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Abstract 

 
Over the last eight years, the United States has experienced a rapid reduction of greenhouse 

gases with concomitant economic growth. This phenomenon can be attributed to substantial 

investments in clean energy production; reluctantly, similar attention has eluded the industry for 

commodity chemicals manufacturing. Lignin is an abundant biopolymer and the only renewable 

source of aromatic carbons on the planet. Depolymerization of lignin to monomeric material could 

provide a source of commodity chemicals more sustainably compared to crude oil processing. 

There are currently no technologies that efficiently convert lignin to fine chemicals. Our lab 

considers the conversion of lignin to useful chemicals to be a concept of great value toward a goal 

of reducing our dependence on fossil fuels. Described herein is the culmination of my thesis work 

toward developing environmentally benign methods for the depolymerization of lignin. We have 

discovered unique modes of reactivity in photo- and electrochemistry that lead to lignin 

depolymerization. Additionally, we have developed strategies that utilize redox chemistry to 

enable lignin valorization under relatively mild reaction conditions. Our goal is to understand the 

limits to lignin depolymerization better and to use that knowledge to develop catalyst systems that 

can fragment lignin in a mild and reproducible manner. 
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 Introduction 
 
*Portions of this chapter have been published in Kärkäs, M. D., Matsuura, B. S.; Monos, T. M.; 
Magallanes, G.; Stephenson, C. R. J. Org. Biomol. Chem. 2016, 14, 1853. 
 

 The Case for Photoredox Catalysis 

Natural products, chemical substances derived in their natural state from living organisms 

(e.g., plants, animals, microbes), have been used to treat human disease since the dawn of 

medicine.1 Roughly half of the new chemical entities introduced between 1981 and 2002 were 

natural products, semi-synthetic natural product analogs, or synthetic products that were inspired 

by a natural product. One needs little persuasion to realize the significant impact that natural 

products have had on modern day medicine. In the pursuit of achieving synthetic competence that 

mirrors the efficiencies found in biological systems, chemists have pursued the constant 

development of chemical methods for the synthesis of complex chemical targets. This endeavor 

and the rapid ability to communicate and publish scientific articles has led to a misconception that 

the field of total synthesis is mature and that further exploration is no longer necessary.2 The 

antithesis to this misconception lies in the idea that molecular complexity is time-dependent, and 

through innovation, synthetic chemistry is made simpler.3 A large driver of innovation in synthetic 

methodology is the academia-industry relationship.4 Industry is continuously in need of accessing 

novel intermediates in a manner that is cost-efficient and safe, helping to identify real-world targets 

and enlist academic groups to deliver new methods and structural motifs. Even in the midst of 

rapid publication and the expedient communication of chemical data and structure, there appears 

to be a lack of new methods and reactions making their way into industrial settings in a meaningful 

manner. A specific example that highlights the lack of new reactions in industrial settings is found 
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in a study published in 2014. This study analyzed the most used chemical reactions in medicinal 

chemistry and natural product total synthesis in 2014 versus those conducted in 1984.5 The analysis 

showed that of the most used synthetic reactions, none of them were discovered in the past twenty 

years and only two were discovered in the 1980s and 1990s. This analysis shows that the 

integration of new and modern methods has yet to make a profound impact in industry, so the 

impetus for exploring new modes of reactivity still exists. 

 In the search for new reaction strategies, free radical chemistry has sparked a remarkable 

intrigue in chemists for the many decades since Professor Moses Gomberg’s seminal report of the 

existence of carbon-centered free radicals.6 Radicals have been heavily studied for new 

methodologies and in applications to natural product total synthesis, mainly due to the exquisite 

reactivity and unique bond connections that can be formed. In many cases, radical reactivity allows 

the formation of new bonds that are otherwise inaccessible through polar, two-electron processes.7 

The synthesis of remarkably complex natural products has been achieved with the aid of 

photochemical steps that generate radical intermediates, such as ingenol, ginkgolide B, a-cedrene, 

and many more.8,9,10  Despite the distinctive modes of reactivity for free radicals, they are often 

considered difficult to control. Historically, radical generation has been initiated either thermally 

or chemically. 

A common strategy for generating open-shell, free radical intermediates outside of 

chemical initiation is through photochemical means. Traditional organic photochemistry has been 

well studied and implemented, and it is dependent on organic molecules absorbing ultraviolet (UV) 

light (Table 1).11,12 Students and practitioners of chemical studies have probably noticed that most 

salts and even organic materials are often colorless. This is likely a direct result of that molecule’s 

lack of visible-light absorbance, which is the light that is most abundantly produced by household 
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lamps and lighting fixtures, as well as from the sun. UV light is a wavelength that is also provided 

by the sun and is not detectable by the human eye. Most organic molecules absorb light in the UV 

wavelengths, and as a result, UV light is often used for photochemically-induced reactions.13 If 

centuries of work have previously enabled photochemical methods for accessing complex 

intermediates, what is the necessity for more innovation in the way we utilize light sources to 

access radical intermediates? Ultimately, two immediate issues come to mind: (1) UV light 

reactions are recalcitrant to scale-up operations, expensive, and require the implementation of 

additional safety precautions, and (2) UV light can promote uncontrollable side reactions due to 

the indiscriminate photoexcitation of functional groups found in a molecule.  

Table 1. Relationship between energy, wavelength, and frequency. 

Type of radiation Wavelength 
(l = nm) 

Energy (kcal-
mol–1) 

Frequency 
(n = Hz = s–1) 

ultraviolet 200–400 140–70 1.5 x 1015–7.5 x 1014 

violet ~400 70 7.50 x 1014 

green ~500 60 6.0 x 1014 

red ~700 40 5.0 x 1014 

Near-infrared (NIR) ~1000 30 3.0 x 1014 

 

Insofar, chemical and photochemical methods for radical generation have been discussed. 

With chemically induced radical generation comes the cost of toxic or explosive chemicals–

alongside their toxic byproduct counterparts–that pose challenges for waste management. 

Environmental considerations have also impacted how chemists design reactions to avoid 

excessive amounts of waste that is harmful to human health and the environment. In the wake of 

a green chemistry renaissance, photoredox catalysis has risen to widespread popularity in the 
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modern-day radical chemistry literature. Photoredox catalysis has sparked the design of new 

approaches to generating and controlling redox chemistry in organic molecules. 

 

  The Principles of Design and Strategy for Photocatalysis 

Photoredox is a colloquially but academically accepted term that combines the root word 

photo- (meaning light) and the suffix redox (relating to the movement of electrons) to describe the 

type of reactivity resulting from the photochemical manipulations of the redox potentials of a 

catalyst to effect the movement of electrons between catalyst and substrate. The prevailing thought 

was that if a catalyst can be designed to absorb visible-light, instead of UV light, one could 

selectively photoexcite the catalyst in the presence of a substrate chemical, solvent, and other 

additives. This concept laid the groundwork for the advent of modern-day photoredox catalysis. 

Photoactive catalysts have been known to engage in single-electron-transfer (SET) processes, 

typically organic dyes, but it was the realization that ruthenium- and iridium-based 

photosensitizers could be used due to some unique properties exhibited by these photocatalysts. 

The utilization of Ru- and Ir-based photocatalysts is common in photoredox catalysis due to their 

ability to absorb visible-light, their long-lived excited state lifetimes (t), ability to engage in SET 

redox events through outer sphere electron transfer, and the dual nature of the photocatalyst to act 

as an oxidant or as a reductant.14,15,16 The seminal findings for the photochemical and 

electrochemical behaviors of Ru(bpy)32+ were reported in the 1970s and 80s, well before the 

current explosion in methods for photoredox reactions, and the culmination of this work has been 

summarized in a review.17 The general scheme for photoredox reactions is depicted in Figure 1. 

Upon irradiation of a photocatalyst with visible-light, the photocatalyst can enter a photoexcited 

state. The Ir- and Ru-based photocatalysts have a particularly long photoexcited state lifetime (e.g., 
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Ru(bpy)32+ = 1100 ns; fac-Ir(ppy)3 = 1900 ns). In the event of a photochemical excitation event, 

the photocatalyst undergoes a metal-to-ligand charge transfer (MLCT) and subsequent intersystem 

crossing (ISC) event. The ISC enables the transition of an electron to another orbital with a 

concomitant spin-flip, which results in the electronic configuration where relaxation of the electron 

is now spin-forbidden. This ISC process ultimately results in the long-lived excited state lifetimes 

of Ru- and Ir-based photocatalysts.  The MLCT process effectively results in single electron 

oxidation of the metal center from Mn to Mn+1 while reducing one of the ligands, thus resulting in 

a radical anion ligand intermediate. The MLCT is responsible for the dual nature of the 

photocatalyst to act as an oxidant or a reductant (Figure 2). For the remainder of the text, oxidation 

potential (Eox) refers to the required applied potential of a substance to remove an electron, and 

the reduction potential (Ered) is the required applied potential of a substance to add an electron. 

The ground state redox potentials of photocatalysts can be easily obtained using 

electrochemical measurements. The ground state potentials can then be used with photophysical 

data to obtain the excited state potentials. This is a useful, predictive method to anticipate 

photocatalyst SET processes. A remarkable property of photocatalysts is that their redox properties 

are always enhanced, i.e., the reduction or oxidation becomes more energetically favored. This 

concept of enhanced redox potentials is described in Figure 1.a, where photoexcitation of an 

electron leads to the ground state electron affinity (EA(R)) becoming a more negative value 

(*EA(*R)), which results in a more oxidizing intermediate. Likewise, the ground state ionization 

potential (IP(R)) becoming a more positive value (*IP(R)) that increases the reducing power of the 

intermediate. Typically, the oxidation of a substance requires a positive potential, and the reduction 

of a substance requires a negative potential, but these numbers are always relative to a certain 

electrochemical standard. In organic chemistry, the best practice is to use organic solvents with a 
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quasi-reference electrode using the same solvent. This operation is easily performed using a piece 

of conductive metal as the reference electrode, and then referencing the potentials to ferrocene 

after a control oxidation sweep has been done on the ferrocene. Converting ferrocene to a more 

standard reference that is used in organic chemistry, such as the standard calomel electrode (SCE), 

is simply done by taking the potential vs. Fc+/Fc and adding +0.38 V (Figure 2.a). A thorough 

examination of relevant oxidation potentials for common organic molecules has previously been 

reported by Nicewicz and co-workers.18 

 

Figure 1. (a) representative MO diagram of excited state redox potentials (b) relative standard electrochemical 
potentials. 

 

The dramatic effect on the ground-state potentials upon excitation of an electron that 

undergoes MLCT and ISC affords the redox-active photocatalyst. It is this enhancement in redox 

potentials that imparts the unique reactivity of photoexcited catalysts. If one knows the redox 

potentials of the photocatalyst and the desired organic substrate for manipulation, one can predict 

whether photoinduced electron transfer (PET) will occur. In one mechanistic manifold of PET, the 

Reduction Oxidation
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photocatalyst can undergo a reduction to arrive at a reduced PC•– intermediate (Figure 2). For the 

catalyst to turnover, it must encounter an oxidant to which it can transfer its extra electron. This 

sequence is known as a reductive quenching cycle. Alternatively, the oxidative quenching pathway 

can ensue in the presence of an oxidant that can quench excited state photocatalyst to PC•+. Once 

a photocatalyst has been excited with light, other processes can quench the photocatalyst that are 

not direct electron transfer processes. Commonly encountered quenching processes include non-

radiative quenching process (i.e., ISC or triplet reaction) or the radiative process of 

phosphorescence, which can lead to non-productive pathways. Figure 2 further highlights the 

electrochemical potentials of commonly employed photocatalysts that should enable the reader of 

this text to understand the proceeding work in this document better, and for referencing the 

photocatalysts to their assigned labels (Ir.1 – Ir.4). The redox potentials listed emphasize the 

simplicity in being able to selectively evaluate photocatalysts based on their ability to oxidize or 

reduce a chemical reagent. Triplet-energy transfer has recently been developed into a useful 

reaction manifold that induces reactivity through triplet sensitization instead of electron transfer. 

This type of reactivity will not be further described in this writing, but the reader is pointed to 

many examples of triplet-energy transfer reactivity referenced herein.19,20,21,22,23,24,25,26 More 

detailed reading in singlet and triplet energy values as well as triplet-triplet annihilation have been 

referenced.27,28,29,30 

The mechanistic considerations discussed heretofore have positioned the field of 

photoredox catalysis for optimal success in academic and industrial processes. Photoredox 

catalysis is arguably one the sub-branches of chemistry to be most quickly adapted in an industrial 

setting as illustrated by multiple reports of photoredox catalysis methods coming out of industrial 

research labs, as well as industry-academia collaborative projects (Figure 3).31,32,33,34,35,36,37 
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Figure 2. A representative quenching cycle for a photocatalyst is depicted, along with a number of different 
photocatalysts and their relevant redox potentials (vs. SCE). See ref 59 for a note on the potential for DCA. 

The Stephenson group has identified photoredox as an innovative strategy for reaction 

development to modernize the chemist’s perspective on forming and controlling free radical 

intermediates. With the plethora of bond disconnections that can be envisioned using photoredox 

catalysis, the Stephenson group has leveraged the ability to harness visible-light to create methods 

that are operationally simple and environmentally benign compared to their UV-mediated 

counterparts.  
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Figure 3. Examples of photoredox catalysis being applied in industrial and academic settings. 

