and co-

workers.
[74]

 Using 100 mg of the corresponding lignin source the reactions were performed at 

135 °C with 5 bar of dioxygen pressure in 1.5 mL deuterated pyridine and 20 wt%  

HTc-Zn-Cu-V for 14 h. In both MPI lignin and HH lignin over 90% of the -O-4 linkages 

were degraded.  

 

Figure II.18. Mass distribution of HH lignin before (red) and after 14 h with 20 wt% of HTc-Zn-Cu-V 

(green). 

GPC measurements revealed that despite the significant degradation of the -O-4 linkages the 

mass maximum actually shifted to slightly higher masses. Figure II.18 presents the mass 

distribution of HH lignin. In red is shown the mass distribution before the reaction and in 

green after the reaction. In all the GPC measurements discussed in this dissertation the 

detector response of the RI-detector was used. The GPC elugrams were recorded with 0.1 M 

hydrogen phosphate dibasic (Na2HPO4) and 0.5 g polyethylene glycol 6000 (PEG) at a pH of 
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12 in HPLC grade water as eluent because it provided a significantly better solubility of all 

product fractions than any standard organic solvent. The external calibrations for the mass 

distributions were performed with polystyrenesulfonate standards. These external calibrations 

are always subject to a certain mass deviation because even the more branched 

polystyrenesulfonate standards cannot provide an entirely exact mass for the very 

heterogeneous lignin polymers. 

After these initial results the amount of pyridine for the 100 mg lignin reactions was increased 

from 1.5 mL to 4.5 mL ensuring a better solubilization of the lignin sources. Furthermore the 

dioxygen pressure was increased to 10 bar and the reaction time extended to 40 h. The HSQC 

spectra for MPI lignin, HH lignin and kraft lignin #370959 displaying the chemicals shifts for 

the characteristic ether and alcohol bonds are shown in Figure II.19 to Figure II.21. 

 

Figure II.19. Comparison of MPI lignin before (left) and after the reaction with HTc-Cu-V as catalyst after 

40 h (right). 
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Figure II.20. Comparison of HH lignin before (left) and after the reaction with HTc-Cu-V as catalyst after 

40 h (right). 

 

Figure II.21. Comparison of kraft lignin #370959 before (left) and after the reaction with HTc-Cu-V as 

catalyst after 40 h (right). 

In all three lignin sources the characteristic signals for the -O-4 and the protected -O-4 

linkages as well as the resinol structures and p-hydroxycinnamyl alcohols had disappeared 

after the reaction meaning that all of these linkages had been completely degraded. The 

cleavage of the resinol structure in its entirety is of special note because the here described 

transition metal catalysts are the first to achieve this with dioxygen as oxidant. Studies by 

Kleine et al. and Westwood and co-workers have shown that the resinol structures are a more 
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prominent linkage in pretreated lignin sources than previously assumed.
[75,76]

 The HSQC of 

kraft lignin #471003 is not shown because it does not contain any -O-4 linkages to begin 

with due the harsher pretreatment conditions. To see whether the degradation of these 

prominent lignin bonds also led to depolymerization, further GPC measurements were 

conducted. 

The GPC measurements for MPI lignin, HH lignin, kraft lignin #370959 and kraft lignin 

#471003 revealed that with a dioxygen pressure of 10 bar and a reaction time of 40 h 

significant depolymerization had occurred. In red are again shown the mass distribution 

before the reaction and in green the mass distribution after the reaction. For HH lignin the 

mass maximum shifted from around 1400 Da to about 300 Da (Figure II.22). This mass 

corresponds to dimer sized products. To a minor degree also the formation of products with a 

mass of 4000 Da to 6000 Da was observed. However, if these were indeed polymerization 

products or just agglomerates of lower mass products could not be answered with final 

certainty. 

 

Figure II.22. Mass distribution of HH lignin before (red) and after 40 h with HTc-Cu-V (green). 

The same kind of depolymerization behavior was observed for the other three lignin sources 

independently of whether they had been extracted by an organosolv or kraft process (Figure 

II.23 to Figure II.25). This is noteworthy because especially in kraft lignin significant 

amounts of impurities are present that frequently have a detrimental effect on transition metal 

catalysts. The mass maxima that are discussed in the following always refer to the mass 

maximum of the actual polymer. Due to the pretreatment MPI lignin and kraft lignin #471003 

already contained some lower mass fractions. In all the lignin samples the mass maximum 

shifted from 1200 Da and 1500 Da to about 300 Da or lower. For kraft lignin #471003 these 

results are especially striking because no -O-4 linkages had been observed in the HSQC. 

Which kind of bonds had been cleaved in kraft lignin #471003 could unfortunately not be 

assigned. For the other three lignin sources 75% to 86% of the original mass could be isolated 

as products after the reaction. Due to the poor solubility of kraft lignin #471003 in pyridine 

only 30% of its original mass was isolated as products. 
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Figure II.23. Mass distribution of MPI lignin before (red) and after 40 h with HTc-Cu-V (green). 

 

Figure II.24. Mass distribution of kraft lignin #370959 before (red) and after 40 h with HTc-Cu-V (green). 
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Figure II.25. Mass distribution of kraft lignin #471003 before (red) and after 40 h with HTc-Cu-V (green). 

 

Figure II.26. Mass distribution of MPI lignin before (red) and after 40 h reaction without catalyst (green). 

To validate the importance of the catalyst for the depolymerization a control experiment was 

conducted without catalyst (Figure II.26). The omission of the catalyst enhanced the 

formation of higher mass products with the mass maximum shifting to about 4000 Da.  

Elemental analysis of the reaction products from MPI lignin, HH lignin and kraft lignin 

#370959 showed a decrease in the carbon and the hydrogen content when compared to the 

starting material, indicating the formation of higher oxidized products. The 
13

C NMR of MPI 

lignin exhibited two distinct signals at 173.5 ppm and 164.0 ppm that most likely belong to 

carbonyl carbons of carboxylic acids (Figure II.27). This and the results of the previous model 

compound studies support the hypothesis that predominantly carboxylic acids were formed as 

products. 
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Figure II.27. 
13

C NMR spectrum of MPI lignin after 40 h with HTc-Cu-V as catalyst. 

 

Figure II.28. MALDI spectrum of kraft lignin #370959 with matrix. 
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Figure II.29. MALDI spectrum of kraft lignin #370959 with matrix after 40 h with HTc-Cu-V. 

To further validate the depolymerization of lignin with a second analytical method MALDI 

measurements were conducted of lignin before and after the reaction. Figure II.28 shows the 

MALDI spectrum of kraft lignin #370959 and Figure II.29 the MALDI spectrum of kraft 

lignin #370959 after 40 h reaction with HTc-Cu-V as catalyst. Both spectra include signals of 

the matrix in which they were measured which is why masses of 300 Da and below are 

disregarded in this discussion due to the potential overlap of signals. Before the reaction kraft 

lignin #370959 had a mass of 1000 Da to 2500 Da. After the reaction only products with a 

mass between 300 Da and 700 Da were observed. Products with masses of 4000 Da to 

6000 Da were not detected. This result does not exclude their formation because the employed 

MALDI method becomes less and less precise for molecules with masses higher than 

3000 Da. Similar results were also obtained for MPI lignin with HTc-Cu-V as catalyst, 

confirming the previous results (the corresponding spectra are shown in the experimental 

part). 

Next, it was investigated whether V(acac)3/Cu(NO3)2·3H2O would also display similar 

reactivity in the cleavage of lignin as HTc-Cu-V. In the lignin cleavage reactions 5 wt% of 

V(acac)3 and 5 wt% of Cu(NO3)2·3H2O were used with 10 bar of dioxygen at 135 °C for 40 h. 

In accordance to the previous results with HTc-Cu-V the HSQC of MPI lignin after the 

reaction revealed that all the -O-4 and the protected -O-4 linkages as well as the resinol 

structures and p-hydroxycinnamyl alcohols had been degraded (Figure II.30). GPC 

measurements of MPI lignin after the reaction showed the depolymerization of lignin to lower 

masses (Figure II.31). This depolymerization was once more reconfirmed by MALDI 
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measurements of MPI lignin before and after the reaction (Figure II.32 and Figure II.33). 

Before the reaction MPI lignin had a mass of 1000 Da to 3000 Da. After the reaction almost 

exclusively products of 300 Da to 800 Da were detected. 

 

Figure II.30. Comparison of MPI lignin before (left) and after 40 h reaction with V(acac)3/Cu(NO3)2·3H2O 

as catalyst (right). 

 

Figure II.31. Mass distribution of MPI lignin before (red) and after 40 h reaction with 

V(acac)3/Cu(NO3)2·3H2O as catalyst (green). 
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Figure II.32. MALDI spectrum of MPI lignin with matrix. 

 

Figure II.33. MALDI spectrum of MPI lignin with matrix after 40 h reaction with 

V(acac)3/Cu(NO3)2·3H2O. 
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In summary, both copper- and vanadium-containing hydrotalcite-like catalysts (HTc-Cu-V 

and HTc-Zn-Cu-V) and V(acac)3/Cu(NO3)2·3H2O displayed high activity and good selectivity 

for the oxidative cleavage of -O-4 lignin model compound erythro dilignol 3aE. The catalyst 

recyclability and stability of copper- and vanadium-containing hydrotalcite-like catalysts was 

investigated in detail and kinetic investigations for both V(acac)3/Cu(NO3)2·3H2O and HTc-

Cu-V were conducted revealing a combined effect of copper together with vanadium 

enhancing the catalytic activity and selectivity. Studies with two different organosolv lignin 

and two kraft lignin sources showcased that both catalytic systems cleaved all of the -O-4 

and the protected -O-4 linkages as well as the resinol structures and p-hydroxycinnamyl 

alcohols present in lignin, leading to dimer and trimer sized products. 
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III. Summary and Outlook  

1. Summary 

 

Experimental results that were obtained with H2Ru(CO)(PPh3)3 as catalyst for the cleavage of 

monolignol 11 were not be discussed in this dissertation but have been published before.
[34]

 

1.1. Synthesis of diastereomerically pure 1,3-dilignol -O-4 model compounds 

 

In collaboration with Buendia an improved protocol for the synthesis of diastereomerically 

pure 1,3-dilignol -O-4 model compounds was developed.
[50]

 Starting from commercially 

available tert-butyl bromoacetate and phenol derivatives the corresponding erythro and threo 

1,3-dilignols were obtained in good overall yields in three synthetic steps (Scheme III.1). The 

key step of this synthesis is the 1,2-addition of a tert-butyl aryloxy ester to a benzaldehyde 

derivative which afforded in most cases a 1:1 mixture of the corresponding erythro and threo 

-hydroxy esters in very good to excellent yields. This mixture of diastereomers could 

completely be separated from each other by column chromatography which had been one of 

the main challenges in previous protocols. 

 

Scheme III.1. Synthesis of diastereomerically pure 1,3-dilignols. 

Furthermore, a protocol is described which enables the synthesis of erythro 1,3-dilignol 3aE 

on a large scale in a convenient manner (Scheme III.3).  
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Scheme III.2. Protocol for the large-scale synthesis of erythro 1,3-dilignol 3aE. 

1.2. Oxidative cleavage of lignin model compounds with nonheme iron complexes 

 

Nonheme iron catalysts were screened for the cleavage of erythro 1,3-dilignol 3aE. Under the 

optimized reaction conditions 78% conversion of 3aE was achieved after a reaction time of 

3 h (Scheme III.3). However, the individual yields for the identified oxidation and cleavage 

products, ketone 12a, aldehyde 5 and enol ether enone 15 were below 5%. 

 

Scheme III.3. Optimized reaction conditions for the degradation of 3aE with a nonheme iron catalyst. 

1.3. Oxidative cleavage of lignin model compounds with FeCl3-derived iron complexes 

 

FeCl3-derived iron catalysts were utilized for the cleavage of erythro 1,3-dilignol 3aE. Under 

the optimized reaction conditions the cleavage products 2-methoxyphenol and veratraldehyde 

were obtained in 42% and 35% yield, respectively (Scheme III.4). The reaction likely 

involves the formation of methyl radicals that are generated from DMSO and H2O2.  
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Scheme III.4. Optimized reaction conditions for the {Fe-DABCO} catalyzed cleavage of 3aE. 

1.4. Oxidative cleavage of lignin model compounds with supported gold catalysts 

 

Gold nanoparticles, supported on CeO2, HTc, MgO, ZrO2 or TiO2, were studied in the 

oxidative cleavage of lignin model compound erythro 1,3-dilignol 3aE. The most active 

catalyst, in which the catalytic activity stemmed from the gold nanoparticles and not from the 

support or the solvent, was 1-phenylethanol reduced Au/HTc in toluene (Scheme III.5).  

 

Scheme III.5. 1-Phenylethanol reduced Au/HTc catalyzed cleavage of 3aE. 

Veratric acid (17) and ketone 12a were the main products in 23% and 22% yield. 

Veratraldehyde (5) and enol ether enone 15 were obtained as side products in 11% and 6% 

yield, respectively. The most active reaction system was with Au/HTc in dimethyl carbonate 

(DMC). The catalytic activity, however, did not originate from the gold nanoparticles and no 

dioxygen pressure was needed. With HTc as base catalyst complete conversion was achieved 

after 2 h (Scheme III.6). 

 

Scheme III.6. Base catalyzed cleavage of 3aE with HTc. 
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1.5. Oxidative cleavage of lignin with hydrotalcite-like catalysts  

 

Transition metal-containing hydrotalcite-like catalysts were employed in the cleavage of 

lignin model compounds and different lignin sources. Copper-vanadium and  

copper-vanadium-zinc hydrotalcite-like catalysts (HTc-Cu-V and HTc-Zn-Cu-V) in pyridine 

showed high activity and good selectivity for the cleavage of erythro 1,3-dilignol 3aE 

(Scheme III.7). Veratric acid (17) was the main product in 64% and veratraldehyde (5) was 

obtained in 8% yield.  

 

Scheme III.7. HTc-Cu-V catalyzed cleavage of 3aE. 

Catalyst recycling experiments, leaching tests, reaction kinetics and EPR experiments of 

leached copper and vanadium revealed that copper-vanadium-containing hydrotalcite-like 

catalysts act to a significant degree as dispenser of the catalytically active homogeneous 

species that are continuously released. These leached species deactivate over time either 

through agglomeration or a resting state of the catalyst. 

Lignin cleavage studies with different organosolv and kraft lignin sources showed that  

HTc-Cu-V completely degraded the -O-4 and the protected -O-4 linkages, as well as the 

resinol structures and p-hydroxycinnamyl alcohol motifs present in the lignin sources (Figure 

III.1). Furthermore, the different lignin sources were degraded to dimer and trimer size 

products (Figure III.2). HTc-Cu-V was catalytically active independently of the lignin 

pretreatment conditions employed. 
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Figure III.1. HSQC of HH lignin before (left) and after the reaction with HTc-Cu-V as catalyst (right). 

 

Figure III.2. Mass distribution of HH lignin before (red) and after the reaction with HTc-Cu-V (green). 

1.6. Oxidative cleavage of lignin with V(acac)3/Cu(NO3)2·3H2O  

 

During the leaching experiments conducted with HTc-Cu-V, V(acac)3 and Cu(NO3)2·3H2O 

were tested as homogeneous vanadium and copper sources. V(acac)3/Cu(NO3)2·3H2O showed 

high activity and good selectivity for the cleavage of erythro 1,3-dilignol 3aE (Scheme III.8). 

Veratric acid (17) was the main product in 62% yield and veratraldehyde (5) was obtained in 

25% yield. 
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Scheme III.8. V(acac)3/Cu(NO3)2·3H2O catalyzed cleavage of 3aE. 

Studies with MPI lignin showed that V(acac)3/Cu(NO3)2·3H2O displays similar activity as 

HTc-Cu-V for the cleavage of lignin (Figure III.3 and Figure III.4). 

 

Figure III.3. HSQC of MPI lignin before (left) and after reaction with V(acac)3/Cu(NO3)2·3H2O (right). 

 

Figure III.4. Mass distribution of MPI lignin before (red) and after reaction with V(acac)3/Cu(NO3)2·3H2O 

(green). 
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2. Outlook 

2.1. Oxidative cleavage of lignin model compounds with nonheme iron complexes 

 

Nonheme iron catalysts displayed high activity under mild reaction conditions; nevertheless 

the selectivity was poor for identifiable cleavage products. Varying ligands to improve the 

selectivity has been discussed as one of the options in the previous chapter. Another option to 

potentially increase selectivity could be changing the transition metal from iron to manganese, 

since nonheme manganese complexes have displayed higher and better selectivity for some 

oxidations of aliphatic C-H groups.
[82]

  

2.2. Oxidative cleavage of lignin model compounds with FeCl3-derived iron complexes 

 

After having found the optimized reaction conditions for the cleavage of erythro 1,3-dilignol 

3aE with FeCl3-derived catalysts, the next step is to apply the conditions for different model 

compounds and lignin. Furthermore, possible radical species involved in degradation should 

be characterized. All of these additional studies have been performed by Rinesch. The results 

are presented in the article “Iron-catalysed oxidative cleavage of lignin and -O-4 lignin 

model compounds using peroxides in DMSO” which has been published in the journal Green 

Chemistry and will also be discussed in the dissertation of Rinesch.
[66]

  

2.3. Oxidative cleavage of lignin model compounds with supported gold catalysts 

 

During the studies with various supported gold catalysts it was observed that 1-phenylethanol 

reduced catalysts generally displayed a higher activity than H2 reduced catalysts. Studies that 

elucidate how the reduction method influences the particle size and distribution of gold 

nanoparticles are of interest because they could provide an explanation as to why the  

1-phenylethanol reduced catalysts are more active.  