 

  Introduction to Lignin and the Prospects of Biomass Conversion 

The depletion of fossil fuel sources has prompted urgent efforts in developing technologies 

to convert renewable sources into products typically derived from crude oil processing.38 The 
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technologies that harness renewable sources for energy and chemicals. Investments in renewable 

energy technology have allowed the U.S. to experience its first sustained period of rapid reductions 
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for commodity chemicals.39 Impressively, renewable energy contributions in the U.S. increased 

from 6.5% to 11.3% between the years 2007 and 2017.3  

The term “commodity chemicals” is not clearly defined in the academic or industrial 

literature. Some reports regard commodity chemicals as chemicals that sell for less than 1 USD/lb, 

but this measure will drastically vary with the shrinkage and expansion of global markets and 

economies.40 Additionally, some reports have defined commodity chemicals as chemicals that are 

produced on a scale greater than one million tons/year.41 For the remainder of this writing, the 

reader should merely consider commodity chemicals as chemicals that are produced on a very 

large scale to satisfy global markets. These chemicals are often used as the solvents in numerous 

industrial processes, building blocks for complex molecule synthesis, or monomers for polymer 

synthesis. When considering the sourcing of commodity chemicals from renewable carbon 

sources, one should remember the two renewable sources of carbon: biomass and atmospheric 

CO2. Biomass, the largest source of renewable energy accounting for 5% of total consumption 

energy in the U.S.,42 has been considered an alternative to fossil fuels for the production of ethanol, 

biofuels, and small molecule feedstocks, but technologies for generating commodity chemicals 

from non-food woody biomass are still in their adolescence. Biomass consists mainly of three 

distinct polymeric material. First, and the most abundant, is cellulose–a polymer of glucose. The 

second most abundant polymer comprising biomass is lignin, a polymer synthesized by plants 

from phenylpropanoid monomers. The third most abundant portion of biomass is hemicellulose, 

which is a polymer mostly made from xylose, as well as other sugar monomers. Paper and pulping 

processes often seek to utilize the cellulose portion of biomass and regard the lignin portion as 

waste. Due to its unique chemical structure, lignin has attracted the attention of many scientists 

looking to harness a renewable source for producing useful commodity chemicals. Lignin is the 
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second most abundant biopolymer on the planet, and the DOE has estimated the sustainable 

biomass potential in the U.S. to be 1.2 billion tons per year, a target that is reachable within 35 

years.43 This increased number, compared to the current 190 million tons of biomass used per year 

for electricity and biofuel generation, has generated the impetus in research across the globe to 

convert biomass (including lignin) into useful, value-added chemicals. 

 

  The Biosynthesis of Lignin and its Structure 

The first documented description of lignin in 1838 attracted the attention of a considerable 

number of curious chemical researchers.44 Chemists and plant physiologists sought to elucidate 

lignin’s structure and to help explain its purpose, bond connectivity, and to understand the potential 

for its upgrading to valuable chemicals further. Lignocellulosic biomass is an intricate and 

recalcitrant polymeric material that is a renewable carbon source, and lignin serves as the main 

component in plants that impart structural rigidity. The ideal utilization of lignocellulose biomass 

would be through a so-called biorefinery.45,46 The International Energy Agency (IEA) Bioenergy, 

an international agency created to improve the exchange of information related to bioenergy and 

biofuel production, defined the biorefinery as “the sustainable processing of biomass into a 

spectrum of marketable products and energy”.47 Lignin is the second most abundant biopolymer 

on the planet, only behind cellulose, found in most terrestrial plants and it is the only renewable 

source of aromatic carbons, making it an ideal candidate for conversion to value-added products 

through a biorefinery.48  



 

 12 

 

Figure 4. An abbreviated scheme for the biosynthesis of the monolignols 

Lignin is a biopolymer synthesized by plants from three monomer units known as 

monolignols. The three monolignols are termed p-coumaryl alcohol, coniferyl alcohol, and sinapyl 

alcohol (Figure 4). The monolignols originate from phenylalanine, which gets converted to p-

coumaric acid. Further elaboration to a Co-A intermediate is the first intermediate where the 

enzymatic process branches. One more reductive, enzymatic step affords p-coumaryl alcohol, and 

several additional steps eventually results in the synthesis of coniferyl and sinapyl alcohol. The 

three monolignols vary by the methoxy-substitution on the aromatic rings, which has a direct 

impact on the available connections that are possible in the synthesis of the lignin polymer. Once 

the monolignols are synthesized, they are transported to the cell wall and soon thereafter undergo 

polymerization that affords the primary lignin polymer (Figure 5.a; lignin is found in nature 

attached to cellulose and hemicellulose, the constituents of which are represented in Figure 5.b). 

Polymerization begins with a net deprotonation and single-electron oxidation from the phenol, 

which leads to several possible resonance structures (Figure 5.c). Figure 5.c shows the 

corresponding bond formations via radical coupling that results in the synthesis of the β-O-4, 

dihydrobenzofuran, and β-β linkage motifs. These three linkage motifs are among the most 

common, accounting for approximately 45–60%, 10%, and 10% of the total linkage motifs, 
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respectively, depending on the plant species and external variables. Several other linkage motifs 

occur less frequently, such as the 4-O-5 (Figure 5.a) and 5-5, that are rarely targeted for lignin 

depolymerization strategies. 

 

Figure 5. (a) representative structure of a lignin polymer (b) constituents of the polymers found attached to lignin (c) 
a proposed mechanistic pathway for linkage synthesis (d) representative structural alterations of isolated lignins. 
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that the structure of the isolated lignin depends on the separation technique. Chemists should 

consider these structural alterations and the current state-of-the-art technologies to acquire a lignin 

before developing fragmentation strategies. The two most commonly used techniques in the paper 

and pulp industries are the Kraft and lignosulfonate extraction methods.52 However, these methods 

can replace the benzylic hydroxyl groups in lignin with thiol groups and sulfonate groups, 

respectively, among other chemical transformations (e.g., dehydration, oxidation). Organosolv 

methods have been developed to help retain the structure of native lignin, but acidic extraction 

conditions cause the formation of interunit C–C and C–O bonds that are less reactive to catalytic 

depolymerization protocols.  

 

 Conclusion 

This chapter has sought to establish the conceptual groundwork for the proceeding work 

contained in this document. The maturation of the field of synthetic methods to-date has enabled 

remarkable achievements, but the production of new methods for bond formation continually 

identifies areas of improvement. Although the initial reports for the use of photoredox catalysis go 

back to 1978, it was not until the late 2000’s that an exponential growth in photoredox methods 

occurred ( 

Figure 6).53 Research in photoredox catalysis has brought about a new and straightforward 

way to achieve desirable reactions in a very easy-to-use manner. Realization of the potential doors 

that photoredox catalysis could open led to its rapid expansion, and, ultimately, our group’s entry 

into this field of research. Photoredox catalysis has reinvigorated old schools of thought that are 

now being used in ways that achieve efficiencies never matched before. My work described herein 
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seeks to establish new photochemical and electrochemical methods that simplify the valorization 

of biomass to allow for simple and efficient methods for lignin valorization on a meaningful scale. 

 

Figure 6 A bar chart representing the yearly published papers in the field of organic photoredox catalysis. Reprinted 
with permission from J. Org. Chem. 2016, 81, 6898–6926. https://pubs.acs.org/doi/10.1021/acs.joc.6b01449 © 2016 
American Chemical Society. 
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  Development of a Photochemical Strategy for Cleaving C–O, C–S, and 
C–N Bonds 

 
*Portions of this chapter have been published in Monos, T. M.; Magallanes, G.; Sebren, L. J.; 
Stephenson, C. R. J. J. Photochem. Photobio. A. 2016, 328, 240. 
 
 

 Introduction: From Seminal Reports to Modern Methods 

Initial lignin depolymerization studies were primarily focused on elucidating the structure 

of lignin and attempting to replicate the depolymerization mechanism purported by lignases found 

in white rot fungi. Adkins and co-workers sought to apply reducing conditions that were able to 

selectively reduce esters in the presence of alkenes, which required more forceful conditions 

compared to commonly employed alkene hydrogenation conditions.54 In accord, they found the 

using a Cu-Cr oxo-catalyst could be reacted with hardwood lignin under high hydrogen pressures 

to afford a mixture of hydroxy cycloalkanes and methanol (Figure 7). Additionally, Hibbert and 

co-workers were able to find that varied conditions when reacting maple woodmeal with Raney-

Ni under high temperatures could also afford small molecule products while maintaining the 

aromaticity of the original lignin polymer (Figure 7).55 These reports represent some of the first 

experiments that helped to confirm that the monomer unit that is the building block for lignin 

synthesis.  

In an attempt to further replicate nature’s method of lignin depolymerization, chemists have 

pursued oxidative processes for lignin depolymerization. It is largely believed that enzyme 

degrading catalysts, such as those found in Phanerochaete chrysosporium, initiate the lignin 

depolymerization sequence by single electron oxidation of lignin that then induces C–C bond 

fragmentation of the lignin backbone.56,57 Some early approaches adopted a biomimetic approach 
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Figure 7 Early examples of lignin depolymerization for understanding the chemical structure of lignin. 

by using a heme-model catalyst (Fe(TPP)Cl) in the presence of peroxide to effect lignin oxidation 

or fragmentation on a lignin model substrate (1, Figure 8). A notable number of products were 

isolated and identified. Firstly, the benzylic oxidation product 2 was observed in a minimal 3% 

yield, whereas the oxidative fragmentation product 3, resulting from Ca–Cb bond fragmentation, 

was isolated as the major product in 54% yield. Additionally, Cb-O-4 fragmentation products, 4 

and 5, were isolated as the oxidized product and the non-oxidized product, in 25% and 3% yield 

respectively. This was a significant result that helped lend support to the biochemical mechanism 

for lignin depolymerization in plants, as well as the ability to induce lignin backbone fragmentation 

under oxidative conditions. 

 

Figure 8 Heme-inspired fragmentation of a b-O-4 lignin model substrate. 
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In terms of photochemical methods for lignin depolymerization, some initial studies were 

reported by DiCosimo and co-workers in 1988, wherein combinations of Mn and Co salts were 

used to mediate thermally-driven single-electron oxidation of lignin substrates.58 Photochemical 

strategies represent an exciting strategy toward lignin depolymerization owing to the many arene 

units, alcohol functional groups, and particularly weak C–O bonds. Certain redox-active 

photocatalysts might be able to be tuned for selective fragmentation of lignin. More recently, 

Mariano and co-workers reported that DCA could be photoexcited to produce a highly oxidizing 

photoactive state.59 As previously noted, oxidative methods are attractive considering the aromatic 

units on lignin are relatively electron-rich due to the donation of electron density coming from the 

phenol and methoxyl groups. It was envisioned that a potent oxidant could oxidize a lignin 

substrate by a single electron, which would precede a Ca–Cb bond fragmentation (Figure 9).60,61 

Accordingly, Mariano and co-workers found that irradiation of DCA with UV-light in an oxygen-

saturated solution of 5% aqueous MeCN with model substrate would afford the fragmentation 

products as a result of Ca–Cb bond fragmentation (Figure 9). Interestingly, an appreciable increase 

in yield of fragmentation was noticed when the reaction was performed on a b-1 model (96%) 

compared to the b-O-4 model (55%). 

Mariano’s example of oxidative fragmentation is one of the earlier reports of a photoredox 

catalyst being used for lignin fragmentation. This chemistry, among others, has served as a major 

source of inspiration for the strategies developed in our group. One of our greatest sources of 

inspiration for lignin depolymerization comes from work reported by the Toste group. Toste and 
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Figure 9 Photoredox-based methods for oxidative fragmentation of lignin substrates. 

co-workers have reported the use of a vanadium-Schiff base catalyst that was able to fragment 

lignin b-O-4 model systems, as well as native lignin (Figure 10).62,63 The authors proposed a 

mechanism in which a ketyl radical-like intermediate that is bonded to a vanadium species 

undergoes C–O bond homolysis to afford an enolate intermediate, that would then further convert 

to products. We saw the ketyl radical intermediate as a prime intermediate to engage using 

photoredox catalysis. We soon embarked on reaction exploration and system optimization to 

reduce this concept to practice. 
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Figure 10 The Toste group's method for lignin depolymerization as a source of inspiration. 
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Figure 11 A representation of important photoredox-based methods reported from the Stephenson group. 

With regards to lignin depolymerization, we envisioned that the b-O-4 linkage would be 

the best linkage to target since it is the most studied and also the most repeated linkage in lignin. 

Oxidation of the b-O-4 linkage would afford a ketone that can be targeted by photoredox catalysis 

for single electron reduction to a ketyl radical intermediate. There is a plethora of literature that 

suggested the feasibility of lignin backbone fragmentation through a ketyl radical intermediate. 

Firstly, the Cb–O bond found in the b-O-4 linkage has a relatively weak BDE of ~69 kcal/mol 

(computed with DFT, Figure 12).70  

 

Figure 12 Decrease in BDE upon alcohol oxidation. 
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for targeting with photoredox catalysis, specifically for accessing a ketyl radical anion 

intermediate.  

Our group has learned much from previous studies that guided us in developing 

photochemical strategies for lignin depolymerization. We have leveraged the dramatic effect felt 

by C–H and C–C bonds adjacent to nitrogen atoms upon single electron oxidation. Specifically, 

the pKa and BDE of the a-C–H bond in triethylamine decrease significantly upon single electron 

oxidation, making the amine radical cation intermediate a highly reactive intermediate that is prone 

to further reaction (e.g., deprotonation, HAT, Figure 13).71 This type of reactivity was leveraged 

in our group’s report of a photoredox enabled aza-Henry reaction (Figure 13).72 Inducing C–C 

bond homolysis is more challenging, but our group found that only 4.2 kcal/mol of ring strain was 

necessary to break C–C bonds in our efforts to convert catharanthine into Aspidosperma and Iboga 

alkaloids.73 More recently, our group demonstrated the utility in oxidizing aminocyclopropanes to 

induce C–C homolysis to generate a distonic amine radical cation (b-iminium radical) that could 

undergo serial 6-exo and 5-exo cyclizations to afford the formal [3+2] cycloaddition product 

(Figure 13).74 

The profound effects of redox manipulations on certain functional groups support the 

concept of using ketyl radical intermediates to fragment the backbone of lignin. Literature 

precedent that is more relevant to our initial strategy for lignin b-O-4 is found in the use of 

photoredox catalysis for the fragmentation of C–O and C–N bonds of keto-epoxide and keto-

aziridine substrates.75,76 These reports showed that reduction of ketones that are adjacent to 

strained rings 
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Figure 13 The effects imparted by single electron oxidation of alkyl amines. 

can be reduced under photochemical conditions with a photocatalyst and subsequently induce the 
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throughput of product could be increased from 0.05 mmol/h to 1.8 mmol/h (Figure 14.b). Flow 

chemistry provides a significant advantage for photoredox catalysis since it allows for better light 

penetration through the reaction solution, whereas batch reactors typically limit light penetration 

to the very outer outside edge of the reactor. A question that had yet to be addressed was regarding 

how the color of lignin, typically a very dark color, would affect the photochemical reaction. To 

shed some light on this question, two separate photochemical fragmentation reactions were run in 

the presence of commercially available lignosulfonate. This experiment was carried out to 

determine whether the lignosulfonate would shut down reactivity or if the darkening of the reaction 

solution would inhibit photocatalyst excitation. Interestingly, the reaction in a batch reaction 

showed no product formation, whereas the flow reaction showed 90% and 92% yield of the 

fragmentation products, on-par with the expected yields under normal reaction conditions (Figure 

14). 

 Ultimately, our group’s first report on lignin model oxidation and photochemical 

fragmentation laid the groundwork for future work on lignin model systems as well as native 

lignin. The applications of these strategies are being made increasingly affordable by developing 

techniques that use catalysts, green reagents, and operate under ambient conditions. My first 

endeavor in lignin chemistry was concerned with expanding the scope of the ketyl radical-induced 

fragmentation while trying to improve the overall atom economy. 
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Figure 14 Our group's previous work in photochemical strategies for lignin depolymerization. 
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for providing a proton and electron source (or a hydrogen atom). If this is true, then lowering the 

formic acid stoichiometry should be viable when using a protic solvent instead of MeCN, as the 

protic solvent can act as a proton or electron source. We decided to commence with reaction 

exploration by applying a benchmark reaction to consider the viability of switching solvents and 

decreasing the amounts of additives. 

First, we decided to evaluate the efficiency of the reductive dehalogenation of 

diethylbromomalonate in different solvents with Ir.2.78 This set of experiments sought to identify 

a solvent that could act as a capable H-atom donor (Table 2).  

Table 2 Efficiency of reductive dehalogenation in different solvents. 

 
solvent conversion 

MeOH 5% 

EtOH 67% 

iPrOH 46% 

THF 57% 

We targeted simple alcohols (methanol, ethanol, and isopropanol) as well as THF since a-C–H 

bonds have been known as rather labile C–H bonds for HAT chemistry.79 The results showed that 

EtOH was the best solvent for this transformation. After identifying EtOH as a competent solvent 

for reductive dehalogenation, we focused on adapting the EtOH solvent to the reaction conditions 

for lignin model fragmentation. We carried out a small evaluation of additive effects on the 

fragmentation of lignin model 13 in EtOH as the solvent. It was known that iPr2EtN and HCO2H 

were essential additives for lignin model fragmentation base on our previous reports.77 

Accordingly, we looked at how the presence and absence of additives would affect the yield of the 

fragmentation reaction (Table 3). 

Br

EtO2C CO2Et Ir.2 (1 mol%)

solvent, rt
blue LED, 12 h13

H

EtO2C CO2Et

14
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Table 3 Optimization of additive stoichiometry. 

 
additive conversion additive conversion 

none 0% guaiacol (1 mol%) 0% 

iPr2EtN (0.5 equiv) 37% guaiacol (1.0 equiv) 0% 

iPr2EtN (1.0 equiv) 50% No photocatalyst 0% 

iPr2EtN (2.0 equiv) 82% No light 0% 

iPr2EtN (2.0 equiv) + HCO2H 
(1.0 equiv) 

100%   

 

 It was readily apparent that the absence of any additives was detrimental to the overall 

reaction progress. The lack of conversion in the absence of additives also supports the idea that 

the photocatalyst is not directly quenched by substrate 15.b. Increasing amounts of iPr2EtN led to 

higher yields, and the addition of formic acid led to the best yield. Based on previously proposed 

mechanisms, we thought the amine was acting as a sacrificial electron donor. We also considered 

that the phenol product (guaiacol) that was a product from the fragmentation could serve as an 

electron source, and thus act as a quencher for the photocatalyst. Additionally, we considered the 

possibility of guaiacol acting as an acid catalyst which would play the same role as the formic acid. 

When we used guaiacol as an additive, we saw no conversion. Increasing the amount of guaiacol 

to a full stoichiometric equivalent still led to no conversion. Running the reaction without any 

photocatalyst or light also resulted in no conversion. We finally settled on conditions optimized in 

EtOH with 2.0 equivalents of iPr2EtN and 1.0 equivalent of HCO2H, an improvement from 3.0 

equivalents of both reagents from our previous reports. 

O
O

OMe

MeO

Ir.2 (1 mol%)
additives

EtOH (0.2 M), rt
blue LED, 12 h

O

MeO
15.b 15.c
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 Aryl ketone substrates were first explored, including b-O-4 lignin model systems (Figure 

15). Increasing methoxy substitution was tolerated (15.b-18.b), with the highest yield substrate 

obtained from a model system without the g-hydroxy group (15.b). The aldehyde substrate 19.b 

 

Figure 15 Scope for C–O bond fragmentation. 

failed to convert in EtOH, most likely due to in-situ acetal protection of the aldehyde. The reaction 

converted to afford benzyl alcohol as product in 55% yield when MeCN was used as solvent. 

Additionally, the keto-epoxide substrate 20.a afforded the b-hydroxyketone product in 51% yield. 

 In accordance with our goal to further expand the scope of this photoredox method, we 

applied the reaction to C–N and C–S bonds (Figure 16). We found that amine substrates, both 

protected and unprotected, afforded the fragmentations products in good yields (21.a-24.a). The 

morpholine substrate provided the acetophenone product, but no morpholine product was able to 

be isolated. Sulfide substrates were also compatible for fragmentation with the established reaction 

conditions, showing great flexibility in arene substitution and ring structure (28.a-35.a). In 

addition to the fragmentation of C–X bonds, some substrates did not fragment, but they formed 

pinacol coupling products instead (Figure 17). 
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Figure 16 Reaction scope for C–N and C–S bond fragmentation. 

We attribute this phenomenon to a slow fragmentation step upon the formation of the ketyl radical 

anion intermediate. Overall, this method enabled us to explore conditions using a greener solvent 

for carrying out carbon-heteroatom bond fragmentations that are paramount to our group’s mission 

in developing lignin depolymerization strategies. We envision the expansion of the scope of this 

reaction will better inform the biomass and photoredox community for future strategy 

developments in methodology and synthesis. 
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Figure 17 Scope of substrates that fragmented and proceeded to form radical coupling products. 

 

 Conclusions 

We strongly believe that the continued development of methodologies for selective C–X 

bond fragmentation will benefit future endeavors in natural product and drug molecule synthesis, 

as well as other active areas of research in polymers and biomass conversion. This chapter 

represents some of our group’s initial explorations into the use of Ir-based photocatalysts for the 

reduction of unstrained a-keto-ethers, amines, and sulfides using decreased amounts of additives. 

We also found how ketone reduction could occur in a manner that led to C–C bond formation 

instead of C–X bond fragmentation, for which the selectivity was largely influenced by substrate 

electronics and reaction conditions. These results have helped lay the groundwork for the 

remaining content that is discussed in this document.  
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 Two-step strategies for lignin depolymerization 
 
*Portions of this chapter have been published in Bosque, I.; Magallanes, G.; Rigoulet, M.; Kärkäs, 
M. D.; Stephenson, C. R. J. Redox Catalysis Facilitates Lignin Depolymerization. ACS Cent. Sci 
2017, 621; Magallanes, G.; Kärkäs, M. D.; Bosque, I.; Lee, S.; Maldonado, S.; Stephenson, C. R. 
J. Selective C–O Bond Cleavage of Lignin Systems and Polymers Enabled by Sequential 
Palladium-Catalyzed Aerobic Oxidation and Visible-Light Photoredox Catalysis. ACS Catalysis 
2019, 9, 2252. 
 

 Introduction 

As mentioned in Chapter 2, our lab has generally taken a two-step approach toward lignin 

depolymerization. There have been numerous studies regarding reductive,80,81 oxidative,82,83,84,85 

and redox-neutral fragmentations.77,86,87,88 The oxidation of the lignin b-O-4 allows us to take 

advantage of the ketone functional group as well as the weakened Cb–O bond (Figure 12). Two of 

the most prominent examples of two-step strategies have been reported by the Stahl group and the 

Westwood group (Figure 18). 

Stahl and co-workers first developed a catalytic aerobic oxidation by using AcNH-TEMPO 

to carry out a completely selective benzylic oxidation of lignin model compounds as well as native 

lignin.89 This oxidation was used in their later report where they oxidized lignin and subsequently 

depolymerized it by boiling the oxidized lignin in formic acid with sodium formate as an additive 

(Figure 18).85 Stahl and co-workers, in a collaborative effort with various departments and research 

centers, further elaborated their work to expand the oxidation and fragmentation to lignins isolated 

by different techniques (e.g., enzymatic, mild acidolysis-HCl/dioxane, copper-alkaline hydrogen 

peroxide) from various wood sources (i.e., poplar, maize, maple).90 Their best results were  
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obtained by lignin that was isolated by enzymatic extraction from poplar wood samples. 

 

Figure 18 Summary of two-step approaches to lignin depolymerization. 

The success of the fragmentation by hydrolysis depends on the oxidation, probably due to the Cb–

O bond weakening but the oxidation also probably helps to reduce alcohol elimination. Also 

problematic is the inter- and intramolecular condensations that are acid catalyzed and have 

detrimental effects on lignin depolymerization protocols. Additionally, Westwood and co-workers 

developed a catalytic aerobic oxidation utilizing a nitrite salt and DDQ as a catalyst system that 

can be turned over by oxygen.86 The oxidation protocol worked well on lignin model systems as 

well as native lignin. They then developed reductive conditions using Zn metal to target the b-O-

4 bond fragmentation to afford monomer products from native lignin.86 These two reports resemble 

the strategy that our group has employed. Our initial efforts employed a stoichiometric oxidant to 

achieve the selective oxidation of the benzylic alcohol.66 We later reported a dual-catalytic strategy 
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using Pd and Ir to photochemically oxidize lignin models (Figure 19).91 We found that efficient 

oxidation using catalytically competent amounts of Pd and Ir necessitated sodium persulfate 

(Na2S2O8) as a stoichiometric oxidant. The reaction worked on lignin model systems to afford 

oxidation products in good yield; however, model systems that had the g-hydroxy moiety would 

afford mixtures of benzylic ketone product and aldehyde product. We attributed the aldehyde 

product formation to the primary alcohol oxidation event, which nicely sets up the aldehyde 

intermediate (39) for a retro-aldol reaction. Although the undesired primary alcohol oxidation still 

fragments the b-O-4, which would result in lignin backbone fragmentation, the conditions were 

not amenable to native lignin systems. 

 

Figure 19 Scope and mechanistic aspects of Pd/Ir dual catalysis strategy for lignin depolymerization 

 Moving forward, we have envisioned many different strategies to employ electrocatalysis, 

organic dyes, and different methods to streamline the process for lignin depolymerization. The 

research efforts described herein represent our efforts in attempting to streamline the two-step 

process while making it more cost-effective. This objective aligns with our group’s overall goal to 

develop meaningful and scalable chemistry. 
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 Sequential Palladium-Catalyzed Aerobic Oxidation and Visible-light Photoredox Catalysis 

for Lignin System Fragmentations 

 In line with our goal to develop useful reactions for lignin depolymerization, we sought to 

find oxidation conditions that could easily translate to reductive fragmentation conditions. Our 

previously discussed oxidations were either wasteful (stoichiometric oxidants) or were cost-

prohibitive (Pd and Ir). Accordingly, we recognized that O2 was a desirable terminal oxidant for 

large-scale applications. Nature uses tailored metalloenzymes to activate molecular oxygen (O2) 

for performing catalytic oxidations.92,93,94 Industrial and academic research programs are also 

interested in the use of O2 in chemical synthesis instead of chemical oxidant additives since it is 

abundant and highly atom-economical.95,96,97 Thus, we considered the use of a Pd-catalyzed 

aerobic oxidation that could avoid the requirement for redox-active co-catalysts as an attractive 

entry for enabling dioxygen-coupled turnover of Pd. We saw great potential in the 

Pd(OAc)2/DMSO catalyst system that was independently developed by the groups of Larock and 

Hiemstra in the 1990s.98,99 It was expected that DMSO serves to stabilize reduced Pd (Pd0, also 

known as “palladium black”) and promote redox cycling with O2. Aerobic oxidations have long 

been considered for process scale chemistry, but a recent report from GlaxoSmithKline’s API 

Chemistry team highlights the challenges and desires for oxidation chemistry. They reported the 

use of a high-boiling solvent (sulfolane, bp = 285 ºC) with heat and bubbling air to oxidize 400 g 

of material.100 The products were isolated in high purity after distillation. Based on this precedent, 

we sought to develop Pd-mediated aerobic oxidation conditions that would allow for efficient 

scalability with important implications for future scale-up processes. 