Another important aspect is catalyst stability. Leaching and catalyst recycling experiments 

should provide insight as to whether the reaction is heterogeneously catalyzed and if the 

catalysts are suitable for multiple reuses. Furthermore, testing air as oxidant at elevated 

pressures is to be considered because it is less dangerous and would permit using higher 

reaction temperatures. To justify all of these additional experiments 1-phenylethanol reduced 

Au/HTc should be applied for the cleavage of extracted lignin to see whether the activity 

translates to the actual polymer. 

The reactions of HTc, NaOH and K2CO3 in dimethyl carbonate for the cleavage of erythro 

1,3-dilignol 3aE demonstrated that base catalyzed cleavage of lignin in dimethyl carbonate 

could potentially be a promising reaction system. Based on these initial findings Dabral 

presents in the article “Base-catalysed cleavage of lignin β-O-4 model compounds in dimethyl 

carbonate”, that has been published in the journal Green Chemistry, a detailed screening of 

reaction conditions, different model substrates and organosolv lignin.
[26]

 Further results on 

this reaction system will be discussed in her dissertation. 
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2.4. Oxidative cleavage of lignin with hydrotalcite-like catalysts and 

V(acac)3/Cu(NO3)2·3H2O 

 

To conclude the model based mechanistic studies, further reactions using substrates where 

different protons or coordination sites are blocked could give insight on how the cleavage 

mechanism proceeds (Scheme III.9). 

 

Scheme III.9. Model compounds for mechanistic studies. 

A general problem in oxidative lignin cleavage, compared to reductive lignin cleavage, is the 

characterization of the cleavage products. 2D GC×GC-MS is able to provide good insight on 

the types of products that are formed in reductive lignin cleavage. The depolymerization 

products in oxidative lignin cleavage, however, are less volatile and therefore need to be 

derivatized before they can be analyzed by GC. To circumvent derivatization it is desirable to 

establish a 2D liquid chromatography methodology. One option is GPC×LC-MS in which the 

products are first separated by size and then by polarity. Another option is HPLC×LC-MS 

with different column interactions. The development of such a methodology would enable a 

better characterization of the products formed in HTc-Cu-V and V(acac)3/Cu(NO3)2·3H2O 

catalyzed lignin cleavage. 
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IV. Experimental Section 

1. General Information 

 

1.1. General 

Starting materials were purchased from commercial suppliers and used without further 

purification. V(acac)3 was supplied either by ABCR, 98%, or Sigma Alrdrich, 97% and 

Cu(NO3)2·3H2O by Merck, 99.5%, or Acros Organics 99%. All catalyzed reactions involving 

hydrotalcite-like catalysts, supported gold catalysts, Cu(NO3)2·3H2O and V(acac)3 were either 

performed in a 51.10201.0000 Büchi “tinyclave steel” type 1/25 mL autoclave, 6 to 20 mL 

glass autoclaves (ITQ) or in a 20 mL steel autoclave. THF, diethyl ether, 1,4-dioxane and 

toluene were dried by distillation over Solvona
®

 (sodium on molecular sieves) in the presence 

of benzophenone and then stored under a nitrogen or argon atmosphere. CH2Cl2 was dried by 

distillation over CaH2 and stored under argon atmosphere. Acetonitrile, pyridine, DMSO and 

DMF were purchased as dry solvents from Acros Organics (AcroSeal
TM

). Flash 

chromatography was performed with Merck silica gel 60 (35-75 mesh). Analytical TLC was 

performed with aluminium sheets silica gel 60 F254 (Merck), and the products were 

visualized by UV detection or a cerium ammonium molybdate stain.  

1.2. NMR 

NMR spectra were recorded on a Varian Mercury 300 (
1
H NMR: 300 MHz, 

13
C NMR: 

75 MHz), Varian Inova 400 (
1
H NMR: 400 MHz, 

13
C NMR: 101 MHz) or Agilent VNMRS 

600 (
1
H NMR: 600 MHz, 

13
C NMR: 151 MHz) spectrometer. Chemical shifts () are given in 

ppm relative to the residual solvent peaks (CDCl3:  = 7.26 ppm, C5D5N:  = 7.19 ppm, 

7.55 ppm and 8.71 ppm, (CD3)2SO:  = 2.50 ppm) as external standard. Spin-spin coupling 

constants (J) are given in Hz. NMR abbreviations are as follows: s (singlet), d (doublet), t 

(triplet), q (quartet), m (multiplet), bs (broad singlet), bd (broad doublet), bt (broad triplet), dd 

(doublet of doublets), td (triplet of doublets), ddd (doublet of doublet of doublets).  

1.3. Mass spectrometry 

Mass spectra were recorded on a Finnigan SSQ 7000 spectrometer (EI) and HRMS on a 

Finnigan MAT 95 spectrometer (ESI). 

1.4. HPLC 

An Agilent Infinity 1260 HPLC apparatus using an Agilent Eclipse XDB-C18 (4.6 mm ID × 

150 mm, 5 µm) column with a H2O/MeOH (60:40) eluent and a flow rate of 1.0 mL/min was 

employed for HPLC measurements. As internal standard 3,4-dimethoxybenzylalcohol in 

methanol, c = 0.2 mol/L, was used. 

1.5. EPR 

EPR measurements were either conducted at 150 K on a Bruker EMX-12 instrument 

operating in X-band at 9.5 GHz, a modulation amplitude of 1 G and a modulation frequency 

of 100 kHz or at 110 K on a X-band Bruker ESP 3220 instrument with a power of 1 mW 

(nonsaturation), a modulation amplitude of 3.8 G and a modulation frequency of 100 kHz. 
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1.6. SEC 

An Agilent 1200er series instrument with an UV detector at 280 nm, a RI detector and three 

100 Å Suprema columns with a particle size of 5 µm (PSS Polymer Service GmbH) was 

employed for size exclusion chromatography (SEC) measurements. The eluent consisted of 

0.1 M hydrogen phosphate dibasic (Na2HPO4) and 0.5 g polyethylene glycol 6000 (PEG) at a 

pH of 12 in HPLC grade water. The elugrams show the detector response of the RI detector.  

1.7. MALDI 

MALDI spectra were measured utilizing a 1 kHz Laser Bruker ultraFlex MALDI-ToF-ToF 

mass spectrometer (Bruker, Bremen, Germany) with pulsed ion extraction (PIE). The polymer 

masses were determined in positive ion linear mode. Both samples and standard were 

dissolved in a 0.1 mol∙L
-1

 sodium hydroxide solution (NaOH, 99.5%, VWR chemicals), 

mixed with the matrix solution at a ratio of 1:5 and applied to a ground steel target by dried 

droplet technique. α-Cyano-4-hydroxycinnamic acid (CCA) in 0.1 mol∙L
-1

 NaOH was used as 

matrix. Mass calibration was performed using narrow distributed poly(ethylene glycol) with a 

mass at the peak of 3020 Da (Polymer Standards Service). The resulting spectra were 

evaluated using the Bruker flexAnalysis software (Version 3.3). 

1.8. ICP-OES 

ICP-OES were either recorded on a Varian 715-ES or a ‘Spektro-Flamme D’ device. The  

ICP-OES samples were either dissolved in a mixture of HF/HNO3/HCl (1/1/3) or HNO3/HCl 

(1/3) before measuring. 

1.9. XRD 

To identify the crystalline phases present in the heterogeneous catalysts, powder X-ray 

diffraction (XRD) was used. A CUBIX de PANalytical equipment with a PANalytical 

X’Celerator detector was utilized. The measurements were performed with a monochromatic 

CuKα1 source operated at 45 kV and 40 mA. 

1.10. Raman 

Raman spectra were recorded at ambient temperature with a 514 nm laser excitation on a 

Renishaw Raman Spectrometer (“in via”) equipped with a CCD detector.  A total of 20 

acquisitions were taken for each spectrum and the laser power on the sample was 25 mW. 
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2. Synthesis of model compounds 

2.1. Synthesis of 1,3-dilignol -O-4 model compounds 

 

The synthesis of diastereomerically pure 1,3-dilignols has been published during the course of 

this dissertation in the article “Preparation of Diastereomerically Pure Dilignol Model 

Compounds” in the journal “Chemistry-A European Journal”.
[50]

 The following synthetic 

protocols closely resemble those given in reference 50 and the spectroscopic data are identical 

to the ones given in reference 50. 

2.1.1 General procedure for the synthesis of the aryloxy esters  

 

A dry and argon-flushed 1 L three-necked flask equipped with a magnetic stirrer, a reflux 

condenser, an argon inlet and a septum was charged with dry K2CO3 (13.82 g, 0.1 mol, 

1.0 eq.), the corresponding phenol derivative (0.1 mol, 1.0 eq.) and acetone (500 mL). The 

mixture was stirred at ambient temperature for 15 min and then cooled to 0 °C. The desired 

bromoacetate derivative (0.1 mol, 1.0 eq.) was added dropwise over 5 min with a syringe and 

the reaction mixture was subsequently stirred at reflux over 8 h. Then, the solution was 

allowed to cool to ambient temperature, and filtered over a pad of celite (washed with 

acetone). The filtrate was evaporated under reduced pressure until almost dryness and diluted 

in diethyl ether (200 mL). The organic phase was washed with an aqueous NaOH solution 

(5% w/w, 3×50 mL), water (50 mL) and brine (50 mL). The organic phase was dried over 

MgSO4, filtered and the solvent removed under reduced pressure. The product was purified by 

column chromatography (pentane/diethyl ether = 2:1).  

Ethyl (2-methoxyphenoxy)acetate  

 

Ethyl (2-methoxyphenoxy)acetate was prepared following the general procedure for aryloxy 

esters and obtained in 90% yield as slightly yellow oil. 

1
H NMR (400 MHz, CDCl3):  = 6.97 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.92–6.82 (m, 3H), 4.67 (s, 

2H), 4.24 (q, J = 7.3 Hz, 2H), 3.86 (s, 3H), 1.27 (t, J = 7.3 Hz, 3H). 

13
C NMR (101 MHz, CDCl3):  = 169.0, 149.7, 147.3, 122.5, 120.7, 114.5, 112.1, 66.6, 61.2, 55.9, 

14.1. 

MS (EI, 70 eV): m/z (%): 211 [M+1]
+
 (15), 210 [M]

+
 (100), 137 (27), 123 (27), 122 (23), 95 (15), 77 

(20). 

HRMS (ESI, 70 eV): m/z calcd for C11H14O4+K
+
: 249.0524 [M+K]

+
; found: 249.0524. 
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tert-Butyl (2-methoxyphenoxy)acetate 

 

The product was synthesized following the general procedure for aryloxy esters yielding the 

title compound in 93% as a white solid. 

m.p.: 62-63 °C.  
1
H NMR (400 MHz, CDCl3):  = 6.89 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.86–6.77 (m, 2H), 6.74 (dd, 

J = 8.0, 1.6 Hz, 1H), 4.51 (s, 2H), 3.81 (s, 3H), 1.40 (s, 9H). 

13
C NMR (101 MHz, CDCl3):  = 167.9, 149.4, 147.3, 122.1, 120.6, 113.8, 112.1, 82.1, 66.6, 55.9, 

28.1 (3C). 

MS (EI, 70 eV): m/z (%): 239 [M+1]
+
 (15), 238 [M]

+
 (100), 183 (19), 182 (67), 138 (15), 137 (32), 

123 (27), 122 (19), 77 (17), 57 (42). 

HRMS (ESI, 70 eV): m/z calcd for C13H18O4+Na
+
: 261.1097 [M+Na]

+
; found: 261.1097. 

tert-Butyl (3,5-dimethoxyphenoxy)acetate 

 

tert-Butyl (3,5-dimethoxyphenoxy)acetate was prepared following the general procedure for 

aryloxy esters and obtained in 93% yield as a colorless oil. 

1
H NMR (400 MHz, CDCl3):  = 6.11 (dd, J = 1.6, 1.6 Hz, 1H), 6.08 (d, J = 1.6 Hz, 2H), 4.46 (s, 

2H), 3.75 (s, 6H), 1.49 (s, 9H). 

13
C NMR (101 MHz, CDCl3):  = 167.8, 161.4 (2C), 159.7, 93.8, 93.4 (2C), 82.3, 65.6, 55.3 (2C), 

28.0 (3C). 

MS (EI, 70 eV): m/z (%): 269 [M+1]
+
 (24), 268 [M]

+
 (100), 213 (17), 212 (59), 195 (10), 167 (23), 

139 (15), 137 (13), 57 (24). 

HRMS (ESI, 70 eV): m/z calcd for C14H20O5+K
+
: 307.0942 [M+K]

+
; found: 307.0942. 

 

2.1.2 General procedure for the synthesis of the -hydroxy esters 

 

A dry and argon flushed 250 mL three-necked flask equipped with a magnetic stirrer, an argon 

inlet, a septum and a dropping funnel was charged with dry THF (25 mL) and cooled to 

−78 °C. Diisopropylamine (1.315 g, 13 mmol, 1.3 eq.) and n-butyllithium in hexane 

(6.88 mL, 1.6 M, 11 mmol, 1.1 eq.) were added and the mixture was stirred for 1 h. The 
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corresponding aryloxy ester (10 mmol, 1.0 eq.), dissolved in dry THF (25 mL), was added 

dropwise to the mixture at −78 °C within 1 h and stirred for another 15 min. Afterwards the 

desired benzaldehyde derivative (10.05 mmol, 1.05 eq.), dissolved in dry THF (25 mL), was 

added dropwise over 30 min at −78 °C. The mixture was stirred at −78 °C for 90 min and then 

warmed to 0 °C. Distilled water (60 mL) was added and the aqueous phase was extracted with 

ethyl acetate (3×80 mL). The combined organic phases were washed with 1 M HCl (80 mL), 

distilled water (80 mL) and brine (80 mL). After drying over MgSO4 and filtration, the solvent 

was evaporated under reduced pressure. The products were purified by column 

chromatography (pentane/ethyl acetate = 5:1 to 1:1). 

tert-Butyl 3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate 

 

tert-Butyl 3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate was 

synthesized following the general procedure for the synthesis of the -hydroxy esters with  

tert-butyl (2-methoxyphenoxy)acetate and 3,4-dimethoxybenzaldehyde as starting materials. 

After column chromatography the erythro diastereomer was obtained in 46% yield as a white 

solid and the threo diastereomer in 44% yield as colorless syrup. 

erythro: 

m.p.: 103-104 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.12 (d, J = 8.0 Hz, 1H), 7.04–6.98 (m, 2H), 6.95 (dd, J = 8.0, 

1.6 Hz, 1H), 6.91 (dd, J = 8.0, 1.6 Hz, 1H), 6.88–6.82 (m, 2H), 5.12 (dd, J = 6.0, 4.7 Hz, 1H), 4.68 (d, 

J = 4.7 Hz, 1H), 3.89 (s, 3H), 3.87 (s, 3H), 3.87 (s, 3H), 3.71 (d, J = 6.0 Hz, 1H), 1.32 (s, 9H). 

13
C NMR (101 MHz, CDCl3):  = 168.1, 150.5, 148.7, 148.6, 147.4, 131.8, 123.6, 121.0, 119.6, 

118.5, 112.3, 110.6, 110.4, 83.8, 82.3, 73.8, 55.9, 55.8, 55.8, 27.8 (3C). 

MS (EI, 70 eV): m/z (%): 404 [M]
+
 (10), 387 (20), 331 (27), 238 (37), 182 (66), 179 (15), 167 (100), 

151 (13), 139 (27), 137 (23), 108 (15), 57 (27). 

HRMS (ESI, 70 eV): m/z calcd for C22H28O7+Na
+
: 427.1727 [M+Na]

+
; found: 427.1728. 

threo: 
1
H NMR (300 MHz, CDCl3):  = 7.05–6.98 (m, 2H), 6.97–6.89 (m, 3H), 6.86 (dd, J = 8.0, 1.6 Hz, 

1H), 6.81 (d, J = 8.0 Hz, 1H), 5.00 (dd, J = 7.7, 2.7 Hz, 1H), 4.39 (d, J = 7.7 Hz, 1H), 3.92 (d, 

J = 2.7 Hz, 1H), 3.87 (s, 3H), 3.86 (s, 3H), 3.86 (s, 3H), 1.25 (s, 9H). 

13
C NMR (75 MHz, CDCl3):  = 168.3, 150.4, 149.1, 148.9, 147.5, 130.6, 123.7, 121.0, 120.2, 118.2, 

112.2, 110.7, 110.4, 85.9, 82.1, 74.9, 55.9, 55.8 (2C), 27.7 (3C). 

MS (EI, 70 eV): m/z (%): 404 [M]
+
 (12), 387 (25), 331 (29), 238 (35), 182 (73), 179 (17), 167 (100), 

151 (15), 139 (28), 137 (23), 124 (10), 108 (15), 57 (27). 