 Initial studies were focused on using air or an O2 atmosphere for effective conversion of 

alcohol to ketone product. We started with a solution of 15.a in DMSO with 10 mol% Pd(OAc)2 
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at 65 ºC under an oxygen atmosphere that afforded the ketone product 15.b in >95% yield (NMR). 

Gratifyingly, we were able to reduce the loading of Pd(OAc)2 to 5 mol% and still afford 15.b in 

97% isolated yield (Figure 20). Additionally, were were able to get equally good results using air 

as the oxygen source. We then moved to examine the generality of this reaction with a number of 

different lignin model substrates. Lignin model systems bearing the g-alcohol or the free phenol 

functionality have proven to be challenging substrates for transition metal-based systems.84,101 We 

were pleased to see that those classes of substrates (16.a, 17.a, 45.a, and 46.a, respectively) 

displayed the desired reactivity when subjected to our optimized reaction conditions. Expectedly 

so, the simpler single-hydroxy model substrates afforded the ketone oxidation products in good 

yields (15.a and 40.a). Substrates that contained a phenoxy-subunit different from the 2-

methoxyphenol subunit also showed good yields for oxidation (41.a-43.a).  

 

Figure 20 Scope of the Pd-mediated aerobic oxidation of lignin model substrates 
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Additionally, we designed the triol-substrated 47.a to probe the reactivity for the oxidation of 

multiple benzylic alcohols. Gratifyingly, the triol substrate afforded the diketone product 47.b in 

78% yield. Also of note is substrate 44.a, which often lacks significant reactivity under oxidation 

conditions, afforded the ketone product 44.b in 92% yield, further exemplifying the remarkable 

selectivity and reactivity of our oxidation system. 

After we established the operationally simple aerobic oxidation conditions for bezylic 

alcohol oxidation of b-O-4 model substrates, we sought to establish a reliable method for the 

selective C–O bond cleavage of the oxidized b-O-4 model substrates. We envisaged that our 

previously reported photochemical methods for lignin model substrate fragmentation could be 

easily adapted for a more streamlined two-step process with our oxidation protocol. We started by 

subjecting 15.b to the aerobic oxidation conditions, then subsequently subjecting that crude 

product material to the photochemical fragmentation conditions including Ir.2 (1 mol%), iPr2EtN 

(3.0 equiv), and HCO2H (1.0 equiv) for 12 h. The reaction showed good conversion, but we 

decided to rerun the reaction with a lower loading of Ir.2 (0.03 mol%) as well as lowering the 

stoichiometric equivalents of iPr2EtN (1.2 equiv), and HCO2H (0.1 equiv) while extending the 

reaction time to 36 h. After purification, the fragmentation products 15.c and 12 were isolated in 

94% and 92%, respectively (Figure 21). Extensive investigation into a one-pot process where the 

reagents for the photochemical fragmentation were added directly to the reaction mixture at the 

end of the oxidation reaction never showed fruitful results. The optimal process necessitated 

aqueous work-up between the oxidation step and the C–O fragmentation step as well as different 

solvents for each step; however, no intermediate purification was required between the steps. 

Various substrates afforded products in good yield, that is, aerobic oxidation and subsequent C–O 

bond fragmentation. Coumaryl substrates 15.a and 16.a converted nicely to afford 15.c and 16.c 
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in 94% and 83%, respectively. Coniferyl substrates 40.a and 17.a also showed good conversion to 

40.c and 12 in 95% and 91% yield and 17.c and 12 in 86 % and 87%, respectively. Sinapyl substrate 

45.a with the highest methoxy substitution showed good conversion in the two-step sequence to 

afford the desired products. 42.a converted nicely to 17.c and 41.c in 84% and 82%, respectively. 

Finally, the triol model substrate, 3.5.c, was subjected to the two-step sequence to afford the 

coniferyl based fragment, 17.c, and the coumaryl based fragment, 47.d, in a respective 76% and 

78% yield. 

 

Figure 21 Scope of the two-step sequence for lignin model substrate fragmentation 
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catalyst loadings, increased throughput, and better heat dissipation. We were able to modify an in-

house built flow system to achieve our goal of effectively adapting the fragmentation to a flow 

reactor. Using transparent tubing with an inner diameter of 0.762 mm and a residence time of 150 

minutes, we were able to convert 15.b to the fragmentation product 15.c in 79% yield (Figure 22). 

The g-hydroxylated substrate 16.b was converted to fragmentation product 16.c in 77% yield. The 

guaiacol fragment 12 was isolated in 63% and 66% yield, respectively. These results correspond 

to an increase in substrate consumption from 0.013 mmol h–1 in batch to 0.4 mmol h–1 in flow, 

thus highlighting the potential for future scale-up processes in flow. 

 

Figure 22 Photochemical C–O fragmentation in flow 
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Figure 23).  

  

Figure 23 Depolymerization of heterogeneous lignin model polymer substrates 

The products contain unprotected phenol moieties that do not inhibit reactivity or cause 

deleterious side reactions to occur. As we expected, the polymers were highly insoluble, making 

the starting reactions a heterogeneous mixture as shown in   

Figure 23. Remarkably, the reaction becomes homogeneous with time as a result of the 
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hydroxymethylated. The amount of hydroxymethylation was measurable by 1HNMR and was 

reported for each polymer as shown in Figure 24. Subjecting each of those polymers to the 

fragmentation conditions afforded the mixtures of products from the respective starting polymers. 
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Polymers 48-OH, 49.a-OH, and 50.a-OH converted in overall yields of 79%, 86%, and 74%, 

respectively (Figure 24). 

 

Figure 24 Hydroxymethylation and depolymerization of model polymer substrates 

 After the success of the depolymerization of our polymer model substrates, we still 

explored two more experiments to understand the efficacy of our reaction better. First, a mixed 

polymer was synthesized (51) that incorporated equimolar amounts of monomer units that 

represent the arene groups of the coumaryl, coniferyl, and sinapyl subunits. This mixed polymer 

was subjected to our reaction conditions for C–O bond fragmentation to afford 40% overall yield, 

with 70% based on returned starting material (BRSM) (Figure 25). The reaction did not fully 

solubilize, a likely explanation for the comparatively lower yield. Finally, we were curious to 

compare our standard fragmentation conditions using blue LEDs to a reaction run in the presence 

of sunlight. Using polymer 48 and running a blue LED reaction and a Michigan sunlight reaction 

for 8 h, product 47.d was isolated in 49% and 45% yield, respectively. These results show that this 

reaction can be solar powered and has promising implications for the adaptation of photoredox 

reactions to solar-driven processes. 
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Figure 25 Mixed polymer and sunlight depolymerization reactions 

 Lastly, we carried out several experiments to interrogate the mechanism of the 

photochemical C–O fragmentation reaction. We performed quenching experiments using Stern-

Volmer analyses, which is a common technique for elucidating photoredox reaction 

mechanisms.106 We first determined that neither HCO2H nor ketone substrate 15.b showed an 

ability to decrease the photoluminescence of photocatalyst Ir.2. We did observe that iPr2EtN has 

a significant quenching effect of the excited state photocatalyst (Ir.2*), with a quenching rate (kq) 

of 1.33 × 108 M–1 s–1.107 We also found that a combination of 15.b and HCO2H did not quench 

Ir.2; meanwhile, a three-component mixture consisting of 15.b, HCO2H, and iPr2EtN produced a 

similar quenching rate, 1.31 × 108 M–1 s–1, to that of iPr2EtN alone.107 The observed quenching 

data suggest two critical aspects of the reaction (i) iPr2EtN quenches Ir.2, and (ii) the presence of 

the other additives do not significantly alter the quenching of Ir.2 by iPr2EtN. These conclusions 

suggest that HCO2H does not have anything to do with the quenching process, instead it acts as a 

proton source for activation of the ketone functional group.108 Electrochemical analysis was 

performed on Ir.2 in MeCN and revealed an irreversible reduction event (Epc(IrIII/IrII) = –1.53 V) 

and a reversible oxidation event (E1/2 = +1.18 V). The redox potentials were then used to estimate 
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the excited-state redox potentials of Ir.2, providing Eox (IrIV/IrIII*) as –1.31 V and Ered (IrIII*/IrII) as 

+0.96 V.109 These redox potentials are in agreement with a reductive quenching mechanism, in 

which photo-excited Ir.2 is quenched by a SET by the amine to generate an IrII intermediate that 

can do a single electron reduction of ketone substrate 15.b to regenerate the starting IrIII 

photocatalyst and a ketyl radical intermediate 15.b’ (Figure 26). This ketyl radical anion 

intermediate undergoes C–O bond cleavage to afford product 15.c after HAT. The phenoxide 

fragment (12’) is protonated to afford the phenol product (12). 

 

Figure 26 Mechanistic hypothesis for photochemical fragmentation of lignin substrates. 

 Our data comprising reaction efficiency and scope, adaptation to flow, and mechanistic 

studies describe an effective method for oxidizing and fragmenting b-O-4 lignin model systems. 

We also showcased the implications for future adaptations of photoredox catalysis for the 

programmable deconstruction of synthetic and natural polymers. Ultimately, we were not able to 

adapt the Pd aerobic oxidation to native organosolv lignin, which shows some limitations on that 

catalytic system. We believe that the results reported in this chapter will better inform our future 
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endeavors and the endeavors of other lignin scientists on limitations associated with lignin 

oxidation and depolymerization. Our group is focused on developing solutions to lignin 

depolymerization through mechanism-based investigations, and we will be furthering this 

objective in future work. 

 Redox Catalysis Facilitates Lignin Depolymerization 

 The previous chapter highlighted some of the challenges associated with oxidation 

reactions of lignin and lignin model substrates, but it also highlighted the robust nature of our 

photochemical b-O-4 fragmentation. A significant problem that was posed to our Pd-mediated 

aerobic oxidation and photochemical fragmentation sequence was the requirement for a solvent 

swap. Methods for lignin depolymerization on large-scale would ideally avoid the need for a 

solvent swap or purification. This in mind, we envisioned coupling our photochemical C–O bond 

fragmentation method with an oxidation method that would require no intermediate purification 

or isolation. This required an oxidation method in which chemical reagents for oxidation would 

not interfere with or inhibit the photochemical fragmentation step. This was seen as a formidable 

challenge since an oxidation reaction is inherently enabled by some redox-active reagent, which 

would likely be reactive in a photoredox mechanism. Ultimately, we decided on pursuing an 

electrochemical method for the oxidation. Aspects of electrochemistry confer exquisite control in 

selectively oxidizing or reducing reagents since one can control the exact potential (E) or current 

(i) that goes through the system. Additionally, electrochemical oxidations have been well studied 

and are considered a green alternative to chemical reagent-mediated oxidations (Figure 27.a).110,111 

The ability to utilize electrical current or even oxygen as a terminal oxidant should allow oxidation 

to occur with minimal additive reagents. 
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Figure 27 Differences in lignin oxidation strategies.  

 Before we embarked on reaction exploration, we considered the existing literature on lignin 

valorization using electrochemistry. When considering electrochemical reactions, there are two 

primary mechanistic manifolds. One is direct electrolysis where an electrode needs to come in 

contact with a substrate molecule to do a SET event (Figure 27.b). This type of mechanism is 

limited in what is being oxidized and often can lack selectivity due to overoxidation. Another 

mechanistic manifold is that in which a chemical mediator is used to help mediate the desired 

chemical reaction (Figure 27.c). A method for direct electrochemical reduction of the lignin 

backbone has been reported but was poorly efficient and gave complex product mixtures.112 

Similarly, direct electrochemical oxidation to induce fragmentation of lignin has been done but 
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toxic electrodes (i.e., IrO2,113 Pt,114 Ru/V oxides,115 Au,114 or Pb116). The requirements for a direct 

reaction between the substrate and electrode are often plagued by back electron transfer processes 

and overly high potentials that can lead to degradation. These drawbacks can be overcome by the 

application of a chemical mediator, allowing the reaction to operate under milder conditions that 

can increase efficiency and selectivity. We saw an opportunity for the use of a mediator that can 

facilitate a HAT process since the benzylic hydrogen atom of the b-O-4 is relatively activated, 

ultimately leading to benzylic alcohol oxidation. Mediators in electrochemical settings have found 

widespread use in many applications,117,118 but applications in the valorization of lignin are 

scarce.119,120,121 

 Before we initiated any experiments, we considered the physical properties of HAT catalyst 

candidates. TEMPO has previously been used for alcohol oxidation,122,123,124 but was found to be 

too weak for a HAT catalyst (BDETEMPO–H = 71 kcal mol–1)123 to abstract benzylic hydrogen atoms 

in lignin alcohols (BDEC–H = 84 kcal mol–1). We identified NHPI as a precursor to the in situ 

generation of the phthalimide N-oxyl (PINO) radical, which has an appropriate O–H bond strength 

(BDENHPI = 86 kcal mol–1).124 We started to investigate potential HAT catalysts using CV (cyclic 

voltammetry) analysis.125 Cyclic voltammetry is an electrochemical technique that continuously 

scans potential in a specified direction (positive or negative) set by the user that measures current 

as the output. For the remainder of this text, all electrochemical data are represented in IUPAC 

convention (i.e., from left to right on the x-axis represents increasing potential, and from bottom 

to top on the y-axis represents rising current). In general, any measurable current is equivalent to 

reactivity (i.e., electron transfer). Cyclic voltammetry is commonly employed to investigate redox 

potentials of many chemicals, and it can help elucidate the mechanistic underpinnings of electron 

transfer-initiated chemical reactions.126 When a CV of NHPI was taken by scanning in the positive 
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direction first, we observed a reversible oxidation event with E1/2 = 1.36 V (Figure 28.a). 