HRMS (ESI, 70 eV): m/z calcd for C22H28O7+K
+
: 443.1467 [M+K]

+
; found: 443.1468. 
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tert-Butyl 3-(4-benzyloxy-3-methoxyphenyl)-3-hydroxy-2-(2-

methoxyphenoxy)propanoate 

 

The title compound was synthesized employing the general procedure for the synthesis of the  

-hydroxy esters with tert-butyl (2-methoxyphenoxy)acetate and  

4-(benzyloxy)-3-methoxybenzaldehyde as starting materials. After column chromatography 

the erythro diastereomer was obtained in 46% yield as a white solid and the threo 

diastereomer in 38% yield as slightly yellow syrup. 

erythro: 

m.p.: 107-108 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.37–7.33 (m, 2H), 7.27 (tt, J = 8.0, 1.6 Hz, 2H), 7.23–7.18 (m, 

1H), 7.06 (d, J = 1.6 Hz, 1H), 6.93 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.88–6.84 (m, 2H), 6.83 (dd, 

J = 8.0, 1.6 Hz, 1H), 6.80–6.75 (m, 2H), 5.08 (s, 2H), 5.03 (bt, J = 5.2 Hz, 1H), 4.60 (d, J = 4.7 Hz, 

1H), 3.82 (s, 3H), 3.77 (s, 3H), 3.65 (d, J = 6.0 Hz, 1H), 1.21 (s, 9H). 

13
C NMR (75 MHz, CDCl3):  = 168.4, 150.7, 149.5, 147.9, 147.6, 137.4, 132.6, 128.7 (2C), 128.0, 

127.4 (2C), 123.9, 121.4, 119.7, 118.7, 113.7, 112.5, 111.1, 84.0, 82.5, 74.0, 71.1, 56.1, 56.1, 28.1 

(3C). 

MS (EI, 70 eV): m/z (%): 480 [M]
+
 (7), 463 (10), 407 (12), 299 (11), 255 (17), 244 (48), 243 (91), 

239 (13), 238 (59), 183 (28), 182 (99), 151 (23), 137 (41), 124 (14), 123 (15), 108 (18), 92 (11), 91 

(100), 57 (19). 

HRMS (ESI, 70 eV): m/z calcd for C28H32O7+Na
+
: 503.2040 [M+Na]

+
; found: 503.2042. 

threo: 
1
H NMR (300 MHz, CDCl3):  = 7.37–7.32 (m, 2H), 7.30–7.24 (m, 2H), 7.24–7.17 (m, 1H), 6.99–

6.92 (m, 2H), 6.87–6.82 (m, 2H), 6.82–6.76 (m, 2H), 6.75 (d, J = 8.0 Hz, 1H), 5.09 (s, 2H), 4.92 (dd, 

J = 7.7, 2.7 Hz, 1H), 4.31 (d, J = 7.7 Hz, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 3.77 (d, J = 2.7 Hz, 1H), 1.14 

(s, 9H). 

13
C NMR (75 MHz, CDCl3):  = 168.3, 150.4, 149.6, 148.1, 147.5, 137.1, 131.1, 128.5 (2C), 127.8, 

127.2 (2C), 123.8, 121.0, 120.1, 118.3, 113.7, 112.2, 111.0, 85.9, 82.1, 75.0, 70.9, 56.0, 55.8, 27.7 

(3C). 

MS (EI, 70 eV): m/z (%): 480 [M]
+
 (1), 244 (21), 243 (80), 238 (26), 183 (12), 182 (86), 151 (12), 

137 (21), 124 (10), 108 (11), 91 (100), 57 (17). 

HRMS (ESI, 70 eV): m/z calcd for C28H32O7+Na
+
: 503.2040 [M+Na]

+
; found: 503.2039. 
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tert-Butyl 3-hydroxy-2-(2-methoxyphenoxy)-3-(2,4,6-trimethoxyphenyl)propanoate 

 

tert-Butyl 3-hydroxy-2-(2-methoxyphenoxy)-3-(2,4,6-trimethoxyphenyl)propanoate was 

synthesized following the general procedure for the synthesis of the -hydroxy esters with  

tert-butyl (2-methoxyphenoxy)acetate and 2,4,6-trimethoxybenzaldehyde as starting 

materials. After column chromatography (pentane/ethyl acetate = 4:1 to 1:1) the erythro 

diastereomer was obtained in 35% yield and the threo diastereomer in 52% yield. Both 

diastereomers were slightly yellow solids. 

erythro: 

m.p.: 121-123 °C. 
1
H NMR (400 MHz, CDCl3):  = 6.87 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.79 (dd, J = 8.0, 1.6 Hz, 1H), 

6.77–6.72 (m, 1H), 6.67 (dd, J = 8.0, 1.6 Hz, 1H), 6.12 (s, 2H), 5.55 (dd, J = 11.5, 8.3 Hz, 1H), 4.74 

(d, J = 8.3 Hz, 1H), 3.80 (s, 6H), 3.79 (s, 3H), 3.76 (d, J = 11.5 Hz, 1H), 3.69 (s, 3H), 1.48 (s, 9H). 

13
C NMR (101 MHz, CDCl3):  = 170.1, 161.0, 159.4 (2C), 150.4, 148.3, 122.4, 120.9, 117.1, 113.5, 

109.0, 91.1 (2C), 82.6, 81.5, 67.5, 56.3, 55.8 (2C), 55.3, 28.1 (3C). 

MS (EI, 70 eV): m/z (%): 434 [M]
+
 (1), 361 (10), 198 (31), 197 (100), 181 (12). 

HRMS (ESI, 70 eV): m/z calcd for C23H30O8+K
+
: 473.1572 [M+K]

+
; found: 473.1572. 

threo: 

m.p.: 97-99 °C. 
1
H NMR (400 MHz, CDCl3):  = 6.95 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.91–6.87 (m, 2H), 6.83 (ddd, 

J = 8.0, 7.2, 1.6 Hz, 1H), 6.12 (s, 2H), 5.61 (bt, J = 6.6 Hz, 1H), 4.99 (d, J = 7.6 Hz, 1H), 3.86 (s, 3H), 

3.86–3.83 (m, 1H), 3.81 (s, 6H), 3.80 (s, 3H), 1.21 (s, 9H). 

13
C NMR (101 MHz, CDCl3):  = 168.5, 161.3, 159.6 (2C), 150.2, 148.2, 122.4, 120.7, 116.7, 112.6, 

107.4, 90.9 (2C), 82.9, 81.0, 68.0, 56.0, 55.7 (2C), 55.3, 27.5 (3C). 

MS (EI, 70 eV): m/z (%): 434 [M]
+
 (1), 417 (12), 361 (19), 209 (13), 198 (34), 197 (100), 181 (15), 

169 (12). 

HRMS (ESI, 70 eV): m/z calcd for C23H30O8+Na
+
: 457.1833 [M+Na]

+
; found: 457.1832. 

tert-Butyl 2-(3,5-dimethoxyphenoxy)-3-(3,4-dimethoxyphenyl)-3-hydroxypropanoate 
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The title compound was synthesized employing the general procedure for the synthesis of the  

-hydroxy esters with tert-butyl (3,5-dimethoxyphenoxy)acetate and  

3,4-dimethoxybenzaldehyde as starting materials. After column chromatography the erythro 

diastereomer was obtained in 43% yield as yellow syrup and the threo diastereomer in 42% 

yield as colorless syrup. 

erythro: 
1
H NMR (400 MHz, CDCl3):  = 7.03 (d, J = 2.0 Hz, 1H), 7.00 (dd, J = 8.0, 2.0 Hz, 1H), 6.85 (d, 

J = 8.0 Hz, 1H), 6.10 (dd, J = 2.0, 2.0 Hz, 1H), 6.05 (d, J = 2.0 Hz, 2H), 5.13 (dd, J = 5.6, 3.7 Hz, 1H), 

4.63 (d, J = 5.6 Hz, 1H), 3.89 (s, 3H), 3.87 (s, 3H), 3.73 (s, 6H), 2.91 (d, J = 3.7 Hz, 1H), 1.35 (s, 9H). 

13
C NMR (151 MHz, CDCl3):  = 168.4, 161.4 (2C), 159.4, 148.8 (2C), 131.7, 119.1, 110.8, 109.8, 

94.3, 94.2 (2C), 82.6, 80.9, 73.9, 55.9, 55.8, 55.3 (2C), 27.8 (3C). 

MS (EI, 70 eV): m/z (%): 434 [M]
+
 (1), 212 (22), 168 (10), 167 (100), 155 (11), 139 (19), 57 (25). 

HRMS (ESI, 70 eV): m/z calcd for C23H30O8+K
+
: 473.1572 [M+K]

+
; found: 473.1573. 

threo: 
1
H NMR (400 MHz, CDCl3):  = 7.01 (d, J = 2.0 Hz, 1H), 6.96 (dd, J = 8.0, 2.0 Hz, 1H), 6.84 (d, 

J = 8.0 Hz, 1H), 6.12 (dd, J = 2.0, 2.0 Hz, 1H), 6.10 (d, J = 2.0 Hz, 2H), 5.02 (dd, J = 6.4, 4.0 Hz, 1H), 

4.58 (d, J = 6.4 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.74 (s, 6H), 2.92 (d, J = 4.0 Hz, 1H), 1.28 (s, 9H). 

13
C NMR (101 MHz, CDCl3):  = 168.1, 161.5 (2C), 159.4, 149.3, 149.0, 130.8, 119.8, 110.9, 110.3, 

94.4, 94.2 (2C), 82.6, 81.9, 74.7, 56.0, 55.9, 55.4 (2C), 27.8 (3C). 

MS (EI, 70 eV): m/z (%): 434 [M]
+
 (1), 212 (22), 168 (10), 167 (100), 155 (12), 139 (20), 57 (26). 

HRMS (ESI, 70 eV): m/z calcd for C23H30O8+K
+
: 473.1572 [M+K]

+
; found: 473.1574. 

tert-Butyl 3-hydroxy-2-(2-methoxyphenoxy)-3-[3,4-(methylenedioxy)phenyl]propanoate 

 

tert-Butyl 3-hydroxy-2-(2-methoxyphenoxy)-3-[3,4-(methylenedioxy)phenyl]propanoate was 

synthesized following the general procedure for the synthesis of the -hydroxy esters with  

tert-butyl (2-methoxyphenoxy)acetate and 3,4-(methylenedioxy)benzaldehyde as starting 

materials. After column chromatography the erythro diastereomer was obtained in 47% yield 

as a white solid and the threo diastereomer in 36% yield as colorless syrup. 

erythro: 

m.p.: 121-123 °C. 
1
H NMR (600 MHz, CDCl3):  = 7.06 (d, J = 1.6 Hz, 1H), 7.02 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.98 

(dd, J = 8.0, 1.6 Hz, 1H), 6.91 (dd, J = 8.0, 1.6 Hz, 1H), 6.90 (dd, J = 8.0, 1.6 Hz, 1H), 6.86 (ddd, 

J = 8.0, 8.0, 1.6 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 5.94 (q, J = 1.6 Hz, 2H), 5.09 (dd, J = 6.6, 4.7 Hz, 

1H), 4.63 (d, J = 4.7 Hz, 1H), 3.92 (d, J = 6.6 Hz, 1H), 3.88 (s, 3H), 1.34 (s, 9H). 
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13
C NMR (151 MHz, CDCl3):  = 168.3, 150.9, 147.7, 147.6, 147.4, 133.4, 124.1, 121.3, 120.9, 

119.4, 112.5, 108.1, 108.0, 101.2, 84.4, 82.6, 74.0, 56.1, 28.1 (3C). 

MS (EI, 70 eV): m/z (%): 388 [M]
+
 (8), 371 (15), 315 (29), 238 (45), 183 (10), 182 (100), 163 (15), 

151 (76), 137 (46), 135 (20), 133 (10), 124 (14), 123 (18), 108 (30), 93 (19), 77 (13), 65 (11), 57 (27). 

HRMS (ESI, 70 eV): m/z calcd for C21H24O7+Na
+
: 411.1414 [M+Na]

+
; found: 411.1415.  

threo: 
1
H NMR (600 MHz, CDCl3):  = 7.03 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.96 (d, J = 1.6 Hz, 1H), 6.93 

(d, J = 1.6 Hz, 1H), 6.92 (d, J = 1.6 Hz, 1H), 6.88–6.84 (m, 2H), 6.77 (d, J = 8.0 Hz, 1H), 5.94 (s, 2H), 

4.98 (dd, J = 7.7, 2.4 Hz, 1H), 4.32 (d, J = 7.7 Hz, 1H), 3.89 (d, J = 2.4 Hz, 1H), 3.88 (s, 3H), 1.28 (s, 

9H). 

13
C NMR (151 MHz, CDCl3):  = 168.5, 150.6, 147.9 (2C), 147.6, 132.2, 124.1, 121.5, 121.2, 118.6, 

112.4, 108.2, 108.1, 101.3, 86.3, 82.5, 75.1, 56.05, 28.0 (3C). 

MS (EI, 70 eV): m/z (%): 238 (12), 183 (10), 182 (89), 164 (12), 163 (17), 151 (100), 137 (52), 135 

(21), 133 (10), 124 (13), 123 (18), 108 (40), 93 (20), 77 (12), 57 (36). 

HRMS (ESI, 70 eV): m/z calcd for C21H24O7+K
+
: 427.1154 [M+K]

+
; found: 427.1154. 

erythro Ethyl 3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate 

 

A dry and argon flushed 1 L three-necked flask equipped with a magnetic stirrer, a septum, an 

argon inlet, and an addition funnel was charged with dry THF (140 mL) and cooled to −78 °C. 

Diisopropylamine (9.236 g, 91.3 mmol, 1.3 eq.) and n-butyllithium in hexane (48.27 mL, 

1.6 M, 77.2 mmol, 1.1 eq.) were added and the mixture was stirred for 1 h.  

Ethyl-2-(2-methoxyphenoxy)acetate (14.76 g, 70.2 mmol, 1.0 eq.), dissolved in dry THF 

(120 mL), was added dropwise over 2.75 h to the mixture at −78 °C and stirred for another 15 

min. Afterwards, 3,4-dimethoxybenzaldehyde (12.834 g, 77.2 mmol, 1.1 eq.), dissolved in dry 

THF (120 mL), was added dropwise over 1 h. The mixture was stirred at −78 °C for 90 min, 

warmed to 0 °C and distilled water (120 mL) was added. The aqueous phase was extracted 

with ethyl acetate (3×120 mL). The combined organic phases were washed with 1 M HCl 

(120 mL), water (120 mL) and brine (120 mL), dried over MgSO4, filtered, and concentrated 

under reduced pressure. The crude solid was recrystallized 3 times in ethyl acetate (2.5 mL of 

ethyl acetate for 4 g of crude material; diethyl ether was used to wash the recrystallized solid) 

to obtain the title compound (9.22 g, 24.5 mmol, 35%, erythro:threo > 98:2) as a white solid. 

m.p.: 103-104 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.06 (d, J = 8.0 Hz, 1H), 7.05–6.97 (m, 2H), 6.92 (ddd, J = 8.0, 8.0, 

1.6 Hz, 2H), 6.87–6.82 (m, 2H), 5.15 (bt, J = 5.6 Hz, 1H), 4.74 (d, J = 4.7 Hz, 1H), 4.14 (q, 

J = 7.3 Hz, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.87 (s, 3H), 3.66 (d, J = 6.0 Hz, 1H), 1.16 (t, J = 7.3 Hz, 

3H). 
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13
C NMR (101 MHz, CDCl3):  = 169.3, 150.6, 148.8, 148.7, 147.2, 131.7, 123.9, 121.1, 119.3, 

119.0, 112.3, 110.7, 110.1, 83.9, 73.8, 61.2, 55.9, 55.8, 55.8, 14.1. 

MS (EI, 70 eV): m/z (%): 376 [M]
+
 (13), 210 (48), 167 (31), 139 (29), 137 (100), 124 (10), 108 (13), 

77 (15). 

HRMS (ESI, 70 eV): m/z calcd for C20H24O7+Na
+
: 399.1414 [M+Na]

+
; found: 399.1414. 

 

2.1.3 General procedure for the synthesis of 1,3-diols 

 

A dry 250 mL three-necked flask equipped with a reflux condenser, an argon inlet, a dropping 

funnel and a magnetic stirrer was charged with LiAlH4 (1.139 g, 30.00 mmol, 3.0 eq.) and 

25 mL of dry THF and cooled to 0 °C. The corresponding -hydroxy ester (10.00 mmol, 

1.0 eq.) was dissolved in 35 mL of dry THF and added dropwise over 15 min at 0 °C. The 

resulting mixture was heated to 60 °C and stirred for 3 h. Afterwards the reaction was cooled 

to 0 °C, quenched by slow and sequential addition of H2O (1.139 mL), NaOH (15% w/w, 

1.139 mL) and additional H2O (3.417 mL) and stirred at room temperature for 60 min. The 

reaction mixture was filtered over celite and washed with DCM (4×25 mL), dried over 

MgSO4, filtered and the solvent removed under reduced pressure. The desired product was 

obtained after column chromatography (DCM/MeOH = 100:0 to 100:3). 

erythro 1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol 

 

The title compound was synthesized following the general procedure for the synthesis of  

1,3-diols with erythro tert-butyl  

3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate as starting material, 

affording the desired product in 90%. When using erythro ethyl  

3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate, 2.0 eq. of LiAlH4 

were employed yielding the title compound in 90%. In both syntheses the product was dried 

by azeotropic distillation with toluene after column chromatography and the residual toluene 

was removed under high vacuum at 50 °C to furnish erythro  

1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol as a white solid. 

m.p.: 100-101 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.06 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.99–6.88 (m, 5H), 6.83 (d, 

J = 8.0 Hz, 1H), 4.98 (bt, J = 4.7 Hz, 1H), 4.16 (ddd, J = 6.0, 4.7, 3.7 Hz, 1H), 3.95–3.89 (m, 1H), 

3.88 (s, 3H), 3.87 (s, 3H), 3.87 (s, 3H), 3.66 (ddd, J = 12.0, 7.2, 3.7 Hz, 1H), 3.55 (bs, 1H), 2.79 (bs, 

1H). 

13
C NMR (101 MHz, CDCl3):  = 151.6, 149.0, 148.5, 146.9, 132.4, 124.3, 121.7, 121.1, 118.4, 

112.2, 111.0, 109.2, 87.5, 72.7, 60.7, 55.9 (3C). 
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MS (EI, 70 eV): m/z (%): 334 [M]
+
 (7), 167 (15), 166 (12), 151 (14), 150 (100), 139 (20), 124 (10), 

121 (12), 109 (10). 

HRMS (ESI, 70 eV): m/z calcd for C18H22O6+Na
+
: 357.1309 [M+Na]

+
; found: 357.1309. 

HPLC (H2O/ MeOH, 60/40): tR = 11.9 min. 

threo 1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol 

 

threo 1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol was prepared 

following the general procedure for the synthesis of 1,3-diols with threo tert-butyl  

3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate as starting material, 

yielding the title compound in 80% as a colorless syrup. 

1
H NMR (400 MHz, CDCl3):  = 7.13 (dd, J = 8.0, 1.6 Hz, 1H), 7.07 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 

7.01–6.96 (m, 2H), 6.95 (dd, J = 8.0, 1.6 Hz, 1H), 6.93 (ddd, J = 8.0, 8.0, 1.6 Hz, 1H), 6.85 (d, 

J = 8.0 Hz, 1H), 4.99 (d, J = 4.7 Hz, 1H), 4.03 (dt, J = 7.7, 3.7 Hz, 1H), 3.91 (s, 3H), 3.88 (s, 3H), 3.87 

(s, 3H), 3.69 (bd, J = 1.6 Hz, 1H), 3.63 (dt, J = 12.0, 3.7 Hz, 1H), 3.48 (ddd, J = 12.0, 7.7, 3.7 Hz, 

1H), 2.72 (dd, J = 7.7, 4.7 Hz, 1H).
 

13
C NMR (101 MHz, CDCl3):  = 151.3, 149.1, 148.9, 147.6, 132.1, 124.3, 121.7, 121.1, 119.6, 

112.1, 111.0, 109.9, 89.5, 73.9, 61.0, 55.9 (3C).
 

MS (EI, 70 eV): m/z (%): 334 [M]
+
 (14), 167 (19), 166 (13), 151 (16), 150 (100), 139 (24), 124 (13), 

121 (12), 109 (10). 

HRMS (ESI, 70 eV): m/z calcd for C18H22O6+Na
+
: 357.1309 [M+Na]

+
; found: 357.1312. 

erythro 1-(4-Hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol 

 

The title compound was synthesized in a two-step synthesis with erythro tert-butyl  

3-(4-benzyloxy-3-methoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate as starting 

material. The first step followed the general procedure for the synthesis of 1,3-diols without 

purification by column chromatography. The crude product was dissolved in a 1:1 mixture of 

methanol and DCM, and 10 wt% of Pd/C (10% w/w) was added to the reaction mixture. The 

solution was stirred at room temperature under hydrogen atmosphere for 3 h, and then filtered 

over celite, washed with DCM and methanol and the solvent removed under reduced pressure. 

The product was purified by column chromatography (DCM/MeOH = 99:1 to 94:6) yielding 

the title compound as a sticky white solid in 90% after two steps. 
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1
H NMR (400 MHz, CDCl3):  = 6.98 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.91–6.81 (m, 4H), 6.80 (d, 

J = 8.0 Hz, 1H), 6.75 (dd, J = 8.0, 1.6 Hz, 1H), 5.60 (bs, 1H), 4.90 (d, J = 4.7 Hz, 1H), 4.08 (ddd, 

J = 6.0, 4.7, 3.2 Hz, 1H), 3.84 (dd, J = 12.0, 6.0 Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.59 (dd, J = 12.0, 

3.2 Hz, 1H), 2.94 (bs, 2H). 

13
C NMR (101 MHz, CDCl3):  = 151.5, 146.9, 146.6, 145.1, 131.8, 124.2, 121.6, 120.9, 119.0, 

114.2, 112.2, 108.7, 87.3, 72.7, 60.7, 55.9 (2C). 

MS (EI, 70 eV): m/z (%): 320 [M]
+
 (1), 153 (16), 151 (15), 150 (100), 124 (15), 121 (15), 109 (17), 

93 (19), 77 (15), 65 (15). 

HRMS (ESI, 70 eV): m/z calcd for C17H20O6+K
+
: 359.0892 [M+K]

+
; found: 359.0892. 

threo 1-(4-Hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol 

 

The title compound was synthesized in a two-step synthesis with threo tert-butyl  

3-(4-benzyloxy-3-methoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanoate as starting 

material. The first step followed the general procedure for the synthesis of 1,3-diols without 

purification by column chromatography. The crude product was dissolved in a 1:1 mixture of 

methanol and DCM, and 10 wt% of Pd/C (10% w/w) was added to the reaction mixture. The 

solution was stirred at room temperature under hydrogen atmosphere for 3 h, and then filtered 

over celite, washed with DCM and methanol and the solvent removed under reduced pressure. 

The product was purified by column chromatography (DCM/MeOH = 99:1 to 94:6) yielding 

the title compound as a sticky white solid in 80% after two steps. 

1
H NMR (400 MHz, CDCl3):  = 7.12 (dd, J = 8.0, 1.6 Hz, 1H), 7.09–7.03 (m, 1H), 6.99–6.89 (m, 

4H), 6.88 (d, J = 8.0 Hz, 1H), 5.79–5.70 (m, 1H), 4.96 (d, J = 7.7 Hz, 1H), 4.02 (dt, J = 7.7, 3.7 Hz, 

1H), 3.90 (s, 3H), 3.86 (s, 3H), 3.75–3.69 (m, 1H), 3.62 (ddd, J = 12.0, 4.7, 3.7 Hz, 1H), 3.48 (ddd, 

J = 12.0, 7.7, 3.7 Hz, 1H), 2.85–2.74 (m, 1H). 

13
C NMR (101 MHz, CDCl3):  = 151.3, 147.6, 146.7, 145.6, 131.5, 124.2, 121.7, 121.0, 120.2, 

114.3, 112.2, 109.4, 89.5, 74.0, 61.0, 55.9 (2C). 

MS (EI, 70 eV): m/z (%): 153 (15), 151 (14), 150 (100), 137 (29), 124 (22), 121 (13), 109 (11). 

HRMS (ESI, 70 eV): m/z calcd for C17H20O6+K
+
: 359.0892 [M+K]

+
; found: 359.0895. 

erythro 2-(2-Methoxyphenoxy)-1-(2,4,6-trimethoxyphenyl)-1,3-propanediol 
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erythro 2-(2-Methoxyphenoxy)-1-(2,4,6-trimethoxyphenyl)-1,3-propanediol was prepared 

following the general procedure for the synthesis of 1,3-diols with erythro tert-butyl  

3-hydroxy-2-(2-methoxyphenoxy)-3-(2,4,6-trimethoxyphenyl)propanoate as starting material, 

yielding the title compound in 86% as a white solid. 

m.p.: 125-127 °C. 
1
H NMR (400 MHz, CDCl3):  = 6.90 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.80 (dd, J = 8.0, 1.6 Hz, 1H), 

6.77–6.72 (m, 1H), 6.65 (dd, J = 8.0, 1.6 Hz, 1H), 6.10 (s, 2H), 5.40 (dd, J = 11.0, 7.4 Hz, 1H), 4.45 

(ddd, J = 7.4, 6.2, 3.9 Hz, 1H), 4.06–3.88 (m, 2H), 3.79 (s, 3H), 3.78 (s, 3H), 3.77 (s, 6H), 3.72 (d, 

J = 11.0 Hz, 1H), 3.19 (dd, J = 7.4, 6.2 Hz, 1H). 

13
C NMR (101 MHz, CDCl3):  = 160.9, 159.1 (2C), 150.9, 148.3, 122.8, 121.0, 119.6, 111.9, 109.0, 

91.0 (2C), 85.5, 67.3, 63.0, 55.8 (3C), 55.4. 

MS (EI, 70 eV): m/z (%): 198 (11), 197 (100), 150 (22), 77 (15). 

HRMS (ESI, 70 eV): m/z calcd for C19H24O7+Na
+
: 387.1414 [M+Na]

+
; found: 387.1414. 

threo 2-(2-Methoxyphenoxy)-1-(2,4,6-trimethoxyphenyl)-1,3-propanediol 

 

threo 2-(2-Methoxyphenoxy)-1-(2,4,6-trimethoxyphenyl)-1,3-propanediol was prepared 

following the general procedure for the synthesis of 1,3-diols with threo tert-butyl  

3-hydroxy-2-(2-methoxyphenoxy)-3-(2,4,6-trimethoxyphenyl)propanoate as starting material, 

yielding the title compound in 82% as a slightly yellow syrup. 

1
H NMR (400 MHz, CDCl3):  = 7.26–7.20 (m, 1H), 7.00 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.94–6.86 

(m, 2H), 6.13 (s, 2H), 5.39 (dd, J = 9.0, 8.0 Hz, 1H), 4.58 (ddd, J = 8.0, 7.0, 3.3 Hz, 1H), 3.89 (s, 3H), 

3.80 (s, 3H), 3.80 (s, 6H), 3.71 (d, J = 9.0 Hz, 1H), 3.61 (ddd, J = 12.0, 7.0, 4.1 Hz, 1H), 3.45 (ddd, 

J = 12.0, 9.0, 3.3 Hz, 1H), 3.08 (dd, J = 9.0, 4.1 Hz, 1H). 

13
C NMR (101 MHz, CDCl3):  = 161.1, 159.0 (2C), 150.9, 149.1, 123.1, 121.4, 120.6, 112.0, 108.4, 

91.1 (2C), 87.8, 67.8, 62.6, 55.9, 55.8 (2C), 55.3. 

MS (EI, 70 eV): m/z (%): 198 (10), 197 (100), 150 (32). 

HRMS (ESI, 70 eV): m/z calcd for C19H24O7+K
+
: 403.1154 [M+K]

+
; found: 403.1150. 

erythro 2-(3,5-Dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-1,3-propanediol 
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The title compound was prepared following the general procedure for the synthesis of  

1,3-diols with erythro tert-butyl  

2-(3,5-dimethoxyphenoxy)-3-(3,4-dimethoxyphenyl)-3-hydroxypropanoate as starting 

material, affording erythro  

2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-1,3-propanediol in 96% yield as a 

colorless syrup. 

1
H NMR (400 MHz, CDCl3):  = 6.98–6.92 (m, 2H), 6.84 (d, J = 8.0 Hz, 1H), 6.09 (dd, J = 2.0, 

2.0 Hz, 1H), 6.07 (d, J = 2.0 Hz, 2H), 5.03 (dd, J = 4.7, 3.7 Hz, 1H), 4.36 (dt, J = 4.7 Hz, 1H), 3.98–

3.87 (m, 2H), 3.86 (bs, 6H), 3.72 (s, 6H), 2.87 (bs, 1H), 2.29 (bs, 1H). 

13
C NMR (101 MHz, CDCl3):  = 161.5 (2C), 159.5, 149.0, 148.7, 133.0, 118.7, 111.1, 109.5, 95.3 

(2C), 94.0, 81.8, 73.9, 61.5, 55.9 (2C), 55.3 (2C). 

MS (EI, 70 eV): m/z (%): 364 [M]
+
 (1), 210 (21), 181 (14), 180 (100), 167 (33), 155 (24), 151 (19), 

139 (33), 138 (12). 

HRMS (ESI, 70 eV): m/z calcd for C19H24O7+Na
+
: 387.1414 [M+Na]

+
; found: 387.1413. 

threo 2-(3,5-Dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-1,3-propanediol 

 

The title compound was prepared following the general procedure for the synthesis of  

1,3-diols with threo tert-butyl 2-(3,5-dimethoxyphenoxy)-3-(3,4-dimethoxyphenyl)-3-

hydroxypropanoate as starting material, affording threo 2-(3,5-dimethoxyphenoxy)-1-(3,4-

dimethoxyphenyl)-1,3-propanediol in 92% yield as a colorless syrup. 

1
H NMR (400 MHz, CDCl3):  = 6.98 (d, J = 2.0 Hz, 1H), 6.96 (dd, J = 8.0, 2.0 Hz, 1H), 6.84 (d, 

J = 8.0 Hz, 1H), 6.15 (d, J = 2.0 Hz, 2H), 6.11 (dd, J = 2.0, 2.0 Hz, 1H), 4.97 (dd, J = 6.4, 2.0 Hz, 1H), 

4.36 (dt, J = 6.4, 4.0 Hz, 1H), 3.86 (s, 3H), 3.86 (s, 3H), 3.74 (s, 6H), 3.82 (dt, J = 12.0, 4.0 Hz, 1H), 

3.61–3.53 (m, 1H), 2.94 (bs, 1H), 2.03 (bs, 1H). 

13
C NMR (101 MHz, CDCl3):  = 161.6 (2C), 159.9, 149.0, 148.9, 132.3, 119.2, 111.0, 109.9, 95.2 

(2C), 93.9, 82.8, 73.5, 61.1, 55.9 (2C), 55.3 (2C). 

MS (EI, 70 eV): m/z (%): 364 [M]
+
 (2), 181 (14), 180 (100), 167 (29), 151 (18), 139 (28), 138 (10). 

HRMS (ESI, 70 eV): m/z calcd for C19H24O7+Na
+
: 387.1414 [M+Na]

+
; found: 387.1413. 

erythro 2-(2-Methoxyphenoxy)-1-[3,4-(methylenedioxy)phenyl]-1,3-propanediol 
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erythro 2-(2-Methoxyphenoxy)-1-[3,4-(methylenedioxy)phenyl]-1,3-propanediol was 

synthesized following the general procedure for the synthesis of 1,3-diols with erythro  

tert-butyl 3-hydroxy-2-(2-methoxyphenoxy)-3-[3,4-(methylenedioxy)phenyl]propanoate as 

starting material, yielding the title compound in 88% as a white solid. 

m.p.: 94-95 °C. 
1
H NMR (400 MHz, CDCl3):  = 6.97 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 6.89 (dd, J = 8.0, 1.6 Hz, 1H), 

6.87–6.80 (m, 3H), 6.75 (dd, J = 8.0, 1.6 Hz, 1H), 6.69 (d, J = 8.0 Hz, 1H), 5.86 (q, J = 1.2 Hz, 2H), 

4.87 (d, J = 4.7 Hz, 1H), 4.05 (ddd, J = 6.0, 4.7, 3.7 Hz, 1H), 3.83 (dt, J = 12.0, 6.0 Hz, 1H), 3.79 (s, 

3H), 3.57 (dd, J = 12.0, 3.7 Hz, 1H), 2.92 (bs, 2H). 

13
C NMR (101 MHz, CDCl3):  = 151.5, 147.7, 147.0, 146.8, 133.9, 124.2, 121.6, 120.9, 119.5, 

112.2, 108.1, 106.7, 101.0, 87.2, 72.7, 60.6, 55.9. 

MS (EI, 70 eV): m/z (%): 318 [M]
+
 (5), 151 (22), 150 (100), 124 (11), 121 (14), 109 (10), 93 (14), 65 

(11). 

HRMS (ESI, 70 eV): m/z calcd for C17H18O6+Na
+
: 341.0996 [M+Na]

+
; found: 341.0999. 

threo 2-(2-Methoxyphenoxy)-1-(3,4-methylenedioxyphenyl)-1,3-propanediol 

 

threo 2-(2-Methoxyphenoxy)-1-[3,4-(methylenedioxy)phenyl]-1,3-propanediol was 

synthesized following the general procedure for the synthesis of 1,3-diols with threo tert-butyl  

3-hydroxy-2-(2-methoxyphenoxy)-3-[3,4-(methylenedioxy)phenyl]propanoate as starting 

material, yielding the title compound in 91% as a colorless syrup. 

1
H NMR (400 MHz, CDCl3):  = 7.05 (dd, J = 8.0, 1.6 Hz, 1H), 7.02–6.96 (m, 1H), 6.90–6.81 (m, 

4H), 6.71 (d, J = 8.0 Hz, 1H), 5.87 (s, 2H), 4.88 (d, J = 7.7 Hz, 1H), 3.92 (dt, J = 7.7, 3.2 Hz, 1H), 

3.83 (s, 3H), 3.56 (dd, J = 12.0, 3.2 Hz, 1H), 3.43–3.36 (m, 1H), 2.78 (bs, 2H). 

13
C NMR (101 MHz, CDCl3):  = 151.3, 147.8, 147.5, 147.4, 133.5, 124.3, 121.7, 121.0, 120.7, 

112.2, 108.2, 107.4, 101.0, 89.4, 73.8, 60.9, 55.9. 

MS (EI, 70 eV): m/z (%): 318 [M]
+
 (3), 151 (22), 150 (100), 124 (13), 121 (14), 109 (11), 93 (13), 65 

(10). 