Interestingly, when 2,6-lutidine was added, a negative shift of 570 mV in the reversible oxidation 

event occurred, resulting in an E1/2 = 0.79 V. It was also noticed that the ∆Ep (peak-to-peak 

separation) is 82 mV in the NHPI/2,6-lut system compared to 155 mV for the NHPI solution, 

implying that the addition of 2,6-lutidine increases the chemical and electrochemical reversibility 

of NHPI.127 The decrease in the oxidation of NHPI in the presence of 2,6-lutidine is crucial because 

it allows us to work at lower oxidation potentials, thus avoiding overoxidation of the electron-rich 

aromatic rings found in lignin (e.g., phenols commonly oxidize between 1.0 and 2.0 V vs. SCE18).  

 

Figure 28 Cyclic voltammetry data for NHPI and 2,6-lutidine. 

Using the NHPI/2,6-lutidine system, we performed another CV experiment in the presence 

of 1-(3,4-dimethoxyphenyl)ethanol since it was a readily available reagent that represents the 
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benzylic alcohol portion of lignin. The voltammogram showed a unique change in the shape of the 

curve. As shown in Figure 28.b, where the blue curve represents the CV of NHPI/2,6-lutidine, the 

curve in the presence of the alcohol shows an increase in the peak current and a loss in the return 

reduction event (green). This specific change in the curve is representative of an operative catalytic 

mechanism. To determine if the reaction would specifically target the benzylic alcohol in the 

presence of the primary alcohol found in b-O-4 linkages, we did the same CV experiment in the 

presence of ethanol. As shown in Figure 28.c, the voltammogram in the presence of ethanol (red) 

shows almost no change in the shape of the curve. Based on the data, we hypothesized that if 

conditions could be developed to carry out oxidation on lignin substrates, then it would be selective 

for the benzylic alcohol oxidation. 

After determining that NHPI could act as a HAT catalyst in the presence of 2,6-lutidine, 

we sought out experimental conditions for the electrochemical oxidation protocol. Our 

experimental setup included two electrodes as the working electrode (WE) and the counter 

electrode (CE), both consisting of RVC (reticulated vitreous carbon), which is a very high surface 

area composition of graphitic carbon. Additionally, we used an aqueous Ag/AgCl reference 

electrode with 3 M KCl. We decided to keep the loading of NHPI at 10 mol% and vary other 

conditions during reaction exploration using a constant potential. As shown in Table 4, we found 

that bubbling N2 through the solvent before electrolysis (entries 1 and 2) greatly retarded starting 

material conversion. Stoichiometric amounts of 2,6-lutidine (entry 3) with oxygen saturated 

solvent afforded good conversion. Lower loadings and switching to Cl4-NHPI (3,4,5,6-tetrachloro-

N-hydroxyphthalimide) for NHPI also afforded good conversion, but a precipitate and color 

formation occurred when this catalyst was used (entry 4).128 We also found that 3,5-lutidine was a 

competent base for the reaction (entry 5), but better conversions were obtained with 2,6-lutidine. 
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After extending the reaction time to 4 h and switching the electrolyte to KPF6, an optimal 

conversion rate of 87% was obtained (entry 7). With optimal conditions, we tried the Cl4-NHPI 

reagent as a catalyst again, but the reaction did not show any improvements (entry 8). Finally, 

control reactions in which base, potential, and NHPI were omitted showed little to no conversion 

(entries 9-11, respectively). 

 After optimizing conditions for the electrochemical oxidation of the benzylic alcohol found 

in the b-O-4 linkages, we ran a series of experiments to determine if the reaction solution after full 

conversion from the oxidation reaction would prohibit photoredox reactivity. In this vein, we ran 

fragmentation reactions with the addition of NHPI/2,6-lutidine, KPF6, with exposure to air, and 

with the addition of a stoichiometric equivalent of H2O2 (Figure 29).  

Table 4 Electrochemical oxidation reaction optimization. 

 
entry 2,6-lutidine electrolyte time sparge 1HNMR 

conversion 
1 10 mol% 0.1 M NaClO4 2 h N2 31% 
2 1.1 equiv 0.1 M NaClO4 2 h N2 38% 
3 1.1 equiv 0.1 M NaClO4 2 h O2 75% 
4c 10 mol% 0.1 M NaClO4 2 h O2 71% 

5 -a 0.1 M NaClO4 2 h O2 54% 
6 10 mol%b 0.1 M NaClO4 2 h O2 40% 
7 10 mol% 0.05 M KPF6 4 h O2 87% 
8c 10 mol% 0.05 M KPF6 4 h O2 82% 
9 - 0.05 M KPF6 2 h O2 <5% 
10 10 mol% 0.05 M KPF6 2 h O2 <5% 
11 10 mol% 0.05 M KPF6 2 h O2 <5% 

a3,5-lutidine (10 mol%); badded in two portions; cCl4NHPI used 

 

OH
O

OMe

MeO

O
O

OMe

MeO

NHPI (10 mol%)
2,6-lutidine

1.05 V vs. SCE
MeCN

15.a 15.b



 

 49 

We considered the feasibility of the formation of hydrogen peroxide as a byproduct from the 

oxidation and thus confirmed that H2O2 did not inhibit reactivity. These results suggest that the 

reagents in solution from the electrochemical oxidation should not interfere with the 

photochemical C–O bond fragmentation reaction. 

 

Figure 29 Control reactions of photochemical fragmentation. 

 With this aggregate data in mind, we embarked on a full scope expansion of 
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process to afford the fragmentation products (15.a, 40.a, and 52.a). Varying the methoxy 

substitution pattern on the phenol subunit was tolerated (41.a and 43.a), as well as the less-

functionalized model (44.a). Model substrates with the g-hydroxy group converted well for the 

representative monolignols (16.a, 17.a, and 45.a), and so did the diol model substrates with varied 

methoxy substitution on the phenol unit (42.a, 53.a, and 54a). All of the substrates fully converted 

except for substrate 44.a. 

 Moving onward to native lignin, we extracted lignin from pine wood shavings using a 

modified organosolv isolation technique.129 The lignin was found to be the most soluble in an 

acetone/DMSO (98:2) solvent mixture. The solution of lignin was subjected to the electrocatalytic 

oxidation conditions for 6 h. The reaction was monitored using HSQC spectroscopy as a way to 
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look for the loss of the a-C–H signal, as well as the shifting of other C–H correlations that would 

be expected from an oxidation reaction. 

 

Figure 30 Scope of the electrochemical oxidation and photochemical fragmentation sequence. 
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products. Analysis of the final reaction mixture was performed by GC-MS and GPC. The GPC 

data, which correlates retention time to polymer size such that larger polymers have a smaller 

retention time, showed almost no remaining polymer and a large peak corresponding to smaller 

molecular weight material. Using GC-MS we were able to quantify two products, I and III, with 

a total of 2.44 wt% yield by using calibration curves of known standards. Although a seemingly 

low yield, one should consider that quantifying a monomer product requires two consecutively 

oxidized b-O-4 units to be fragmented. Thus, these results highlight the remarkable reactivity and 

selectivity of our photochemical C–O fragmentation reaction. A calculation of an actual isolated 

yield requires better methods to calculate the theoretical yield of monomer products from b-O-4 

fragmentation. This is an active field of study among other quantitative lignin methods for 

depolymerization, detection, and isolation. 

 

Figure 31 HSQC and fragmentation data for lignin depolymerization. 
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mechanism of the electrochemical reaction (the mechanism for the photochemical C–O cleavage 

reaction was discussed previously; vide supra). Considering the limited studies on this NHPI/2,6-

lutidine system, we began our mechanistic studies by performing KIE experiments.130,131 We 

performed an electrochemical oxidation reaction to compare substrate 15.a-H and 15.a-D (  

Figure 32.a) using either O2- or N2-sparged MeCN. We obtained KIE values of 2.3 for the 

individual runs and 5.6 for the intermolecular competition experiment using O2-sparged MeCN. 

These values are indicative of a primary KIE that suggest the abstraction of the benzylic hydrogen 

atom might be the rate- or turnover determining step.132 When the same set of experiments were 

run in N2-sparged MeCN, similar KIE values of 2.1 and 5.2 were obtained for the individual and 

intermolecular runs, respectively. Additionally, we calculated the reaction to be first-order in 

NHPI/2,6-lutidine complex and alcohol.133 With these data in hand, we proposed the mechanism 

to begin by anodic oxidation of NHPI to PINO, a process facilitated by 2,6-lutidine via 

PCET.134,135,136 PINO can then abstract the benzylic hydrogen atom from 15.a to form benzylic 

radical intermediate 15.d, while regenerating NHPI. From intermediate 15.d, the ensuing 

mechanism becomes nebulous. One plausible pathway is a second PCET-based oxidation with 

either O2 or the anode as the terminal oxidant to form ketone product 15.b. Alternatively, O2 is 

known to trap a-hydroxy radicals at near 
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Figure 32 Mechanistic experiments for the electrochemical oxidation reaction. 

diffusion-limited rates (k > 109 M–1 s–1 in water).137 These oxidized intermediates are known to 

fragment to ketones (k > 106 M–1 s–1 in water)137 in a process that is greatly accelerated by 

base.138,139 This also suggests a PCET-type oxidation of radical intermediate 15.d by oxygen and 

base to afford the ketone product and hydrogen peroxide (H2O2). In either of the proposed 

mechanisms, H2O2 is likely being formed as a by-product. This accounts for the increase in yield 

when using O2-sparged MeCN instead of N2-sparged MeCN (31% with N2 and 71% with O2 under 

otherwise identical conditions). Additionally, we performed an electrochemical oxidation reaction 

where molecular iodine (I2) was added to the reaction solution after full conversion. Addition of 

iodine caused the formation of a yellow color, indicative of the presence of H2O2 (Figure 33). 

Addition of H2O2 to the reaction solution before electrolysis did not result in a color change.  
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Figure 33 Iodine test for peroxide. 

 

 Metal-free strategies 

 Our interest in lignin depolymerization, and previous methods that have been hitherto 

discussed has led us to focus our efforts on developing metal-free methods for lignin 

depolymerization. Our first reported oxidation method, using an oxoammonium salt, was without 

metal, but it required a stoichiometric amount of salt that produced stoichiometric amounts of 

waste byproducts.77 Our electrochemical oxidation was a metal-free oxidation method that was 

compatible with our Ir-mediated photoredox method for C–O fragmentation of the lignin b-O-4 

linkage, so we set out to find alternatives for Ir.133 Attributes of precious-metal catalysts–their 

ability to absorb visible-light, modular synthesis useful for creating libraries of photocatalysts, 

unique properties that enable MLCT, and long-lived excited state lifetimes–can be difficult to 

replicate in organic systems. Organic photocatalysts have been referred to as organic dyes, largely 

due to their ability to easily impart color to organic solutions, but their deep color is often a result 

of their ability to absorb light, and inherently undergo redox manipulations. Examples of organic 

dyes include the xanthene dyes (e.g., fluorescein, eosin, and rose bengal). Other organic 
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oxidation H2O2
formation
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photocatalysts have been known when using UV light (e.g., 1,4-dicycanobenzene, benzophenone, 

fluorenone, quinones, acridiniums, thiazines, pyriliums, and quinoliniums). For further reading, an 

extensive review of these organic photocatalysts has been published examining their reactivity as 

photoredox catalysts.16 

 In our search to identify a useful organic photocatalyst for the reductive fragmentation of 

lignin b-O-4 bonds, we targeted N-phenyl phenothiazine (PhPTH) as a viable organic 

photocatalyst. Phenothiazine and its derivatives are electron rich, making them good reducing 

reagents from the excited state. Their low ground state oxidation potential of +0.68 V vs. SCE in 

combination with their high-lying singlet and triplet excited states contributes to their strongly 

reducing potentials.16 Additionally, the resulting PhPTH•+ is oxidizing enough to be turned over 

by an electron donor with an oxidation potential less than +0.68 V. We were impressed by the 

utility of PhPTH for a number of different reactions including atom transfer radical 

polymerizations140,141,142 and hydrodehalogenation.143 A notable difference between PhPTH and 

our previously used Ir-based photocatalysts is PhPTH mostly absorbs in the UV/near-UV (lmax = 

315 nm, Figure 34, 0.00017 M in MeCN). With this in mind, we embarked in applying PhPTH to 

the fragmentation of oxidized b-O-4 models. 

We decided to start reaction optimization on substrate 15.a ( 

Table 5). Considering the absorbance spectra obtained, we decided to use LED strips for 

photoactivation that were centered between 390-415 nm. We kept the amount of PhPTH constant 

at 5 mol%, and HCO2H constant at 1.0 equiv while varying other factors starting with 

concentration. 
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Figure 34 UV-vis absorption spectrum of PhPTH in MeCN. 