HRMS (ESI, 70 eV): m/z calcd for C17H18O6+Na
+
: 341.0996 [M+Na]

+
; found: 341.0995. 

 

2.2. Synthesis of monolignol and -hydroxy ketones  

 

The synthesis of 2-bromo-1-(3,4-dimethoxyphenyl)ethan-1-one, keto aryl ethers and  

-hydroxy ketones has been published during the course of this dissertation in the journal 

“ChemSusChem” as part of the article “From Gene Towards Selective Biomass Valorization: 
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Bacterial -Etherases with Catalytic Activity on Lignin-Like Polymers”.
[77]

 Likewise, the 

synthetic protocol for the synthesis of monolignol 11 has been published during the course of 

this dissertation in the journal “Green Chemistry” as part of the article “Base-catalysed 

cleavage of lignin -O-4 model compounds in dimethyl carbonate”.
[26]

 The following 

synthetic protocols closely resemble those given in reference 26 and 77 and the spectroscopic 

data are identical to the ones given in reference 26 and 77. 

2-Bromo-1-(3,4-dimethoxyphenyl)ethan-1-one 

 

A dry and argon-flushed three-necked flask equipped with a magnetic stirrer, a reflux 

condenser, an argon inlet and a septum was charged with 3,4-dimethoxyacetophenone 

(1.530 g, 8.5 mmol, 1.0 eq.), p-toluenesulfonic acid monohydrate (2.420 g, 12.7 mmol, 

1.5 eq.) and dry acetonitrile (200 mL). Subsequently, a solution of N-bromosuccinimide 

(1.507 g, 8.5 mmol, 1.0 eq.) in dry acetonitrile (50 mL) was added by syringe. Upon 

completion of the addition the reaction mixture was heated to 100 °C and stirred for 2 h. 

Afterwards the solution was cooled to room temperature and the solvent was removed under 

reduced pressure. The crude mixture was redissolved in DCM (200 mL), washed with 

distilled water (2×80 mL), dried over MgSO4, filtered and the solvent removed under reduced 

pressure. The product was purified by column chromatography (DCM) yielding  

2-bromo-1-(3,4-dimethoxyphenyl)ethan-1-one (1.790 g, 6.9 mmol, 82%) as a white solid. 

m.p.: 81-82 °C. 
1
H NMR (600 MHz, CDCl3):  = 7.61 (dd, J = 8.4, 2.0 Hz, 1H), 7.54 (d, J = 2.0 Hz, 1H), 6.91 (d, 

J = 8.4 Hz, 1H), 4.41 (s, 2H), 3.96 (s, 3H), 3.94 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 190.2, 154.2, 149.5, 127.2, 124.0, 111.0, 110.2, 56.3, 56.2, 30.5. 

MS (EI, 70 eV): m/z (%): 260 [M+1]
+
 (24), 259 [M]

+
 (3), 258 (23), 166 (10), 165 (100), 151 (21), 107 

(11), 79 (19), 51 (30). 

2.2.1 General procedure for the synthesis of keto aryl ethers 

 

2-Bromo-1-(3,4-dimethoxyphenyl)ethan-1-one (5.21 g, 20.1 mmol, 1.0 eq.), anhydrous 

K2CO3 (2.78 g, 20.1 mmol, 1.0 eq.) and the corresponding phenol derivative (20.1 mmol, 

1.0 eq.) were dissolved in acetone (50 mL). Afterwards the solution was stirred at room 

temperature overnight. Next, the reaction mixture was filtered, washed with DCM and the 

solvent removed under reduced pressure. The crude mixture was redissolved in DCM and 

washed with distilled water (2×100 mL) and brine (90 mL). The organic phase was dried over 

MgSO4, filtered and evaporated under reduced pressure. Purification by column 

chromatography (pentane/ethyl acetate = 5:1 to 2:1) yielded the desired product. 



IV. Experimental Section 

 

111 
 

1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-one 

 

The title compound was synthesized following the general procedure for keto aryl ethers, 

affording 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-one in 88% yield as a 

white solid. 

m.p.: 94-95 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.67 (dd, J = 8.4, 2.0 Hz, 1H), 7.59 (d, J = 2.0 Hz, 1H), 6.96–6.84 

(m, 5H), 5.28 (s, 2H), 3.94 (s, 3H), 3.93 (s, 3H), 3.88 (s, 3H). 

13
C NMR (101 MHz, CDCl3):  = 193.4, 153.9, 149.8, 149.3, 147.7, 128.0, 122.9, 122.5, 120.9, 

114.8, 112.3, 110.6, 110.3, 72.2, 56.2, 56.1, 56.0. 

MS (EI, 70 eV): m/z (%): 303 [M+1]
+
 (10), 302 [M]

+
 (53), 165 (100), 151 (11), 77 (14), 51 (11). 

2-(2,6-Dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one 

 

2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one was prepared following the 

general procedure for keto aryl ethers yielding the title compound in 85% as a colorless oil. 

1
H NMR (400 MHz, CDCl3):  = 7.72 (dd, J = 8.4, 1.8 Hz, 1H), 7.64 (d, J = 1.8 Hz, 1H), 7.01 (t, 

J = 8.4 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 6.58 (d, J = 8.4 Hz, 2H), 5.15 (s, 2H), 3.94 (s, 3H), 3.94 (s, 

3H), 3.81 (s, 6H). 

13
C NMR (101 MHz, CDCl3):  = 193.7, 153.4 (2C), 153.2, 149.0, 136.6, 128.4, 124.1, 123.0, 110.6, 

110.0, 105.3 (2C), 75.3, 56.1 (2C), 56.0 (2C). 

MS (EI, 70 eV): m/z (%): 332 [M]
+
 (30), 166 (10), 165 (100), 153 (11), 152 (10), 151 (29), 107 (11). 

2-(3,5-Dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one 

 

The title compound was synthesized following the general procedure for keto aryl ethers 

yielding 2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one in 90% as a white 

solid. 

m.p.: 110-111 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.63 (dd, J = 8.4, 1.8 Hz, 1H), 7.55 (d, J = 1.8 Hz, 1H), 6.90 (d, 
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J = 8.4 Hz, 1H), 6.13 (d, J = 2.1 Hz, 2H), 6.11 (t, J = 2.1 Hz, 1H), 5.18 (s, 2H), 3.96 (s, 3H), 3.94 (s, 

3H), 3.75 (s, 6H). 

13
C NMR (101 MHz, CDCl3):  = 192.7, 161.5 (2C), 159.9, 153.9, 149.3, 127.7, 122.7, 110.3, 110.1, 

93.9, 93.7, 93.6, 70.6, 56.1, 56.0, 55.4 (2C). 

MS (EI, 70 eV): m/z (%): 332 [M]
+
 (23), 166 (10), 165 (100). 

HRMS (ESI, 70 eV): m/z calcd for C18H20O6+Na
+
: 355.1145 [M+Na]

+
; found: 355.1152. 

1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-ol 

 

A dry 250 mL three-necked flask equipped with a reflux condenser, an argon inlet, a dropping 

funnel and a magnetic stirrer was charged with LiAlH4 (0.469 g, 12.4 mmol, 1.0 eq.) and dry 

THF (31 mL) and cooled to 0 °C. 1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-

one (3.74 g, 12.4 mmol, 1.0 eq.) was dissolved in dry THF (43 mL) and added dropwise over 

15 min under cooling (0 °C). The resulting solution was heated to 60 °C and stirred for 3 h. 

Upon completion of the reaction it was cooled to 0 °C and quenched by the sequential and 

dropwise addition of water (0.470 mL), aqueous NaOH solution (15% w/w, 0.470 mL) and 

additional water (1.410 mL). Afterwards the mixture was stirred for 1 h at room temperature. 

Then the reaction solution was filtered over celite, washed with DCM (150 mL), dried over 

MgSO4, and the solvent removed under reduced pressure. The product was purified by 

column chromatography (pentane/ethyl acetate = 1:1) yielding  

1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-ol (3.06 g, 10.1 mmol, 81%) as a 

white solid. 

m.p.: 133-134 °C. 
1
H NMR (400 MHz, CDCl3):  = 7.03–6.88 (m, 6H), 6.86 (d, J = 8.2 Hz, 1H), 5.05 (dd, J = 9.4, 

2.9 Hz, 1H), 4.17 (dd, J = 10.0, 3.0 Hz, 1H), 3.97 (t, J = 9.4 Hz 1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.88 (s, 

3H), 3.44 (bs, 1H).  

13
C NMR (101 MHz, CDCl3):  = 150.1, 149.0, 148.7, 147.9, 132.2, 122.5, 121.0, 118.6, 116.9, 

111.9, 110.9, 109.3, 76.3, 72.0, 55.9, 55.8, 55.7. 

MS (EI, 70 eV): m/z (%): 305 [M+1]
+
 (48), 304 [M]

+
 (90), 288 (14), 287 (55), 181 (10), 180 (56), 168 

(18), 167 (100), 164 (10), 151 (73), 149 (28), 139 (90), 138 (80), 137 (10), 124 (43), 122 (16), 121 

(15), 109 (19), 108 (11), 95 (11), 77 (30), 65 (10). 

1-(3,4-Dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propan-1-one 

 

A 100 mL flask was charged with 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethanone 

(1.980 g, 6.550 mmol, 1.0 eq.), paraformaldehyde (0.240 g, 7.860 mmol, 1.2 eq.), anhydrous 



IV. Experimental Section 

 

113 
 

K2CO3 (0.045 g, 0.328 mmol, 0.05 eq.) and dry DMSO (17 mL). The resulting mixture was 

stirred at room temperature for 1 h. To quench the reaction ethyl acetate (40 mL) and distilled 

water (20 mL) were added and the aqueous phase was extracted with ethyl acetate (20 mL). 

The organic phase was washed with brine (20 mL), dried over MgSO4, filtered and the solvent 

removed under reduced pressure. The product was purified by column chromatography 

(DCM/MeOH = 200:1 to 100:3) yielding  

1-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propan-1-one (1.740 g, 

5.235 mmol, 80%) as a white solid. 

m.p.: 116-117 °C. 
1
H NMR (600 MHz, CDCl3):  = 7.75 (dd, J = 8.4, 2.0 Hz, 1H), 7.62 (d, J = 2.0 Hz, 1H), 7.00 (td, 

J = 8.0, 1.4 Hz, 1H), 6.94–6.86 (m, 3H), 6.82 (td, J = 8.0, 1.4 Hz, 1H), 5.40 (t, J = 5.3 Hz, 1H), 4.07 

(d, J = 5.3 Hz, 2H), 3.95 (s, 3H), 3.92 (s, 3H), 3.86 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 195.0, 153.9, 150.5, 149.2, 146.9, 128.0, 123.7, 123.6, 121.2, 

118.5, 112.2, 110.9, 110.1, 84.6, 63.7, 56.1, 56.0, 55.8. 

MS (EI, 70 eV): m/z (%): 333 [M+1]
+
 (7), 332 [M]

+
 (31), 166 (11), 165 (100), 150 (30), 77 (11). 

HPLC (H2O/MeOH, 60/40): tR = 24.0 min. 

2-(2,6-Dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one 

 

A 100 ml flask was charged with  

2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one (1.255 g, 3.688 mmol, 

1.0 eq.), paraformaldehyde (0.222 g, 7.377 mmol, 2.0 eq.), anhydrous K2CO3 (0.510 g, 

3.688 mmol, 1.0 eq.) and dry DMSO (12 mL). The resulting mixture was stirred at room 

temperature for 20 h. To quench the reaction ethyl acetate (40 mL) and distilled water 

(20 mL) were added and the aqueous phase was extracted with ethyl acetate (20 mL). The 

organic phase was washed with brine (20 mL), dried over MgSO4, filtered and the solvent 

removed under reduced pressure. The product was purified by column chromatography 

(DCM/MeOH = 200:1) yielding  

2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (0.685 g, 

1.890 mmol, 51%) as a colorless oil. 

1
H NMR (600 MHz, CDCl3):  = 7.69 (dd, J = 8.4, 1.8 Hz, 1H), 7.63 (d, J = 1.8 Hz, 1H), 6.98 (t, 

J = 8.4 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 6.54 (d, J = 8.4 Hz, 2H), 5.07 (dd, J = 7.8, 3.6 Hz, 1H), 

4.01–3.92 (m, 2H), 3.91 (s, 3H), 3.91 (s, 3H), 3.83–3.77 (m, 1H), 3.69 (s, 6H). 

13
C NMR (151 MHz, CDCl3):  = 194.9, 153.4, 152.7 (2C), 149.0, 136.6, 128.6, 124.3, 123.4, 110.8, 

110.0, 105.2 (2C), 87.4, 63.6, 56.0 (2C), 55.9 (2C). 

MS (EI, 70 eV): m/z (%): 362 [M]
+
 (30), 180 (47), 166 (11), 165 (100), 154 (46), 153 (23), 151 (14), 

110 (10), 77 (12). 
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HRMS (ESI, 70 eV): m/z calcd for C19H23O7
+
: 363.1437 [M+H]

+
; found: 363.1438. 

2-(3,5-Dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one 

 

A 100 ml flask was charged with 2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-

1-one (0.590 g, 1.775 mmol, 1.0 eq.), paraformaldehyde (0.053 g, 1.775 mmol, 1.0 eq.), 

anhydrous K2CO3 (0.012 g, 0.088 mmol, 0.05 eq.) and dry DMSO (5 mL). The resulting 

mixture was stirred at room temperature for 25 h. To quench the reaction ethyl acetate 

(20 mL) and distilled water (10 mL) were added and the aqueous phase was extracted with 

ethyl acetate (20 mL). The organic phase was washed with brine (10 mL), dried over MgSO4, 

filtered and the solvent removed under reduced pressure. The product was purified by column 

chromatography (DCM/MeOH = 200:1) yielding  

2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (0.280 g, 

0.773 mmol, 43%) as a white solid. 

m.p.: 133-134 °C. 
1
H NMR (600 MHz, CDCl3): δ = 7.72 (dd, J = 8.4, 1.9 Hz, 1H), 7.55 (d, J = 1.9 Hz, 1H), 6.87 (d, 

J = 8.4 Hz, 1H), 6.07 (s, 3H), 5.50 (dd, J = 6.2, 4.1 Hz, 1H), 4.11 (ddd, J = 18.4, 12.1, 5.2 Hz, 2H), 

3.94 (s, 3H), 3.89 (s, 3H), 3.70 (s, 6H), 2.53 (bs, 1H). 

13
C NMR (151 MHz, CDCl3): δ = 194.7, 161.6 (2C), 159.1, 154.1, 149.3, 127.8, 123.5, 110.8, 110.2, 

94.1 (2C), 93.9, 80.6, 63.4, 56.1, 55.9, 55.3 (2C). 

MS (EI, 70 eV): m/z (%): 362 [M]
+
 (24), 180 (37), 166 (17), 165 (100), 155 (12), 77 (12). 

HRMS (ESI, 70 eV): m/z calcd for C19H23O7
+
: 363.1439 [M+H]

+
; found: 363.1438. 

 

2.3. Synthesis 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)prop-2-en-1-one  

 

1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)prop-2-en-1-one 

 

1-(3,4-Dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propan-1-one (1.002 g, 

3.015 mmol, 1.0 eq.) was dissolved in dry DMSO (42 mL). Anhydrous K2CO3 (0.833 g, 

6.027 mmol, 2.0 eq.) was added and the reaction mixture was stirred at room temperature 

overnight. After 20 h the reaction was stopped by the addition of ethyl acetate (60 mL) and 

distilled water (60 mL). The aqueous phase was extracted with ethyl acetate (3×20 mL). The 
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combined organic phases were then washed with brine (100 mL), dried over MgSO4, filtered 

and evaporated under reduced pressure. The product was purified by column chromatography 

(DCM) yielding 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)prop-2-en-1-one (0.748 g, 

2.380 mmol, 79%) as a pale yellow oil. 

1
H NMR (600 MHz, CDCl3):  = 7.83 (dd, J = 8.4, 1.9 Hz, 1H), 7.64 (d, J = 1.8 Hz, 1H), 7.14 (td, 

J = 7.2, 1.5 Hz, 1H), 7.08 (dd, J = 7.9, 1.5 Hz, 1H), 6.98 (dd, J = 8.4, 1.0 Hz, 1H), 6.93 (td, J = 7.8, 

1.5 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.21 (d, J = 2.4 Hz, 1H), 4.71 (d, J = 2.4 Hz, 1H), 3.95 (s, 3H), 

3.93 (s, 3H), 3.87 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 189.2, 158.1, 153.5, 151.1, 148.8, 143.4, 129.2, 125.9, 125.2, 

121.8, 121.4, 113.0, 112.4, 110.0 (2C), 56.2, 56.1, 56.0. 

MS (EI, 70 eV): m/z (%): 315 [M+1]
+
 (6), 314 [M]

+
 (28), 166 (11), 165 (100), 163 (17), 77 (11). 

HRMS (ESI, 70 eV): m/z calcd for C18H18O5+Na
+
: 337.1046 [M+Na]

+
; found: 337.1046. 
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3. Synthesis and catalysis with iron catalysts 

3.1. Synthesis of FeCl3-derived iron complexes 

 

All iron complexes were synthesized following the protocol described by Cahiez et. al..
[58]

 

Depending on the added nitrogen ligand the reaction time was extended to facilitate the 

precipitation of the formed complexes. 

3.1.1 General procedure for the synthesis of FeCl3-derived iron complexes 

A dry 100 mL Schlenk flask was charged with anhydrous FeCl3 (0.811 g, 5 mmol, 1.0 eq.) 

which was dissolved in 50 mL dry THF. Subsequently, the respective amine (7.5 mmol, 1.5 

eq.) was added and the reaction mixture stirred for 1 h at room temperature. Upon completion, 

the reaction mixture was filtered, the resulting solid washed with THF (3×5 mL) and pentane 

(3×5 mL) and dried overnight under high vacuum. 

{Fe-TMEDA} 

The title compound was prepared using the general procedure for the synthesis of  

FeCl3-derived iron complexes except that the reaction time was extended to 65 h. TMEDA 

was used as amine giving {Fe-TMEDA} in 91% yield as an orange to brown solid. 

ICP-OES: 131.0 mg/g Fe 

Elem. Anal. calcd. for C18H48Cl6Fe2N6 (673.01): C = 32.12, H = 7.19, N = 12.49; found: C = 27.04, 

H = 6.84, N = 10.31. 

{Fe-HMTA} 

The title compound was synthesized using the general procedure for the synthesis of  

FeCl3-derived iron complexes on a threefold higher reaction scale and a reaction time of 16 h. 

HMTA was used as amine to give {Fe-HMTA} in 93% as a brown solid. 

ICP-OES: 120.0 mg/g Fe 

Elem. Anal. calcd. for C18H36Cl6Fe2N12 (744.96): C = 29.02, H = 4.87, N = 22.56; found: C = 27.82, 

H = 5.34, N = 21.29. 

{Fe-DABCO} 

The title compound was prepared using the general procedure for the synthesis of  

FeCl3-derived iron complexes with DABCO as amine giving {Fe-DABCO} in 97% yield as a 

brown solid. 

ICP-OES: 134.2 mg/g Fe 

Elem. Anal. calcd. for C18H36Cl6Fe2N6 (660.92): C = 32.71, H = 5.49, N = 12.72; found: C = 27.30, 

H = 5.91, N = 10.52. 

{Fe-PMDTA} 

The title compound was prepared using the general procedure for the synthesis of  

FeCl3-derived iron complexes with PMDTA as amine giving {Fe-PMDTA} in 93% yield as a 

brown solid. 
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ICP-OES: 99.2 mg/g Fe 

Elem. Anal. calcd. for C18H50Cl6Fe2N9O2 (707.03): C = 30.58, H = 7.13, N = 11.89; found: C = 30.78, 

H = 7.52, N = 11.85. 

{Fe-1,4-dimethylpiperazine} 

The title compound was prepared using the general procedure for the synthesis of  

FeCl3-derived iron complexes except that the reaction time was extended to 16 h.  

1,4-Dimethylpiperazine was used as amine giving {Fe-1,4-dimethylpiperazine} in 64% yield 

as a brown solid. 

ICP-OES: 114.7 mg/g Fe 

Elem. Anal. calcd. for C18H42Cl6Fe2N6 (666.97): C = 32.42, H = 6.35, N = 12.60; found: C = 28.11, 

H = 7.49, N = 10.83. 

EPR Spectra of the Iron complexes and FeCl3 

 

3.2. Catalysis reaction with FeCl3-derived iron complexes 

3.2.1 General reaction condition for the catalysis reactions with FeCl3-derived iron 

complexes 

A flask 25 mL was charged with dilignol 3aE (0.0836 g, 0.250 mmol, 1.0 eq.), the respective 

iron catalyst and the desired additive and dissolved in the corresponding solvent. 

Subsequently, either H2O2 or TBHP were added as oxidant. Next, the flask was equipped with 

a reflux condenser and heated to the desired reaction temperature. Upon completion of the 

respective reaction time, the mixture was cooled to room temperature and the reaction 

quenched by the addition of 1 M HCl (20 mL). If the reaction was to be analyzed by HPLC, 

1.000 mL of a standard-solution (3,4-dimethoxybenzylalcohol in methanol, c = 0.2 mol/L) 

was added with an Eppendorf-pipette to the reaction solution. The aqueous phase was 

extracted with DCM (3×20 mL). The combined organic phases were washed with brine 
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(20 mL), distilled H2O (20 mL) and additional brine (20 mL), dried over MgSO4, filtered and 

the solvent was removed under reduced pressure. For HPLC measurements three samples 

were taken by weighing 2.0 to 3.0 mg of the reaction product into a vial. Then, 0.5 mL of 

ethyl acetate and 0.5 mL of acetonitrile were added to the vial and after the complete 

dissolution of all products, the solution was filtered into a HPLC vial. 

 

3.3. Synthesis of nonheme iron complexes 

 

All nonheme iron complexes were synthesized using a modified protocol by White et. al.
[54]

. 

N,N’-Dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine (mep) 

 

2-(Chloromethyl)pyridine hydrochloride (3.0 g, 18.3 mmol, 2.1 eq.) was dissolved in 100 mL 

DCM and K2CO3 (5.1 g, 37.0 mmol, 4.2 eq.) was added. The solution was washed with water, 

dried over MgSO4 and the solvent removed under reduced pressure yielding  

2-(chloromethyl)pyridine. Subsequently, it was redissolved in 10 mL DCM and  

N,N’-dimethyl ethlyenediamine (0.771 g, 8.75 mmol, 1.0 eq.), dissolved in 25 mL DCM, was 

added. Then 20 mL of a 1 M NaOH solution was added and the reaction stirred for 90 h at 

room temperature. The reaction mixture was diluted with 50 mL 1 M NaOH and extracted 

with DCM (3×40 mL). The combined organic phases were dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The product was purified by column 

chromatography (DCM/MeOH/Et3N = 95:5:1), then dissolved in acetonitrile overlaid with 

diethyl ether and kept in the freezer. Overnight the residual impurities precipitated and the 

clear solution was decanted off. Under reduced pressure the solvent was removed yielding the 

title compound (1.68 g, 6.22 mmol, 71%) as a yellow oil. 

1
H NMR (400 MHz, CDCl3):  = 8.54–8.47 (m, 2H), 7.60 (td, J = 7.7 Hz, 1.8 Hz, 2H), 7.39 (d, 

J = 7.8 Hz, 2H), 7.15–7.10 (m, 2H), 3.67 (s, 4H), 2.64 (s, 4H), 2.25 (s, 6H). 

13
C NMR (101 MHz, CDCl3):  = 159.1 (2C), 149.0 (2C), 136.4 (2C), 123.2 (2C), 122.0 (2C), 64.1 

(2C), 55.3 (2C), 42.8 (2C).  

MS (EI, 70 eV): m/z (%): 270 [M]
+
 (3), 148 (22), 135 (100), 93 (28), 92 (56), 65 (17). 

[Fe(mep)(CH3CN)2](Cl)2 

 

A dry 100 mL Schlenk flask equipped with a magnetic stirrer was charged with  

N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine (mep) (1.08 g, 4.00 mmol, 
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1.0 eq.) and dissolved in 25 mL dry acetonitrile. FeCl2·4H2O (0.92 g, 4.60 mmol, 1.15 eq.) 

was added and the solution stirred for 24 h at room temperature. 25 mL of diethyl ether were 

added to the solution and the orange precipitant was filtered and washed with diethyl ether. 

The product was dried under an argon flow for 4 h yielding the title compound (1.29 g, 

2.69 mmol, 67%) as an orange solid. 

MS (ESI): m/z calcd for C16H22ClFeN4
+
: 361.09 [Fe(mep)Cl]

+
; found: 361.09. 

[Fe(mep)(CH3CN)2](SbF6)2 

 

A flame dried schlenk flask was charged in the glove box with AgSbF6 (0.210 g, 0.611 mmol, 

2.0 eq.). Under an argon atmosphere [Fe(mep)(CH3CN)2](Cl)2 (0.147 g, 0.306 mmol, 1.0 eq) 

and dry acetonitrile (6 mL) were added. The mixture was stirred at room temperature for 92 h 

under light exclusion. Upon completion the solution was filtered twice over celite. Then the 

solvent was removed under reduced pressure and dried under an argon current for 5 h. The 

title compound (0.251 g, 0.285 mmol, 93%) was obtained as a purple solid. 

ESI-MS did not provide conclusive evidence about the structure of the complex.  

3.4. Catalysis reaction with nonheme iron complexes 

3.4.1 General reaction condition for the catalysis reactions with nonheme iron complexes 

Dilignol 3aE (0.0836 g, 0.250 mmol, 1.0 eq.) and the respective iron catalyst were dissolved 

in the corresponding solvent. Subsequently, AcOH (0.007 mL, 0.125 mmol, 0.5 eq) and the 

corresponding amount of H2O2 as oxidant were added. Next, the flask was equipped with a 

reflux condenser and heated to the desired reaction temperature. Upon completion of the 

respective reaction time, the mixture was cooled to room temperature and the reaction 

quenched by the addition of DCM (15 mL) and 1 M HCl (50 mL). The aqueous phase was 

extracted with DCM (3×20 mL) and the combined organic phases were washed with 1M HCl 

and brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. The 

crude product was then analyzed by 
1
H NMR in CDCl3. 



IV. Experimental Section 

 

120 

 

4. Synthesis and catalysis with supported gold catalysts 

4.1. Synthesis of supported gold catalysts 

4.1.1 Synthesis of air calcined gold on cerium oxide catalyst 

An 800 mL beaker equipped with a magnetic stirrer was charged with 500 mL of Milli-Q 

water and heated to 70 °C. HAuCl4·3H2O (0.0393 g, 0.10 mmol) dissolved in Milli-Q water 

was added. Next, the pH was adjusted from 3.5 to 5.9 with a 0.2 M NaOH solution. Then 

CeO2 (Rhodia) (0.570 g, 3.31 mmol) was added rapidly, the pH was adjusted to 8.2 and stirred 

for 30 minutes. During that time the pH dropped to 7.5. Upon completion the mixture was 

cooled to 0 °C and centrifuged three times at 12000 rpm for 10 minutes. Each time the 

solution was discarded and deionized water added to the solid before centrifugation. 

Afterwards the catalyst was filtered off and dried under vacuum and light exclusion overnight. 

The catalyst was calcined at 400 °C under air for 8 h with a heating rate of 5 °C/min. Au/CeO2 

was obtained in 34% yield (0.195 g, 1.13 mmol).  

ICP-OES: 8.9 mg/g Au  

4.1.2 Synthesis of reduced supported gold catalysts 

All reduced supported gold catalysts were synthesized by Alós or Juárez at the Instituto de 

Tecnología Química (UPV-CSIC), Valencia, Spain. The gold loading for all the employed 

catalysts was around 1% in weight. 

Au/HTc 

3 g of hydrotalcite (Mg/Al = 3), 370 mL of HAuCl4 (5*10
-4

 M) and urea (1.115 g, 

18.56 mmol, ratio curea/cAu, ~100/1) were stirred at 80 ºC for 1 h. Upon completion the 

mixture was 4 times centrifuged at 12000 rpm for 10 min and washed with deionized water. 

The absence of chloride was monitored by adding some drops of a AgNO3 solution to the last 

washing solution. Afterwards the sample was dried at room temperature under vacuum for 

12 h. Au/HTc was either reduced using the general procedure for H2 or 1-phenylethanol 

reduction. 

Au/CeO2 

CeO2 (Rhodia) was calcined under air at 450 ºC for 8 h with a slope of 2 ºC/min. A 500 mL 

flask was charged with HAuCl4 (0.050 g, 0.147 mmol) and 125 mL of Milli-Q water and 

stirred at 400 rpm. The pH of the resulting solution was measured (pH = 3.01) and adjusted to 

10 by adding a 0.2 M NaOH solution. Once pH 10 was reached and stabilized, calcined CeO2 

(2.5 g, 14.5 mmol) was added. During the next 30 minutes the pH of the mixture was 

measured and maintained at 10 with a 0.2 M NaOH solution. The flask was closed and the 

mixture stirred overnight for 18 h.  Upon completion the pH was measured and once more 

adjusted to 10. The sample was filtered with a nylon 0.45 µL filter and washed with 4 L of 

deionized water and acetone. Afterwards the solid was dried overnight at room temperature. 

Au/CeO2 was either reduced using the general procedure for H2 or 1-phenylethanol reduction. 

Au/MgO 

MgO (Nanoscale) was calcined under N2 at 450 ºC for 5.5 h with a slope of 5 ºC/min. A 

500 ml flask was charged with HAuCl4 (0.050 g, 0.147 mmol) and 125 ml of Milli-Q water 
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and stirred at 400 rpm. The pH of this solution was measured (pH = 2.99) and calcined MgO 

(2.5 g, 62.0 mmol) was added. After the addition the pH rose to 11.2 and after 40 minutes it 

decreased to 10.8. The flask was closed and the mixture stirred overnight for 18 h. Upon 

completion the mixture was 3 times centrifuged at 10000 rpm for 15 min at 10 °C and washed 

with Milli-Q water. Afterwards the sample was dried under vacuum at room temperature for 

12 h. Au/MgO was either reduced using the general procedure for H2 or 1-phenylethanol 

reduction. 

General procedure for the reduction of supported gold catalyst with H2 

1 g of the corresponding supported gold catalyst was reduced at 400 ºC for 4 h 

(slope = 5 ºC/min) with a H2 flow of 100 mL/min. 

General procedure for the reduction of supported gold catalyst with 1-phenylethanol 

1 g of the corresponding supported gold catalyst was reduced with 12 mL of 1-phenylethanol 

at 160 ºC for 1.5 h. The sample was filtered, washed with acetone, water and again with 

acetone and dried at 100 ºC overnight. 

4.1.3 General reaction condition for the catalysis reactions with air calcined gold on 

cerium oxide catalyst 

A glass-autoclave was charged with dilignol 3aE (0.084 g, 0.250 mmol, 1.0 eq.), Au/CeO2 

(0.004 g, 0.025 mmol, 0.1 eq.), base (0.25 mmol, 1.0 eq.) and a magnetic stirrer. 

Subsequently, 1.25 mL of the desired solvent was added. The autoclave was purged three 

times with oxygen, charged with 5 or 6 bar of oxygen and stirred in a preheated oil bath at 

corresponding reaction temperature. After the expiration of the desired reaction time the 

autoclave was taken out of the oil bath and cooled to room temperature. The remaining 

oxygen pressure was released and the autoclave opened. The reaction mixture was filtered and 

the autoclave rinsed with DCM (20 mL). The organic phase was washed with 1 M HCl 

(20 mL) and brine (20 mL), dried over MgSO4, filtered and the solvent removed under 

reduced pressure. The crude product was then analyzed by 
1
H NMR in CDCl3. 

4.1.4 General reaction condition for the catalysis reactions with reduced supported gold 

catalysts 

A 25 mL glass-autoclave or 20 mL steel autoclave was charged with dilignol 3aE (83.6 mg, 

0.250 mmol, 1.0 eq.), the respective supported gold catalyst (16.7 mg, 20 wt%) and a 

magnetic stirrer. Subsequently, 1.25 mL of the desired solvent was added. The autoclave was 

purged three times with oxygen, charged with the respective oxygen pressure and stirred in a 

preheated oil bath at 135 °C. After the expiration of the desired reaction time the autoclave 

was taken out of the oil bath and cooled to room temperature. The remaining oxygen pressure 

was released and the autoclave opened. If the reaction was to be analyzed by HPLC, 

1.000 mL of a standard-solution (3,4-dimethoxybenzylalcohol in methanol, c = 0.2 mol/L) 

was added with an Eppendorf-pipette to the reaction solution. The reaction mixture was 

filtered into 50 mL of a 1 M HCl solution, the autoclave rinsed with DCM (10 mL) and the 

catalyst was washed with DCM (20 mL). The aqueous phase was then extracted with DCM 

(4×20 mL). Next, the combined organic phases were washed with 1 M HCl (50 mL) and brine 

(50 mL), dried over MgSO4, filtered and the solvent removed under reduced pressure. A 

minimum of three samples was taken from each reaction for HPLC measurements. For each 
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sample 2.0 to 3.0 mg of the reaction product were weighed into a vial. Then, 0.5 mL of ethyl 

acetate and 0.5 mL of acetonitrile were added to the vial and after the complete dissolution of 

all products, the solution was filtered into a HPLC vial. 

4.1.5 General reaction condition for the catalysis reactions in DMC 

A 25 mL two-necked flask was charged with dilignol 3aE (0.0836 g, 0.250 mmol, 1.0 eq.) and 

the respective supported gold catalyst or base (0.0167 g, 20 wt%). 1.25 mL dimethyl 

carbonate was added, the flask equipped with a reflux condenser and the reaction mixture put 

under a dioxygen atmosphere of 1 atm by using a gas storage balloon. Next, the reaction was 

heated to 135 °C and stirred for the desired reaction time. Upon completion the mixture was 

cooled to room temperature, filtered into 50 mL of a 1 M HCl solution, the autoclave rinsed 

with DCM (10 mL) and the catalyst was washed with DCM (20 mL). The aqueous phase then 

was extracted with DCM (3×20 mL), the combined organic phases washed with 1M HCl 

(25 mL) and brine (25 mL), dried over MgSO4, filtered and the solvent removed under 

reduced pressure. The crude product was then analyzed by 
1
H NMR in CDCl3. 
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5. Synthesis and catalysis with hydrotalcite-like catalysts 

 

All hydrotalcite-like catalysts (HTc) were synthesized by Puche at the Instituto de Tecnología 

Química (UPV-CSIC), Valencia, Spain. The synthesis of all hydrotalcite-like catalysts is 

described in the article “Copper- and Vanadium-Catalyzed Oxidative Cleavage of Lignin 

using Dioxygen” which has been published in the journal “ChemSusChem” during the course 

of this dissertation.
[78]

 The following spectroscopic data and synthetic procedures involving 

HTc as catalyst are identical to those given in reference 78. The molar ratio in all  

hydrotalcite-like catalysts is M
2+

/M
3+

 = 3. 