Going from 0.2 M to 0.05 M showed improved yields (entries 1, 3, and 4). We also found 

that extending the reaction time could enhance the yield (entry 2). An extended reaction time of 

96 h with a reaction solution at 0.05 M led to full conversion of 15.a (entry 5). Excluding HCO2H 

still resulted in good conversion (78%, entry 6), and excluding amine or light afforded <5% 

conversion (entries 7 and 8). Excluding photocatalyst led to 15% conversion (entry 9). With 

optimized conditions in hand, we decided to investigate the scope of this reaction; however, there 

was a reservation with regard to the reaction time. We initially thought the reaction time was long 

(96 h) due to the comparatively short-lived excited state lifetime of PhPTH (t = 0.81-2.3 ns;16 for 

comparison, the t of Ir.2 is 557 ns15). To our delight, we found the use of a stronger LED light 

source (40 W, Kessil) with a wavelength emission centered at 390 nm enabled the desired reaction 

at a significantly reduced reaction time of 3 h. Hence, we explored the substrate scope comparing 

the LED strips to the Kessil lights (Figure 35). 
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Table 5 Reaction optimization for PhPTH catalyzed reaction. 

 
entry LED solvent (M) iPr2EtN (equiv) time (h) 1HNMR conversion 

1 violet acetone (0.2) 2.0 24 30% 
2 violet acetone (0.2) 2.0 96 60% 

3 violet acetone (0.1) 2.0 24 42% 
4 violet acetone (0.05) 2.0 24 48% 
5 violet acetone (0.05) 2.0 96 >95% 
6a violet acetone (0.05) 2.0 96 78% 
7 violet acetone (0.05) - 96 <5% 
8 - acetone (0.05) 2.0 96 <5% 
9b violet acetone (0.05) 2.0 96 15% 

ano formic acid; bno photocatalyst 

 

Overall, the reactions tolerated the varying methoxy substitution patterns on both arene 

rings. The reaction was also effective on the diketone substrate 47.a. The Kessil lamp reactions 

generally show slightly diminished yields. Considering the 15% conversion of 15.b in the absence 

of photocatalyst (entry 9, 

Table 5), it is possible that there is some side reactivity was ensuing because of the lamp 

strength and wavelength. Having had success in merging our electrochemical oxidation method 

with our Ir-based C–O bond fragmentation reaction, we examined the compatibility of the PhPTH 

reaction with other metal-free oxidation methods. 
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Figure 35 Scope of the PhPTH enabled fragmentation on lignin substrates. 

 To commence compatibility studies with other methods, we looked to adapt conditions for 

aerobic oxidation previously reported by Stahl and co-workers.89 They showed that 4-AcNH-

TEMPO, in the presence of HNO3 and HCl, under an oxygen atmosphere with mild heating (45 

ºC) could afford the oxidation products with total selectivity for the benzylic alcohol over the 

primary alcohol. We found that room temperature conditions under an oxygen atmosphere were 

sufficient to carry out the oxidation in good yields over 12 h. We removed the organic solvent by 

vacuum evaporation and directly added the solvent and components for the PhPTH fragmentation 

reaction (purple LED conditions) and found the reactions to be compatible (Figure 36). Testing 

substrates 15.a, 16.a, 40.a, 17.a, representative of coumaryl and coniferyl arene units with and 

without the g-hydroxy group, represents the ability to easily move from a metal-free oxidation to 

a metal-free fragmentation strategy. 
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Figure 36 Combined TEMPO oxidation and PhPTH fragmentation. 

 We also decided to test the compatibility of our PhPTH method with our electrochemical 

oxidation reaction. Subjecting substrates 15.a, 42.a, and 45.a to the electrochemical oxidation 

conditions was followed by solvent removal by vacuum evaporation and subsequently the addition 

of the PhPTH and the other reagents and solvent to afford the fragmentation products under 

otherwise standard conditions (with the 390 nm Kessil lamp, Figure 37).  

 

Figure 37 Combined electrochemical oxidation and PhPTH mediated fragmentation. 

 Overall, we were pleased by the robust nature of the organic photoredox catalyst to mediate 

C–O bond fragmentation without the need for purification from the oxidation reaction. Our results 

show that there is room for optimization of light sources, seeing how different lights drastically 
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changed our reaction time. It is worth noting that the PhPTH reaction shows minimal efficiency 

in MeCN solvent, which is why the switch of solvent was required. 

Finally, our pursuit to identify the most efficient and environmentally benign conditions 

for lignin depolymerization led us to explore an electrochemical reduction of lignin substrates for 

fragmentation. When designing our electrochemical oxidation reaction, we envisioned an ideal 

strategy to include a selective oxidation by the anode of an electrochemical cell, followed by the 

oxidized substrate being reductively cleaved at the cathode. This design strategy exceeds the 

current understanding of how NHPI/2,6-lutidine reacts in an electrochemical cell and the ability 

for specific reagents to be reactive or non-reactive at each electrode. For these, and many more 

reasons, we were never able to identify conditions that would enable the one-pot reaction 

described. Instead, we decided to study the reductive fragmentation of already oxidized lignin 

model substrates. 

We started reaction screening by applying negative potentials to our electrochemical cell, 

but only ever saw little to no conversion of the starting material. We eventually found that if 

iPr2EtN was dissolved with the ketone substrate and a strong enough oxidative potential (>0.9 V 

vs. SCE) was applied to oxidize the amine, then the ketone substrate would be reduced at the 

cathode and proceed to fragment. We found the typical substrates to react efficiently including 

those with and without the g-hydroxy group (Figure 38, note 17.b and 42.b are different starting 

materials due to the varying methoxy substitution on the phenol unit, but afford the same products). 

Notably, each substrate needs a different time for the reaction to complete and is represented by 

the listed times for each substrate. Additionally, the phenol fragment does not survive the reaction, 

most likely due to over-oxidation and decomposition at the anode. We surmise this mode of 

decomposition is due to the relatively low oxidation potential of 2-methoxyphenol (1.41 V vs. 
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SCE),18 which is probably even lower in the presence of stoichiometric amounts of base. To further 

expand on this notion, we synthesized substrate 55.b which has an acetyl group on the 4- position 

of the phenol fragment. We hypothesized that having the acetyl group on the phenol fragment 

would increase the oxidation potential of that fragment and prevent oxidative decomposition from 

occurring. When subjecting 55.b to the fragmentation conditions, we were able to isolate both 

fragments in 79% and 78% yield for 40.c and 47.d, respectively. 

 

Figure 38 Electrochemical fragmentation of lignin substrates 

 Interestingly, we found that allowing the reaction to progress beyond the indicated reaction 

times led to over-reduction of the ketone product to form the pinacol coupling products (Figure 

39). With extended reaction times, we were able to isolate the pinacol coupling products for all of 

the same substrates, representative of the linkages that would be found in native lignin. Subjecting 

the acetyl substrate, 55.b, afforded mixed pinacol coupling products as expected. 
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Figure 39 Electrochemical fragmentation and pinacol coupling of lignin substrates. 

To explain the results of our fragmentation reaction, we applied simple principles of 

electrolysis to design an experiment that would give a readout of the potential the cathode is 

running. The concept lies in the fact that the electrochemical cell needs to complete a full circuit. 

When a potential of 1.2 V is applied to oxidize the amine, current flows into the anode, thus 

necessitating that current flows out of the cathode. We took the current readout from one of our 

constant-potential fragmentation reactions and integrated the area of the curve, which provides the 

total current that flowed through the system. We were able to obtain fragmentation and pinacol 

coupling products when setting up the reaction under identical conditions but holding the current 

constant (with the current calculated from the constant-potential reaction) instead of holding the 

potential constant. Figure 40 shows the potential readout, as well as the dotted lines that represent 

the reduction potentials of the oxidized b-O-4 model and the corresponding acetophenone 

(fragmentation product). This readout of potential explains how the cathode can first reduce the 
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model system to induce fragmentation, and soon thereafter begin to reduce the acetophenone 

fragmentation product to afford the pinacol coupling products. Further exploration of the utility 

and compatibility of this reaction is currently ongoing in our lab. 

 

Figure 40 A plot of the potential over time in a current-controlled reaction. 

 Conclusions 

 Lignin depolymerization is a great challenge posed to chemists and engineers alike. The 

intricacies involved in how reactivity is connected to the isolation of lignin further complicates the 

difficulty in developing environmentally benign methods for the valorization of lignin. We believe 

that the solution to the problem should be focused on selectivity, reaction mildness, safety, and 

effectiveness. Developing two-step processes for lignin model and native lignin fragmentation has 

allowed us to thoroughly explore our options in designing reaction conditions that meet our high 

standards of efficiency and safety. We also believe that the utilization of light and electricity are 

important in order to promote a sustainable future for the field of lignin depolymerization. This 

chapter has focused on our group’s development of two-step processes that we believe will 

advance the field of lignin depolymerization. Our future goals include the process of translating 

these reactions to large-scale operations and increasing yields to reduce the proof-of-concept 

methods to practice.
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 One-step Strategies for Lignin Depolymerization 
 

 Introduction 

 Much of my work on lignin depolymerization has focused on how to marry the two-steps 

of oxidation and reduction to provide a seamless method that can be scaled up for future use. One 

embodiment to achieve this goal is the use of a redox-neutral fragmentation strategy. The 

challenging prospect of a redox-neutral fragmentation is prevalent in the academic literature but is 

rife with reactivity or translatability issues. Our ideal mechanistic manifold for b-O-4 

fragmentation includes the use of a mediator that can shuttle two protons and two electrons from 

the benzylic alcohol to the Cb–O bond (Figure 41.a). One such example of a redox-neutral 

fragmentation was reported by Bergman and Ellman (Figure 41.b).101 This mode of reactivity 

would deliver depolymerization products from native lignin with high functional group fidelity; 

however, they were unable to expand the scope to reaction model systems with any extra 

functionality. 
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Figure 41 Strategies and examples for redox-neutral fragmentations 

 The most troublesome challenge to overcome is developing a catalyst system that can offer 

a high level of functional group selectivity in the presence of the other functional groups present 

in a lignin polymer. Recently, Knowles and co-workers described a photoredox catalysis-based 

method to fragment the Ca–Cb bonds of alcohol substrates. They were previously limited to p-

methoxyphenyl alcohol substrates (Figure 42.a),144 but have recently expanded the scope to alkyl 

alcohols as well.145 Described in their report is the bond cleaving reaction on lignin model substrate 

17.a to afford products 7 and 56 in 89% and 65% yield, respectively (Figure 42.b). This method 

embodies the principles of a redox-neutral fragmentation, albeit a different bond cleavage than our 

group has considered. 
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Figure 42 PCET enabled C–C bond fragmentation strategies. 

 Other strategies for lignin depolymerization in a single step that are not redox-neutral are 

also commonly encountered in the literature. For example, the Murakami group has reported a 

method for lignin model fragmentation using an acridinium photocatalyst (Acr+) where the 

photoredox catalysis step is coupled with an oxidative copper catalysis step.146 The author’s goal 

was to develop copper-based conditions that avoided thermal input as was reported before.84,147 It 

was proposed that Acr+ (Ered1/2 (Acr*+/Acr•) = 2.17 V vs. SCE) could oxidize a lignin model 

compound, and in the presence of base and copper it would undergo oxidative fragmentation. The 

authors were successful when employing Acr+ with a copper salt, sodium acetate, and blue LED 

irradiation at room temperature under an air atmosphere (Figure 43). The authors were able to 

demonstrate the reaction efficacy on many different model substrates that are representative of 

both the β-O-4 linkage and the β-1 linkage. This is yet another example in which the enhanced 

redox potentials of excited state photocatalysts can induce a targeted bond fragmentation using 

visible-light and under ambient conditions. 
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Figure 43 Oxidative, photoredox strategy for lignin substrate fragmentation. 

 The aforementioned examples represent strategies that our group has embraced in 

identifying a one-step process for lignin depolymerization. Recently, we independently discovered 

conditions that lead to a redox-neutral fragmentation of lignin model systems that can either cleave 

the Ca–Cb bond or the Cb-O-4 bond, and we believe both reaction mechanisms may operate 

through a PCET mechanism similarly to work reported by the Knowles group. Discussed herein 

are our initial efforts in developing one-step lignin depolymerization methods using mild reaction 

conditions and photoredox catalysis. 

 Development of a Redox-neutral Fragmentation of a Lignin Model System 

 I believe that a redox-neutral strategy for lignin fragmentation using photoredox catalysis 

and PCET-based mechanisms can offer the most efficient route to lignin depolymerization. Our 

envisioned approach involved a simple reaction sequence involving PCET-enabled oxidation of a 

lignin model substrate to generate an oxyl-radical intermediate that could go through an immediate 

C–C bond homolysis (blue line) or a separate hydrogen transfer/proton transfer sequence (red line) 

to arrive at a different product (Figure 44). 
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Figure 44 Our envisaged operative mechanistic pathways for redox-neutral fragmentation of lignin b-O-4. 

We began our reaction optimization by exploring reaction conditions under more oxidizing 

conditions. To help enable PCET, we decided to use the phosphate base that has been used by the 

Knowles group,148 and a similar base by the MacMillan group,149 owing to its ability to hydrogen 

bond and its potent solubility in organic solvents. We used methyl viologen (MV) as an added 

oxidant in the reaction. We started by looking at photocatalysts with varying oxidizing strengths 

to identify correlations between the oxidizing potential of a photocatalyst and product formation. 

Interestingly, there did seem to be a correlation between excited state reduction potentials (E*red) 

and conversion of the starting material when using transition-metal based photocatalysts (Table 

6). The lone example of an organic photocatalyst (tBu2-Acr+, an acridinium-based photocatalyst) 

broke apart from the correlation, which points to differences in which SET occurs between an 

acridinium photocatalyst and a transition-metal based photocatalyst. The use of Ir.1, Ir.2, and 

Ru(bpy)3 led to mostly oxidation product (40.b), with small amounts of fragmentation product 

(40.c). We noticed a discernible increase in conversion and fragmentation when photocatalysts 

Ir.3 and Ir.4 were used, which are our more oxidizing photocatalysts. Having identified Ir.4 as 

the photocatalyst that gave the most conversion of starting material and the highest selectivity for 

the fragmentation product, we moved on to parse out all of the necessary elements of the reaction 

(Table 7). 
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Table 6 Evaluation of photocatalysts for a redox-neutral fragmentation. 