5.1. Spectroscopic data for the hydrotalcite-like catalysts 

HTc: 

ICP-OES: 248.1 mg/g Mg, 94.1 mg/g Al. 

XRD: 

 

HTc-Zn:  

ICP-OES: 235.8 mg/g Mg, 95.3 mg/g Al, 7.4 mg/g Zn.  
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XRD: 

 

HTc-Cu:  

ICP-OES: 353.0 mg/g Mg, 150.9 mg/g Al, 156.3 mg/g Cu. 

XRD: 

 

HTc-Zn-Cu:  

ICP-OES: 265.3 mg/g Mg, 130.9 mg/g Al, 32.1 mg/g Zn, 142.1 mg/g Cu. 

XRD: 

 



IV. Experimental Section 

 

125 
 

HTc-Fe:  

ICP-OES: 433.0 mg/g Mg, 109.3 mg/g Al, 68.7 mg/g Fe. 

XRD: 

 

HTc-Co:  

ICP-OES: 292.6 mg/g Mg, 141.3 mg/g Al, 141.5 mg/g Co. 

XRD: 

 

HTc-Zn-Co:  

ICP-OES: 271.3 mg/g Mg, 123.7 mg/g Al, 123.7 mg/g Co, 33.3 mg/g Zn 

XRD: 
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HTc-V:  

ICP-OES: 207.0 mg/g Mg, 82.14 mg/g Al, 178.9 mg/g V 

XRD: 

 

HTc-Cu-V:  

ICP-OES: 142.4 mg/g Mg, 84.2 mg/g Al, 91.6 mg/g Cu, 286.4 mg/g V. 

XRD: 

 

HTc-Zn-Cu-V:  

ICP-OES: 121.8 mg/g Mg, 80.20 mg/g Al, 20.1 mg/g Zn, 87.2 mg/g Cu, 294.5 mg/g V. 

XRD: 
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HTc-Fe-V:  

ICP-OES: 153.8 mg/g Mg, 63.4 mg/g Al, 40.6 mg/g Fe, 296.4 mg/g V. 

XRD: 

 

HTc-Co-V:  

ICP-OES: 114.3 mg/g Mg, 73.1 mg/g Al, 72.7 mg/g Co, 303.1 mg/g V. 

XRD: 

 

 

5.2. Catalysis with hydrotalcite-like catalysts 

5.2.1 Reaction conditions for the cleavage of dilignol 3aE with HTc-catalysts on a 

0.250 mmol scale 

A 25 mL glass-autoclave was charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.), the 

corresponding HTc-catalyst (16.7 mg, 20 wt%) and a magnetic stirrer. Subsequently, 1.25 mL 

of pyridine was added. The autoclave was purged three times with oxygen, charged with 5 bar 

of oxygen and stirred with 600 rpm in a preheated oil bath at 135 °C. After the expiration of 

the desired reaction time the autoclave was taken out of the oil bath and cooled to room 

temperature. The remaining oxygen pressure was released and the autoclave opened. 

1.000 mL of a standard-solution (3,4-dimethoxybenzylalcohol in methanol, c = 0.2 mol/L) 

was added with an Eppendorf-pipette to the reaction solution. The reaction mixture was 

filtered into 50 mL of a 1 M HCl solution, the autoclave rinsed with DCM (10 mL) and the 

catalyst was washed with DCM (20 mL). The aqueous phase was then extracted with DCM 

(4×20 mL). Next, the combined organic phases were washed with 1 M HCl (50 mL) and brine 
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(50 mL), dried over MgSO4, filtered and the solvent removed under reduced pressure. A 

minimum of three samples was taken from each reaction for HPLC measurements. For each 

sample 2.0 to 3.0 mg of the reaction product were weighed into a vial. Then, 0.5 mL of ethyl 

acetate and 0.5 mL of acetonitrile were added to the vial and after the complete dissolution of 

all products, the solution was filtered into a HPLC vial. 

5.2.2 Reaction conditions for the cleavage of dilignol 3aE with HTc-Cu-V or  

HTc-Zn-Cu-V on a 1.000 mmol scale 

A 25 mL glass-autoclave was charged with dilignol 3aE (334.4 mg, 1.000 mmol, 1.0 eq.), 

HTc-Cu-V or HTc-Zn-Cu-V (66.9 mg, 20 wt%) and a magnetic stirrer. Subsequently, 5 mL of 

pyridine was added. The autoclave was purged three times with oxygen, charged with 5 or 

6 bar of oxygen and stirred in a preheated oil bath at 135 °C with 600 rpm. After 16 h the 

autoclave was taken out of the oil bath and cooled to room temperature. The remaining 

oxygen pressure was released and the autoclave opened. The reaction mixture was filtered 

into 200 mL of a 1 M HCl solution, the autoclave rinsed with DCM (20 mL) and the catalyst 

was washed with DCM (20 mL). The aqueous phase was extracted with DCM (4×80 mL) and 

the organic phase was washed with 1 M HCl (150 mL) and brine (150 mL). After drying over 

MgSO4 and filtration, the solvent was evaporated under reduced pressure. The products were 

purified by column chromatography (DCM/MeOH = 100:0 to 100:6). HTc-Zn-Cu-V was 

dried under high vacuum and reused for a 2
nd

 and 3
rd

 catalytic cycle. 

5.2.3 Reaction conditions for determining the influence of the stirring rate with  

HTc-Cu-V as catalyst 

A 25 mL glass-autoclave was charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.),  

HTc-Cu-V (16.7 mg, 20 wt%) and a magnetic stirrer. Subsequently, 1.25 mL of pyridine was 

added. The autoclave was purged three times with oxygen, charged with 5 bar of oxygen and 

stirred in a preheated oil bath at 135 °C with the corresponding stirring velocity. After 14 h the 

autoclave was taken out of the oil bath and cooled to room temperature. The remaining 

oxygen pressure was released and the autoclave opened. 1.000 mL of a standard-solution  

(3,4-dimethoxybenzylalcohol in methanol, c = 0.2 mol/L) was added with an Eppendorf-

pipette to the reaction solution. The reaction mixture was filtered into 50 mL of a 1 M HCl 

solution, the autoclave rinsed with DCM (10 mL) and the catalyst was washed with DCM 

(20 mL). The aqueous phase was then extracted with DCM (4×20 mL). Next, the combined 

organic phases were washed with 1 M HCl (50 mL) and brine (50 mL), dried over MgSO4, 

filtered and the solvent removed under reduced pressure. A minimum of three samples was 

taken from each reaction for HPLC measurements. For each sample 2.0 to 3.0 mg of the 

reaction product were weighed into a vial. Then, 0.5 mL of ethyl acetate and 0.5 mL of 

acetonitrile were added to the vial and after the complete dissolution of all products, the 

solution was filtered into a HPLC vial. 

5.2.4 Reaction conditions for the kinetics of dilignol 3aE and ketone 12a with HTc-Cu-V 

as catalyst 

A 20 mL steel autoclave was either charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.) 

or ketone 12a (83.3 mg, 0.250 mmol, 1.0 eq.), HTc-Cu-V (16.7 mg, 20 wt%) and a magnetic 

stirrer. Subsequently, 1.25 mL of pyridine was added. The autoclave was purged three times 
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with oxygen, charged with 5 bar of oxygen and stirred with 500 rpm in a preheated oil bath at 

135 °C. Upon completion of the desired reaction time the autoclave was taken out of the oil 

bath and cooled to room temperature. Afterwards, the remaining oxygen pressure was 

released and the autoclave opened. 1.000 mL of a standard-solution  

(3,4-dimethoxybenzylalcohol in methanol, c = 0.2 mol/L) was added with an Eppendorf-

pipette to the reaction solution. The reaction mixture was filtered to separate the solid catalyst 

from the solution and the catalyst was washed with DCM. The solution was then washed with 

1 M HCl (50 mL) and the aqueous phase extracted with DCM (2×10 mL). The combined 

organic phases were dried over MgSO4, filtered, and the solvent was removed under reduced 

pressure. A minimum of two samples was taken from each reaction for HPLC measurements. 

For each sample 2.0 to 3.0 mg of the reaction product were weighed into a vial. Then, either 

1.0 mL of acetonitrile or 0.5 mL of ethyl acetate and 0.5 mL of acetonitrile were added to the 

vial and after the complete dissolution of all products, the solution was filtered into a HPLC 

vial. 

5.2.5. Reaction conditions for the oxidative cleavage of lignin with HTc-Cu-V as catalyst 

A 20 mL steel autoclave was charged with 100 mg of the corresponding lignin source and 

20 mg (20 wt%) of HTc-Cu-V. Subsequently, pyridine (4.5 mL) was added. The autoclave 

was purged three times with oxygen, charged with 10 bar of oxygen and stirred with 600 rpm 

in a preheated oil bath at 135 °C. After 40 h the autoclave was taken out of the oil bath and 

cooled to room temperature. The residual pressure was released, the reaction mixture filtered 

and the autoclave and catalyst washed with 20 mL of pyridine. Under reduced pressure 

pyridine was removed. The reaction mixture was dissolved in methanol (20 mL) and the 

solvent evaporated to remove residual pyridine. This process was repeated twice (2×20 mL). 

Afterwards the product was dried under high vacuum. The product was analyzed by GPC, 

MALDI and elemental analysis. 

5.2.6 Reaction conditions for the 2D-NMRs of lignin with HTc-Cu-V as catalyst 

A 20 mL steel autoclave was charged with 100 mg of the corresponding lignin source and 

20 mg (20 wt%) of HTc-Cu-V. Subsequently, 4.5 mL of pyridine-d5 was added. The autoclave 

was purged three times with oxygen, charged with 10 bar of oxygen and stirred in a preheated 

oil bath at 135 °C with 600 rpm. After 40 h the autoclave was taken out of the oil bath and 

cooled to room temperature. The residual pressure was released and the reaction mixture 

filtered into a NMR tube. 

5.2.7 Reaction conditions with other model compounds and HTc-Cu-V as catalyst 

A 25 mL glass autoclave was charged with corresponding lignin model compound 

(0.250 mmol or 1.000 mmol), HTc-Cu-V (20 wt%) and a magnetic stirrer. Subsequently either 

1.25 mL or 5 mL of pyridine were added. The autoclave was purged three times with oxygen, 

charged with 5 or 6 bar of oxygen and stirred in a preheated oil bath at 135 °C with 600 rpm. 

After 17 h the autoclave was taken out of the oil bath and cooled to room temperature. The 

remaining oxygen pressure was released and the autoclave opened. Depending on the reaction 

scale the work up was performed as described in 5.2.1 or 5.2.2 in this chapter. 
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5.2.8 Reaction conditions for the leaching tests with HTc-Cu-V as catalyst 

A 25 mL glass autoclave was charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.),  

HTc-Cu-V (16.7 mg, 20 wt%) and a magnetic stirrer. Subsequently, 1.25 mL of pyridine was 

added. The autoclave was purged three times with oxygen, charged with 5 bar of oxygen and 

stirred in a preheated oil bath at 135 °C with 600 rpm. Upon completion of the desired 

reaction time the autoclave was taken out of the oil bath, the remaining oxygen pressure 

released and the hot reaction mixture filtered over two pipettes with cotton into a flask. The 

solvent was removed under reduced pressure. To remove the residual pyridine the reaction 

mixture was dissolved in methanol (20 mL) and the solvent evaporated. 

5.2.9 Reaction conditions for the EPR measurements with HTc-Cu-V as catalyst 

A glass autoclave was charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.), HTc-Cu-V 

(16.7 mg, 20 wt%) and a magnetic stirrer. Subsequently, 1.25 mL of pyridine was added. The 

autoclave was purged three times with oxygen, charged with 5 bar of oxygen and stirred in a 

preheated oil bath at 135 °C with 600 rpm. After 2 h the autoclave was taken out of the oil 

bath, the remaining oxygen pressure released and the reaction solution either filtered hot into 

an EPR-tube or into another glass autoclave equipped with a magnetic stirrer. The glass-

autoclave was purged three times with oxygen, charged with 5 bar of oxygen and stirred in a 

preheated oil bath at 135 °C with 600 rpm. After 15 h the autoclave was taken out of the oil 

bath and cooled to room temperature. The remaining oxygen pressure was released and the 

reaction solution filtered into an EPR-tube. 

5.2.10 EPR spectra of the reaction solution after hot filtration of HTc-Cu-V 
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5.3. Spectroscopic data of HTc-Cu-V after reaction 

5.3.1. XRD of HTc-Cu-V after 17 h of reaction; * peak caused by the sample holder 

 

5.3.2. Raman spectra of HTc-Cu-V a) before and b) after 17 h of reaction 
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6. Catalysis with V(acac)3 and Cu(NO3)2·3H2O 

 

The synthetic protocols involving V(acac)3 and Cu(NO3)2·3H2O as catalysts have been 

published during the course of this dissertation in the journal “ChemSusChem” as part of the 

article “Copper- and Vanadium-Catalyzed Oxidative Cleavage of Lignin using Dioxygen”.
[78]

 

The following reaction conditions are identical to those given in reference 78. 

6.1.1 Reaction conditions for the cleavage of dilignol 3aE with V(acac)3 and 

Cu(NO3)2·3H2O 

A 25 mL glass autoclave was charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.), the 

corresponding amount of V(acac)3 and Cu(NO3)2·3H2O and a magnetic stirrer. Subsequently, 

1.25 mL of pyridine was added. The autoclave was purged three times with oxygen, charged 

with 5 bar of oxygen and stirred with 600 rpm in a preheated oil bath at 135 °C. After the 

expiration of the desired reaction time the autoclave was taken out of the oil bath and cooled 

to room temperature. The remaining oxygen pressure was released and the autoclave opened. 

1.000 mL of a standard solution (3,4-dimethoxybenzylalcohol in methanol, c = 0.2 mol/L) 

was added with an Eppendorf-pipette to the reaction solution. The reaction mixture was added 

to 50 mL of a 1 M HCl-solution and the autoclave rinsed with DCM (10 mL). The aqueous 

phase was then extracted with DCM (4×20 mL). Next, the combined organic phases were 

washed with 1 M HCl (50 mL) and brine (50 mL), dried over MgSO4, filtered and the solvent 

removed under reduced pressure. A minimum of three samples was taken from each reaction 

for HPLC measurements. For each sample 2.0 to 3.0 mg of the reaction product were weighed 

into a vial. Then, 0.5 mL of ethyl acetate and 0.5 mL of acetonitrile were added to the vial and 

after the complete dissolution of all products, the solution was filtered into a HPLC vial. 

6.1.2 Reaction conditions for the oxidative cleavage of lignin with V(acac)3 and 

Cu(NO3)2·3H2O 

A 20 mL steel autoclave was charged with 100 mg of the corresponding lignin source and 

5 mg (5 wt%) of V(acac)3 and 5 mg (5 wt%) of Cu(NO3)2·3H2O. Subsequently, pyridine 

(4.5 mL) was added. The autoclave was purged three times with oxygen, charged with 10 bar 

of oxygen and stirred with 600 rpm in a preheated oil bath at 135 °C. After 40 h the autoclave 

was taken out of the oil bath and cooled to room temperature. The residual pressure was 

released, the reaction mixture filtered and the autoclave and catalyst washed with 20 mL of 

pyridine. Under reduced pressure pyridine was removed. The reaction mixture was dissolved 

in methanol (20 mL) and the solvent evaporated to remove residual pyridine. This process 

was repeated twice (2×20 mL). Afterwards the product was dried under high vacuum. The 

product was analyzed by GPC, MALDI and elemental analysis. 

6.1.3 Reaction conditions for the 2D-NMRs of lignin with V(acac)3 and Cu(NO3)2·3H2O 

A 20 mL steel autoclave was charged with 100 mg of the corresponding lignin source and 

5 mg (5 wt%) of V(acac)3 and 5 mg (5 wt%) of Cu(NO3)2·3H2O. Subsequently, 4.5 mL of 

pyridine-d5 was added. The autoclave was purged three times with oxygen, charged with 10 

bar of oxygen and stirred in a preheated oil bath at 135 °C with 600 rpm. After 40 h the 

autoclave was taken out of the oil bath and cooled to room temperature. The residual pressure 

was released and the reaction mixture filtered into a NMR tube. 
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6.1.4 Reaction conditions for the EPR measurements with V(acac)3 and Cu(NO3)2·3H2O 

as catalyst 

A 25 mL glass autoclave was charged with dilignol 3aE (83.6 mg, 0.250 mmol, 1.0 eq.), 

V(acac)3 (4.4 mg, 0.0125 mmol, 5 mol%), Cu(NO3)2·3H2O (3.0 mg, 0.0125 mmol, 5 mol%) 

and a magnetic stirrer. Subsequently, 1.25 mL of pyridine was added. The autoclave was 

purged three times with oxygen, charged with 5 bar of oxygen and stirred in a preheated oil 

bath at 135 °C with 600 rpm. After the expiration of the desired reaction time the autoclave 

was taken out of the oil bath and cooled to room temperature. The remaining oxygen pressure 

was released and the autoclave opened. The reaction solution was filtered into an EPR-tube. 