 

Photocatalyst* E*
red (vs. SCE) RSM oxidation 

(40.b) 
fragmentation 

(40.c) 
Ir(ppy)3 (Ir.1) 0.31 93% <5% 0% 

[Ir(ppy)2(dtbbpy)]+ (Ir.2) 0.66 68% 31% 11% 

Ru(bpy)3(PF6)2 0.77 73% 22% 0% 
[Ir(dF{CF3}ppy)2(dtbbpy)]+ 
(Ir.3) 1.21 0% 81% 6% 

[Ir(dF{CF3}ppy)2(5,5’-
{CF3}bpy)] (Ir.4) 1.68 0% 58% 46% 

tBu2-Acr+ 2.08 90% 10% 0% 
*all reactions were bubbled with nitrogen or argon for at least 1 minute before capping and sealing under an inert 
atmosphere 

 

 Firstly, we increased the amount of base from 20 mol% to 50 mol% (entry 1). The increase 

in base did lead to marginally better selectivity. The omission of the photocatalyst led to 26% 

conversion and 23% oxidation product (40.b). This reactivity is likely a result of the oxidizing 

nature of MV. When the base was omitted, the conversion was still high, but the selectivity was 

largely shifted toward the formation of the oxidation product (entry 3). Finally, exclusion of MV 

led to 82% conversion and 76% 40.c (with 6% 40.b, there was perfect mass balance). Mass balance 

was generally well maintained, and no undesired by-products were ever detected. 
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Table 7 Reaction component screening. 

 

entry* variation from standard conditions RSM oxidation (40.b) fragmentation (40.c) 

1 50 mol% base 0% 34% 54% 

2 no photocatalyst 74% 23% 0% 

3 no base 12% 67% 7% 

4 no MVPF6 18% 6% 76% 

*all reactions were bubbled with nitrogen or argon for at least 1 minute before capping and sealing under an inert atmosphere 

 We further explored reaction conditions with shorter reaction times (48 h to 22 h) in 

attempts to optimize the redox-neutral reaction (Table 8). We included a new photocatalyst–

[Ir(dF{CH3}ppy)2(dtbbpy)]PF6, Ir.5 that bears structural similarity to the Ir.3 photocatalyst 

wherein the phenylpyridine ligand is substituted with -CH3 groups instead of -CF3 groups. 

Reexamining oxidizing catalysts Ir.3 and Ir.4 showed good conversion but poorer yields 

compared to the 48 h reaction (entries 1-3). Typically, keeping DMF as the solvent and varying 

the base resulted in poorer conversion and diminished fragmentation yields (entries 4-7). 

Reexamination of the NBu4OP(O)(OBu)2 base with different solvents (8-11) resulted in varying 

conversion of 40.a and yields of 40.c with no identifiable relationship between solvent and 

conversion. 
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Table 8 Reaction optimization on 40.a. 

 

entry photocatalyst base solvent RSM yielda 

1 Ir.4 NBu4OP(O)(OBu)2 DMF 54% 21% 

2 Ir.5 NBu4OP(O)(OBu)2 DMF 31% 39% 

3 Ir.3 NBu4OP(O)(OBu)2 DMF 30% 50% 

4 Ir.3 K2HPO4 DMF 62% 18% 

5 Ir.3 K3PO4 DMF 92% 6% 

6 Ir.3 NBu4AcO DMF 52% 6% 

7 Ir.3 NBu4PhCO2 DMF 48% 10% 

8 Ir.3 NBu4OP(O)(OBu)2 Acetone 54% 32% 

9 Ir.3 NBu4OP(O)(OBu)2 MeCN 45% 24% 

10 Ir.3 NBu4OP(O)(OBu)2 DMA 50% 7% 

11 Ir.3 NBu4OP(O)(OBu)2 2-butonone 44% 38% 

ayield determined by 1HNMR using 1,3,5-trimethoxybenzene as the internal standard 

Considering the less than fruitful results on model system 40.a, we decided to explore 

similar reaction conditions on the diol model substrate 17.a. Interestingly, we noticed the aldehyde 

product (7) was the major product being formed in the reactions that included photocatalyst and 

base. Probing this reaction, we looked at our two most oxidizing photocatalysts with different 

bases (entries 1-4), which showed good conversion but poor yields. We then decided to screen 

reactions using Ir.5 looking at a number of different base additives (entries 5-11), which gave 

variable yields of the aldehyde product. We saw the most consistent results with the inorganic base 

OH

MeO
OMe

O
OMe photocatalyst (2 mol%)

base (20 mol%)

solvent (0.05 M)
22 h, blue Kessil, 35 ºC

Me

O

MeO
OMe40.a 40.c
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K3PO4–an oddity considering it is not soluble in the reaction solvent–and proceeded by considering 

small variations to the reaction conditions. Decreased reaction times (entries 12 and 13), higher 

concentration (entry 14), as well as deoxygenated solvent (entry 15) all showed similar reactivity 

without any remarkable improvements. 

Table 9 Reaction optimization on 17.a. 

 
entry photocatalyst base solvent RSM yielda 

1 Ir.3 NBu4OP(O)(OBu)2 DMF 26% 14% 

2 Ir.3 K2HPO4 DMF 40% 13% 

3 Ir.3 K3PO4 DMF 22% 15% 

4 Ir.4 NBu4OP(O)(OBu)2 DMF 20% 26% 

5 Ir.5 NBu4OP(O)(OBu)2 DMF 7% 32% 

6 Ir.5 K2HPO4 DMF - 31% 

7 Ir.5 K3PO4 DMF - 32% 

8 Ir.5 NBu4AcO DMF - 32% 

9 Ir.5 NBu4PhCO2 DMF - 34% 

10 Ir.5 K3PO4 DMF (O2) - 32% 

11 Ir.5 HNC(N(CH3)2)2 DMF 72% 0% 

12 Ir.5 K3PO4 DMF (6 h) 54% 34% 

13 Ir.5 K3PO4 DMF (12h) 47% 30% 

14 Ir.5 K3PO4 DMF (1 M) 42% 30% 

15 Ir.5 K3PO4 DMF (FPT) 22% 31% 

FPT = freeze-pump-thaw; ayield determined by 1HNMR using 1,3,5-trimethoxybenzene as the internal standard 

 The detection of the aldehyde product was a curious finding considering the data from 

Table 8. We initially hypothesized that PCET-enabled oxidation of the benzylic position could 

induce Ca–Cb bond fragmentation or another ensuing mechanism could result in the C–O bond 

fragmentation (Figure 44). When working with the single alcohol substrate, 40.a, we consistently 
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saw C–O bond fragmentation product, likely a result of Pathway A. Alternatively, diol substrate 

17.a showed mostly aldehyde product (only trace amounts of C–O bond fragmentation product 

were ever detected). Based on our data for substrate 40.a, we envisioned substrate 17.a would 

follow a similar mechanistic pathway. The conversion of 17.a to 7 lent evidence for a mechanism 

that goes through primary alcohol oxidation and subsequent retro-aldol. To date, we cannot say 

with certainty that the operative mechanisms of the fragmentations of 40.a and 17.a are mutually 

exclusive, and this is an ongoing area of research in our lab. 

 To further exacerbate this observed anomaly of divergent reactivity between model 

substrates, we looked at subjecting diol substrate 17.a to reaction conditions with photocatalyst 

and no added base (Table 10). To our surprise, the C–O bond cleaved product 17.c was observed. 

Photocatalysts Ir.5 and Ir.4 showed similar yields with varying conversions (entries 1-2), while 

our less oxidizing photocatalyst Ir.2 showed effectively no conversion (entry 3). Having obtained 

the most consistent results with Ir.3 (entry 4, 35% yield of 17.c), we evaluated how different 

solvents would affect the fragmentation results. Polar aprotic solvents (entries 5-9) revealed no 

significant increase in yield or trend for conversion (17-32% yield). Toluene (entry 10), a solvent 

with potential reactivity in photoredox reactions because of its labile benzylic hydrogen atoms, 

gave yields comparable to the other entries. More acid and protic solvents like HFIP (1,1,1,3,3,3-

hexafluoroisopropanol) and acetic acid (entries 12-13) lead to decomposition of the starting 

material with no isolable products. Finally, pyridine as a solvent did show some detectable 

amounts of product (30%) but did have poor mass balance without any other detectable 

byproducts. 
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Table 10 Reaction optimization on 17.a without base 

 

entry photocatalyst solvent RSM yielda 

1 Ir.5 DMF 23% 29% 

2 Ir.4 DMF 60% 30% 

3 Ir.2 DMF 98% trace 

4 Ir.3 DMF 48% 35% 

5 Ir.3 acetone 23% 32% 

6 Ir.3 DMA 31% 20% 

8 Ir.3 THF 49% 17% 

9 Ir.3 MeCN 57% 30% 

10 Ir.3 PhMe 56% 20% 

12 Ir.3 Acetic acid 0% 0% 

13 Ir.3 HFIP 0% 0% 

14 Ir.3 pyridine 0% 30% 

ayield determined by 1HNMR using 1,3,5-trimethoxybenzene as internal standard 

 

 These results highlight the intricacies and challenges in developing catalyst systems that 

attempt to fragment a b-O-4 model in a single step under mild conditions. The Ir-based 

photocatalysts have been robust in showing that conversion is obtained under a number of different 

reaction conditions, but there are still many parameters that need to be tuned. There is a clear 

change in the operative mechanism that depends on the presence or absence of base, and the full 

OH

MeO
OMe

O
OMe
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gamut of viable bases has yet to be explored. Additionally, as shown in the report by the Knowles 

group,145 we have yet to explore options for including HAT reagents. Moving forward, we plan to 

examine the operative mechanism for both substrates to understand better what causes the 

bifurcation in the mechanism between the two model substrates (sterics, intrinsic activation of 

functional groups, hydrogen bonding capabilities, etc.). Ultimately, we wish to examine the 

feasibility of an optimized reaction on native lignin. These attempts will likely find more 

practicality in a flow apparatus to compensate for the dark color of a lignin solution while 

simultaneously improving the prospects for scaling up. Future work from our lab will be reported 

in due time. 

 Conclusion 

Single-step protocols offer several advantages that can be used in catalytic processes to 

provide a straight forward approach to lignin depolymerization. Described in this chapter was how 

oxygen can be used for product formation or catalyst turnover. This is advantageous since the use 

of oxygen is atom-economical and environmentally benign. I also showcased how a redox-neutral 

mechanism can be used to carry out a series of redox manipulations to arrive at the fragmentation 

products of lignin b-O-4 model substrates. These recent advances in single-step strategies are 

helping chemists to understand the chemical limitations for a lignin depolymerization that would 

satisfy the requirements for green chemistry and for large-scale processing. 

One additional aspect of lignin depolymerization chemistry that is critical to the 

development of single-step strategies is the structure of the lignin upon isolation. I briefly 

described how common extraction methods can alter the native structure of lignin (Figure 5). Also 

noted was how organsolv methods can cause undesirable bond formations. These bond formations 

are often intramolecular bond formations (also referred to as interunit bond formations) that make 
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more stable bonds that are less reactive to catalysis. This problem is difficult to work around since 

acid treatment is required to hydrolyze the lignin from the cellulose, but it is the acid that causes 

the interunit bond formations. A clever solution to this problem has been identified and applied by 

Professor Jeremy Luterbacher, where they found that adding in a reagent, such as an aldehyde or 

ketone, during the extraction process to in situ protect the 1,3-diol found in the b-O-4, you can 

form a protected (i.e., acetal or ketal) 1,3-dioxane b-O-4 linkage that is still susceptible to catalytic 

hydrogenolysis and largely reduces the amount of interunit bond formations. Luterbacher and co-

worker’s initial reports showed propionaldehyde as a competent protecting reagent but later 

described that a number of protecting groups worked well for this reaction sequence (Figure 

45).150,151 

 

Figure 45 Mechanism for interunit bond formation in lignin, and compatible protecting groups for stabilizing lignin. 

This new technology for isolating lignin that depolymerizes at higher yields than traditional 

organosolv lignin offers chemists new opportunities and insights into how to design catalyst 

systems for lignin depolymerization. Our group is involved in a collaborative effort with the 

Luterbacher group to design catalyst systems either photochemically or electrochemically to 

depolymerize their stabilized lignin.  
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Appendix 

Methods 

1H and 13C NMR spectra were recorded at ambient temperature using Varian MR400, Inova 500, 

Vnmrs 500 and Vnmrs 700 spectrometers operating at 400, 500, or 700 MHz for 1H NMR, and 

126 or 176 MHz for 13C NMR using an internal deuterium lock. Chemical shifts (δ) are expressed 

in parts per million (ppm) and are quoted to two decimal places and a single decimal place for 1H 

and 13C NMR, respectively, with coupling constants (J) expressed in hertz (Hz) to the nearest 0.1 

Hz. 1H chemical shifts are reported relative to the residual protio solvent resonance at δ 7.26 for 

residual CHCl3 in CDCl3 or using δ 2.05 for the center line of the solvent signal for acetone-d6. 

13C NMR spectra are referenced to the center line of the solvent peak at δ 77.16 for CDCl3 and δ 

29.84 for acetone-d6. NMR data are reported as follows: chemical shift (multiplicity, coupling 

constants where applicable, number of hydrogens). Multiplicities are reported using the following 

abbreviations: br = broad, s = singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd = 

doublet of doublet of doublets, and m = multiplet.  