6.1.5 EPR spectra of the reaction solution using 5 mol% of V(acac)3/Cu(NO3)2·3H2O 
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6.1.6 EPR spectrum of 5 mol% V(acac)3 in pyridine at ambient pressure and room 

temperature 
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7. Spectroscopic data of isolated products 

1-(3,4-Dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propan-1-one
[36g] 

 

1
H NMR (600 MHz, CDCl3):  = 7.75 (dd, J = 8.4, 2.0 Hz, 1H), 7.62 (d, J = 2.0 Hz, 1H), 7.00 (td, 

J = 8.0, 1.4 Hz, 1H), 6.94–6.86 (m, 3H), 6.82 (td, J = 8.0, 1.4 Hz, 1H), 5.40 (t, J = 5.3 Hz, 1H), 4.07 

(d, J = 5.3 Hz, 2H), 3.95 (s, 3H), 3.92 (s, 3H), 3.86 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 195.0, 153.9, 150.5, 149.2, 146.9, 128.0, 123.7, 123.6, 121.2, 

118.5, 112.2, 110.9, 110.1, 84.6, 63.7, 56.1, 56.0, 55.8. 

MS (EI, 70 eV): m/z (%): 333 [M+1]
+
 (7), 332 [M]

+
 (31), 166 (11), 165 (100), 150 (30), 77 (11). 

HPLC (H2O/MeOH, 60/40): tR = 24.0 min. 

1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)prop-2-en-1-one
[79] 

 

1
H NMR (600 MHz, CDCl3):  = 7.83 (dd, J = 8.4, 1.9 Hz, 1H), 7.64 (d, J = 1.8 Hz, 1H), 7.14 (td, 

J = 7.2, 1.5 Hz, 1H), 7.08 (dd, J = 7.9, 1.5 Hz, 1H), 6.98 (dd, J = 8.4, 1.0 Hz, 1H), 6.93 (td, J = 7.8, 

1.5 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.21 (d, J = 2.4 Hz, 1H), 4.71 (d, J = 2.4 Hz, 1H), 3.95 (s, 3H), 

3.93 (s, 3H), 3.87 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 189.2, 158.1, 153.5, 151.1, 148.8, 143.4, 129.2, 125.9, 125.2, 

121.8, 121.4, 113.0, 112.4, 110.0 (2C), 56.2, 56.1, 56.0. 

MS (EI, 70 eV): m/z (%): 315 [M+1]
+
 (6), 314 [M]

+
 (28), 166 (11), 165 (100), 163 (17), 77 (11). 

HRMS (ESI, 70 eV): m/z calcd for C18H18O5+Na
+
: 337.1046 [M+Na]

+
; found: 337.1046. 

3,4-Dimethoxybenzaldehyde
[37e] 

 

1
H NMR (600 MHz, CDCl3):  = 9.84 (s, 1H), 7.45 (dd, J = 8.4, 1.8 Hz, 1H), 7.40 (d, J = 1.8 Hz, 

1H), 6.97 (d, J = 8.4 Hz, 1H), 3.95 (s, 3H), 3.93 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 191.0, 154.6, 149.7, 130.2, 127.0, 110.5, 109.0, 56.3, 56.1. 

MS (EI, 70 eV): m/z (%): 167 [M+1]
+
 (14), 166 [M]

+
 (100), 165 (48), 151 (11), 95 (17), 77 (11), 51 

(14). 
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HPLC (H2O/MeOH, 60/40): tR = 5.3 min. 

3,4-Dimethoxybenzoic acid
[37e] 

 

1
H NMR (600 MHz, CDCl3):  = 10.31 (bs, 1H), 7.77 (dd, J = 8.4, 1.9 Hz, 1H), 7.59 (d, J = 1.8 Hz, 

1H), 6.89 (d, J = 8.4 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 171.9, 153.5, 148.7, 124.6, 112.5, 110.4 (2C), 56.1, 56.0. 

MS (EI, 70 eV): m/z (%): 183 [M+1]
+
 (13), 182 [M]

+
 (100), 167 (25), 111 (13), 51 (13). 

HPLC (H2O/MeOH, 60/40): tR = 1.8 min. 

Methyl 3,4-dimethoxybenzoate
[80] 

 

1
H NMR (600 MHz, CDCl3):  = 7.68 (dd, J = 8.4, 1.8 Hz, 1H), 7.54 (d, J = 1.8 Hz, 1H), 6.88 (d, 

J = 8.4 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H), 3.89 (s, 3H).. 

13
C NMR (151 MHz, CDCl3):  = 166.8, 152.9, 148.5, 123.5, 122.6, 111.9, 110.2, 56.0, 55.9, 52.0. 

MS (EI, 70 eV): m/z (%): 196 [M]
+
 (100), 165 (83), 124.9 (18), 79 (25). 

HPLC(H2O/MeOH, 60/40): tR = 14.3 min 

2-Methoxyphenol
[65]

 

 

1
H NMR (600 MHz, CDCl3):  = 6.93 (dd, J = 8.0, 1.8 Hz, 1H), 6.89–6.81 (m, 3H), 5.60 (s, 1H), 3.89 

(s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 146.5, 145.6, 121.4, 120.1, 114.5, 110.7, 55.8. 

MS (EI, 70 eV): m/z (%): 125 [M+1]
+
 (76), 124 [M]

+
 (100), 123 (10), 109 (13), 81 (14). 

1,2-Dimethoxybenzene
[81]

 

 

1
H NMR (600 MHz, CDCl3):  = 6.94–6.88 (m, 4H), 3.88 (s, 6H). 

13
C NMR (151 MHz, CDCl3):  = 149.0 (2C), 120.8 (2C), 111.3 (2C), 55.8 (2C).  
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MS (EI, 70 eV): m/z (%) = 139 [M+1]
+
 (22), 138 [M]

+
 (100), 123 (22), 95 (26). 

1-(3,4-Dimethoxyphenyl)propane-1,2-dione
[65]

 

 

1
H NMR (600 MHz, CDCl3):  = 7.66 (dd, J = 8.4, 1.8 Hz, 1H), 7.57 (d, J = 1.8 Hz, 1H), 6.91 (d, 

J = 8.4 Hz, 1H), 3.97 (s, 3H), 3.94 (s, 3H), 2.52 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 201.1, 190.2, 154.8, 149.4, 126.4, 124.7, 111.1, 110.3, 56.2, 56.0, 

26.7. 

MS (EI, 70 eV): m/z (%) = 208 [M]
+
 (100), 166 (10), 165 (100), 137 (10), 79 (10). 

Methyl (E)-3-(3,4-dimethoxyphenyl)acrylate
[37e]

 

 

1
H NMR (300 MHz, CDCl3):  = 7.64 (d, J = 15.9 Hz, 1H), 7.10 (dd, J = 8.3, 2.0 Hz, 1H), 7.05 (d, 

J = 2.0 Hz, 1H), 6.86 (d, J = 8.3 Hz, 1H), 6.31 (d, J = 15.9 Hz, 1H), 3.91 (s, 6H), 3.80 (s, 3H). 

MS (EI, 70 eV): m/z (%) = 223 [M+1]
+
 (13), 222 [M]

+
 (28), 207 (17), 191 (41), 164 (11), 147 (16), 

119 (14), 91 (17), 89 (11), 77 (18), 51 (17). 

erythro-1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)-propane-1,3-diyl dimethyl 

biscarbonate 

 

1
H NMR (600 MHz, CDCl3):  = 7.00–6.95 (m, 3H), 6.86–6.79 (m, 4H), 5.87 (d, J = 6.0 Hz, 1H), 

4.68 (m, 1H), 4.50 (dd, J = 12.0, 5.4 Hz, 1H), 4.33 (dd, J = 12.0, 4.3 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 

3H), 3.77 (s, 3H), 3.76 (s, 3H), 3.75 (s, 3H). 

13
C NMR (151 MHz, CDCl3):  = 155.5, 154.7, 151.0, 149.2, 148.8, 146.9, 128.2, 123.6, 120.9, 

120.0, 119.4, 112.5, 110.7, 110.5, 79.9, 77.8, 65.8, 55.8 (2C), 55.7, 54.9 (2C). 

MS (EI, 70 eV): m/z (%): 451 [M+1]
+ 

(10), 450 [M]
+
 (37), 251 (54), 225 (100), 181 (70). 

HRMS (ESI, 70 eV): m/z calcd. for C22H26O10+Na
+
: 473.14182 [M+Na]

+
; found: 473.14166. 
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8. Spectroscopic data of lignin 

8.1. HSQC spectra of lignin 

MPI organosolv beech lignin in DMSO-d6 

 

MPI organosolv beech lignin in pyridine-d5 
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MPI organosolv beech lignin in pyridine-d5 after the reaction with HTc-Cu-V as catalyst 

 

MPI organosolv beech lignin in pyridine-d5 after the reaction with 

V(acac)3/Cu(NO3)2·3H2O as catalyst 
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HH organosolv beech lignin in DMSO-d6  

 

HH organosolv beech lignin in pyridine-d5 
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HH organosolv beech lignin in pyridine-d5 after the reaction with HTc-Cu-V as catalyst 

 

Kraft lignin #370959 in DMSO-d6  
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Kraft lignin #370959 in pyridine-d5 

 

Kraft lignin #370959 after the reaction with HTc-Cu-V as catalyst 
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8.2. SEC of lignin 

In red is the lignin source shown before the reaction and in green after the reaction. 

Mass distributions of MPI organosolv beech lignin with HTc-Cu-V after 48 h reaction 

time 

 

Elugram of MPI organosolv beech lignin with HTc-Cu-V after 48 h reaction time 
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Mass distributions of MPI organosolv beech lignin with HTc-Cu-V after 40 h reaction 

time 

 

Elugram of MPI organosolv beech lignin with HTc-Cu-V after 40 h reaction time 

 

Mass distribution of MPI organosolv beech lignin after 40 h without catalyst 
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Elugram of MPI organosolv beech lignin after 40 h without catalyst 

 

Mass distribution of MPI organosolv beech lignin with V(acac)3/Cu(NO3)2·3H2O 

 

Elugram of MPI organosolv beech lignin with V(acac)3/Cu(NO3)2·3H2O 
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Mass distribution of HH organosolv beech lignin with HTc-Cu-V 

 

Elugram of HH organosolv beech lignin with HTc-Cu-V 

 

Mass distribution of kraft lignin #471003 with HTc-Cu-V 
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Elugram of kraft lignin #471003 with HTc-Cu-V 

 

Mass distribution of kraft lignin #370959 with HTc-Cu-V 

 

Elugram of kraft lignin #370959 with HTc-Cu-V 
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8.3. MALDI spectra of lignin 

MPI organosolv beech lignin including matrix 

 

MPI organosolv beech lignin including matrix with HTc-Cu-V as catalyst 
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MPI organosolv beech lignin including matrix with V(acac)3/Cu(NO3)2·3H2O as catalyst 

 

Kraft lignin #370959 including matrix 
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Kraft lignin #370959 including matrix with HTc-Cu-V as catalyst 

 

8.4. Elemental analysis of lignin 

8.4.1 Elemental analysis of lignin sources 

Elem. Anal. [MPI organosolv beech lignin]: Found C = 60.38%, H = 6.00%, N = 0.18%. 

Elem. Anal. [HH organosolv beech lignin]: Found C = 61.68%, H = 5.81%, N = 0.11%. 

Elem. Anal. [Kraft lignin #370959]: Found C = 62.61%, H = 5.85%, N = 0.47%. 

 

8.4.2 Elemental analysis of lignin sources after the reaction with HTc-Cu-V 

Elem. Anal. [MPI organosolv beech lignin]: Found C = 54.76%, H = 4.99%, N = 8.40%. 

Elem. Anal. [HH organosolv beech lignin]: Found C = 57.12%, H = 4.97%, N = 8.30%. 

Elem. Anal. [Kraft lignin #370959]: Found C = 51.24%, H = 4.64%, N = 6.94%. 

 

8.4.3 Elemental analysis of lignin source after the reaction with V(acac)3/Cu(NO3)2·3H2O  

Elem. Anal. [MPI organosolv beech lignin]: Found C = 53.75%, H = 5.42%, N = 9.25%. 
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9. Rate constants k in kinetic experiments 

9.1. Rate constants k for the cleavage of 3aE with V(acac)3 and Cu(NO3)2·3H2O 

9.1.1 Rate constant –k for the cleavage of 3aE with 5 mol% of V(acac)3/Cu(NO3)2·3H2O 

 

9.1.2 Rate constant –k for the cleavage of 3aE with 2.5 mol% of 

V(acac)3/Cu(NO3)2·3H2O 
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9.1.3 Rate constant –k for the cleavage of 3aE with 5 mol% of V(acac)3 

 

9.1.4 Rate constant –k for the cleavage of 3aE with 2.5 mol% of V(acac)3 
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9.1.5 Rate constant –k for the cleavage of 3aE with 5 mol% of Cu(NO3)2·3H2O 

 

9.2. Rate constants k for cleavage reactions with HTc-Cu-V 

9.2.1 Rate constant –k for the cleavage of 3aE with 20 wt% of HTc-Cu-V 
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9.2.2 Rate constant –k for the cleavage of 12a with 20 wt% of HTc-Cu-V 
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10. HPLC calibration 

10.1. HPLC calibration for erythro 1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-

propanediol 

 

10.2. HPLC calibration for 1-(3,4-Dimethoxyphenyl)-3-hydroxy-2-(2-

methoxyphenoxy)propan-1-one 
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10.3. HPLC calibration for 3,4-Dimethoxybenzaldehyde 

 

10.4. HPLC calibration for 3,4-Dimethoxybenzoic acid 
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V. Abbreviations  

 

Å   Angstrom 

A  ampere 

Ac   acetyl 

AcOH  acetic acid 

Bn   benzyl 

b  broad (NMR signal) 

Bu   butyl 

tBu   tert-butyl 

calcd   calculated 

C   celsius 

CCD  charge coupled device 

COD  1,5-cyclooctadiene 

   chemical shift 

d   doublet (NMR signal) 

dd  doublet of doublets (NMR signal) 

ddd  doublet of doublet of doublets (NMR signal) 

Da  dalton 

DAAD   Deutscher Akademischer Austausch Dienst  

DABCO  1,4-diazabicyclo[2.2.2]octane 

DAIB  (diacetoxyiodo)benzene 

DCM   dichloromethane 

DEAD  diethyl azodicarboxylate 

Dip-Cl
TM 

diisopinocampheyl chloroborane 

dipic  dipicolinate 

DMC  dimethyl carbonate 

DMEDA N,N′-dimethylethylenediamine 
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DMF   N,N-dimethylformamide 

DMSO  dimethylsulfoxide 

Eds.   editors 

EI   electronic impact  

eq.  equivalent 

EPR  electron paramagnetic resonance 

ESI  electronspray ionization 

Et   ethyl 

Et3N  triethylamine 

EtOAc  ethyl acetate 

eV   electron volt 

G  gauss 

GC    gas chromatography 

GC-MS  gas chromatography-mass spectrometry 

GPC  gel permeation chromatography 

h  hour 

HMTA  hexamethylenetetramine 

HPLC  high-performance liquid chromatography 

HRMS   high resolution mass spectroscopy 

HSQC  heteronuclear single quantum coherence 

HTc  hydrotalcite 

Hz   hertz 

ICP-OES  inductively coupled plasma optical emission spectrometry 

ITQ  Instituto de Tecnología Química 

J  joule 

J   coupling constant (in NMR spectroscopy) 

L   liter 

LC-MS  liquid chromatography-mass spectrometry 

LDA  lithium diisopropylamide 
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m  multiplett (NMR signal) 

M   molar 

MALDI matrix-assisted laser desorption/ionization 

Me   methyl 

mep  N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine 

min   minutes 

mol   mole 

m.p.   melting point 

MPI  Max Planck Institut 

MS   mass spectroscopy 

MTO  methyltrioxorhenium 

NBS  N-bromosuccinimide 

NHC  N-heterocyclic carbene ligand 

NMP  N-methyl-2-pyrrolidone 

NMR   nuclear magnetic resonance 

OAc  acetate 

Pa  pascal 

PEG  polyethylene glycol 

phen  1,10-phenanthroline 

PMDS  pentamethyldisiloxane 

PMDTA N,N,N′,N′,N′′-pentamethyldiethylenetriamine 

ppm  parts per million 

iPr  iso-propyl 

q  quartet (NMR signal) 

RI  refractive index 

rt  room temperature 

s  singlet (NMR signal)  

SEC  size-exclusion chromatography 

t  triplet (NMR signal) 
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TAML  tetraamido macrocyclic ligands 

TBHP  tert-Butylhydroperoxide 

td  triplet of doublets (NMR signal) 

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)-oxyl 

tert-BuONa sodium tert-butoxide 

THF   tetrahydrofuran 

TLC  thin layer chromatography 

TMDS  tetramethyldisiloxane 

TMEDA N,N,N′,N′-tetramethylethylenediamine 

ToF  time of flight 

TsOH·H2O p-toluenesulfonic acid monohydrate 

V  volt 

W  watt 

XRD  X-ray diffraction 
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