Gel permeation chromatography (GPC) characterization of lignin polymers was performed 

using THF as the mobile phase using a Shimadzu GPC instrument with a UV diode array detector, 

and a refractive index detector. The instrument is equipped with three GPC columns connected in 

series (Waters HT-3, HT-2, and HT-1) and was calibrated with a series of polystyrene standards. 

High-resolution mass spectra (HRMS) were obtained on an Agilent quadrupole time-of-flight (Q-

TOF) mass spectrometer using electrospray ionization (ESI), positive ion mode at the University 

of Michigan, Ann Arbor, MI, Department of Chemistry instrumentation facility. Infrared spectra 
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were recorded on a Perkin-Elmer Spectrum BX FT-IR spectrophotometer using an ATR mount 

with a ZnSe crystal. Absorption bands are expressed in wavenumber (cm–1). UV-vis spectra were 

recorded on a Shimadzu UV-1601 UV-VIS spectrometer equipped with a Peltier temperature 

controller. Luminescence quenching experiments were carried out on a Fluoromax-2 fluorimeter 

equipped with a xenon arc lamp. LED lights and the requisite supplies were purchased from 

Creative Lighting Solutions (http:/www.creativelightings.com) with the following item codes: CL-

FRS5050-12WP-12V (4.4 W blue LED light strip), CL-PS94670-25W (25 W power supply), CL-

PC6FT-PCW (power cord), CL-TERMBL-5P (terminal block).  

Materials 

Unless otherwise stated, all commercially available chemicals were used without further 

purification. All glassware, including Teflon-coated magnetic stir bars, was dried in an oven 

overnight at 150 °C or flame dried under vacuum before use. Unless otherwise stated, all reactions 

were performed under an inert atmosphere of either N2 or argon. Organic solvents and amine bases 

were purified prior to use using a Phoenix Solvent Drying System (for organic solvents, available 

from JC-Meyer Solvent Systems) or PureSolv Micro amine drying columns (for amine bases, 

available from Innovative Technology), respectively, and maintained under positive argon 

pressure.  

Reactions were monitored by thin-layer chromatography (TLC) using glass-backed plates pre-

coated with 230–400 mesh silica gel (250 μm thickness, 60 Å porosity, F-254 indicator). TLC 

plates were visualized by exposure to a dual short-wave/long-wave UV lamp and staining in 

ethanolic solutions of para-anisaldehyde or potassium permanganate. Flash column 

chromatography was performed either manually using 43–60 μm (230–400 mesh) silica gel or 

utilizing RediSep®RF Gold silica columns with a Teledyne Isco CombiFlash RF automated 
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purification system. 42 mm (Sartorius Stedim Biotech, Filter Discs, Grade: 292, order number: 

FT-3-205-042) and 55 mm (Whatman, Qualitative Filter Papers, catalog number: 1001-055) was 

used for the filtration of polymer precipitates. Volatile solvents were distilled under reduced 

pressure with a rotary evaporator. 
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Starting material preparation 
 
General procedure for the synthesis of amine starting materials78 
 

 
 
2-bromoacetophenone (2.0 g, 10.05 mmol) and ethanol (50 mL, 0.2 M in starting material) were 
added to a dry round bottom flask equipped with a magnetic stir bar. Aniline (1.83 mL, 20.10 
mmol, 2 eq.) was added drop-wise, as a white precipitant formed immediately upon addition. This 
was allowed to stir for 3 hours, upon which the solution was filtered, concentrated in vacuo, and 
recrystallized using ethanol.  
 

 
 
1-phenyl-2-(phenylamino)ethan-1-one (21.a) was synthesized using the general procedure. 

 
TLC (EtOAc/Hex, 7:3), Rf 0.64; 
  
1H NMR (400 MHz, CDCl3) d: 8.03 (d, J = 7.3 Hz, 2H), 7.65 (t, J = 7.4 Hz, 1H), 7.53 (t, J 

= 7.7 Hz, 2H), 7.31 – 7.22 (m, 3H), 6.81 (t, J = 7.6 Hz, 3H), 
4.67 (s, 2H); 

  
13C NMR (175 MHz, CDCl3) d: 195.0, 147.0, 134.9, 133.9, 129.4, 128.9, 127.8, 117.9, 

113.1, 50.4; 
  

HRMS (ESI): m/z calculated for C14H14NO [M+H]+: 212.1070, found 
212.1070; 

  
FTIR (neat) cm–1: 3410.9, 1686.3, 1601.9, 1508.4, 1444.8, 1356.9, 1321.6, 

1261.8, 1219.9, 1178.8, 1147.7, 984,864.4, 743.6, 684.2, 
663.5. 
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4-methy-N-(2-oxo-2-phenylethyl)-N-phenylbenzenesulfonamide (22.a) was synthesized using 
the general procedure.  
 
1H NMR (700 MHz, CDCl3) d: 7.95 (dd, J = 8.2, 1.1 Hz, 2H), 7.60 (d, J = 7.4 Hz, 1H), 7.59 

– 7.55 (m, 2H), 7.47 (t, J = 7.8 Hz, 2H), 7.32 – 7.23 (m, 5H 
(2+3), overlap with CHCl3), 7.18 – 7.14 (m, 2H), 5.05 (s, 
2H), 2.44 (s, 3H). 

  
13C NMR (175 MHz, CDCl3) d: 193.9, 143.9, 139.7, 135.6, 135.1, 133.8, 129.5, 129.2, 

128.9, 128.9, 128.4, 128.2, 77.3, 77.0, 57.8, 21.8. 
  

HRMS (ESI): m/z calculated for C21H20NO3S [M+H]+: 366.1158, found 
366.1158 

  
FTIR (neat) cm–1: 3061.9, 2917.1, 1707.2, 1595.3, 1491.8, 1447.4, 1335.1, 

1364.6, 1305.8, 1291.6, 1212.6, 1184.4, 1103.8, 1089.9, 
1029.7, 1011.6, 1000.4, 980.1, 881.8, 935.3, 912.4, 809.2, 
768.2, 755.0, 768.2, 729.9, 667.0, 692.9 

 
 
  



 

 82 

 
 
2-(methyl(phenyl)amino)-1-phenylethan-1-one (23.a) was synthesized using the general 
procedure. 
 
1H NMR (700 MHz, CDCl3) d: 8.00 (d, J = 7.3 Hz, 2H), 7.62 (t, J = 7.3 Hz, 1H), 7.51 (t, J 

= 7.8 Hz, 2H), 7.22 (dd, J = 8.4, 7.4 Hz, 2H), 6.74 (t, J = 
7.3 Hz, 1H), 6.69 (d, J = 8.6 Hz, 2H), 4.79 (s, 2H), 3.12 (s, 
3H); 

  
13C NMR (175 MHz, CDCl3) d: 195.6, 135.8, 133.5, 128.6, 128.1, 66.7, 53.7. 
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2-morpholino-1-phenylethan-1-one (24.a) was synthesized using the general procedure. 
 
1H NMR (400 MHz, CDCl3) d: 8.01 (d, J = 7.2 Hz, 1H), 7.59 (t, J = 7.4 Hz, 1H), 7.47 (t, J 

= 7.6 Hz, 1H), 3.83 (s, 1H), 3.81 – 3.74 (m, 2H), 2.69 – 
2.58 (m, 2H). 

  
Physical appearance: off-white solid 
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General procedure for phenylethanone sulfides 
  

 
 
Prepare a solution of thiol and base ethanol solution, 0.2 M with respect to the thiol. Allow for 
equilibration and cooling for 30 minutes. Separately, prepare a solution of 2-bromoacetophenone 
in ethanol, and add slowly to the reaction. Allow appropriate time for reaction. Quench the reaction 
with an equimolar amount of acid, and then precipitate the product by adding a large excess of 
water. Crude crystals can be recrystallized in MeOH-H2O.  
 

 
 
1-phenyl-2-(phenylthio)ethan-1-one (26.a) was prepared using the general procedure for 
phenylethanone sulfides.  
 
TLC (EtOAc/Hex, 1:5), Rf 0.50; 
  
1H NMR (700 MHz, CDCl3) d: 7.96 (dd, J = 8.4, 1.2 Hz, 2H), 7.96 (dd, J = 8.4, 1.2 Hz, 

2H), 7.60 (ddt, J = 8.6, 7.2, 1.2 Hz, 1H), 7.48 (dd, J = 8.1, 
7.4 Hz, 2H), 7.42 –7.38 (m, 2H), 7.32 – 7.28 (m, 2H), 7.26 
– 7.21 (m, 1H), 4.29 (s, 2H); 

  
13C NMR (175 MHz, CDCl3) d: 133.5, 130.5, 129.1, 128.7, 128.7, 127.1, 41.2; 
  

HRMS (ESI): m/z calculated for C14H13OS [M+H]+: 229.0682, found 
229.0682; 

  
FTIR (neat) cm–1: 3074.1, 1668.8, 1596, 1578.4, 1479.2, 1444.9, 1416.1, 

1273.2, 1185.8, 1133.9, 1072.5, 1011.2, 941.7, 898, 804.3, 
740.5, 722, 66.6, 648.1, 614.1. 
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1-(4-methoxyphenyl)-2-(phenylthio)ethan-1-one (27.a) was synthesized using the general 
procedure for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 1:5), Rf 0.55; 
  
1H NMR (500 MHz, CDCl3) d: 7.98 – 7.91 (m, 2H), 7.43 – 7.37 (m, 2H), 7.32 – 7.27 (m, 

2H), 7.25 – 7.20 (m, 1H), 6.97 – 6.92 (m, 2H), 4.25 (s, 2H), 
3.89 (s, 3H); 

  
13C NMR (175 MHz, CDCl3) d: 192.68, 163.76, 135.03, 131.02, 130.34, 129.00, 128.37, 

126.94, 113.83, 55.49, 40.95; 
  

HRMS (ESI): m/z calculated for C15H15O2S [M+H]+: 259.0787, found 
259.0682; 

  
FTIR (neat) cm–1: 1658.2, 1601.4, 1572, 1508.6, 1480.4, 1420.3, 1436.7, 

1395.9, 1310.5, 1262.6, 1199.9, 1173.8, 1023.7, 991.6, 
817.8, 734.3, 690, 633.1. 
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2-((4-methoxyphenyl)thio)-1-phenylethan-1-one (30.a) was synthesized using the general 
procedure for phenylethanone sulfides. 
 
1H NMR (500 MHz, CDCl3) d: 7.93 (d, J = 7.8 Hz, 2H), 7.57 (d, J = 7.3 Hz, 1H), 7.47 (t, J 

= 7.6 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 
2H), 4.14 (s, 2H), 3.80 (s, 3H); 

  
13C NMR (175 MHz, CDCl3) d: 194.3, 159.7, 135.5, 134.7, 133.3, 132.6, 130.5, 128.9, 

128.7, 126.3, 124.5, 114.8, 114.6, 77.2, 77.0, 76.8, 55.3, 
42.8; 

  

HRMS (ESI): m/z calculated for C15H15O2S [M+H]+: 259.0787, found 
259.0788; 

  
FTIR (neat) cm–1: 2937.2, 2835.3, 1674.0, 1591.1, 1492.3, 1461.7, 1447.4, 

1406.0, 1274.1, 1242.8, 1196.2, 1172.8, 1133.5, 1104.0, 
1075.9, 1027.9, 1014.0, 1075.9, 1027.9, 1014.0, 825.8, 
798.3, 748.4, 723.8, 686.9. 

  

O
S
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2-(phenylthio)-1-(4-(trifluoromethyl)phenyl)ethan-1-one (25.a) was synthesized using the 
general procedure for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 1:9), Rf 0.36 (stains light green in vanillin); 
  
1H NMR (700 MHz, CDCl3) d: 8.04 (d, J = 8.1 Hz, 15H), 7.74 (d, J = 8.1 Hz, 15H), 7.41 – 

7.36 (m, 14H), 7.30 (ddd, J = 6.6, 2.4, 0.8 Hz, 14H), 7.28 
(t, J = 1.3 Hz, 3H), 7.27 – 7.25 (m, 4H), 4.26 (s, 16H); 

  
13C NMR (175 MHz, CDCl3) d: 193.2, 138.2, 135.1, δ 134.8 (q, J = 32.8 Hz), 134.7, 134.5, 

134.1, 131.2, 129.4, 129.2, 126.0, 125.9 (q, J = 3.7 Hz), 
123.7 (q, J = 272.7 Hz), 121.3, 41.4; 

  
19F NMR (471 MHz, CDCl3) d: = –64.17 (s, 3 F); 
  

HRMS (ESI): m/z calculated for C15H12F3OS [M+H]+: 297.0555, found 
297.055; 

  
FTIR (neat) cm–1: 2896.7, 1679.3, 1580.0, 1511.7, 1482.4, 1438.6, 1409.9, 

1393.0, 1326.1, 1311.2, 1311.2, 1285.7, 1195.7, 1162.8, 
1111.1, 1065.1, 1026.9, 1015.1, 992.4, 964.0, 900.1, 854.4, 
839.0, 825.5, 739.9, 701.1, 689.8. 
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1-(naphthalen-2-yl)-2-(phenylthio)ethan-1-one (29.a) was synthesized using the general 
procedure for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 1:9), Rf 0.32 
  
1H NMR (700 MHz, CDCl3) d: 8.44 (s, 1H), 8.02 (dd, J = 8.6, 1.6 Hz, 1H), 7.96 – 7.86 (m, 

3H), 7.63 (t, J = 7.4 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.43 
(d, J = 7.5 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.25 (t, J = 7.3 
Hz, 1H), 4.41 (s, 2H); 

  
13C NMR (175 MHz, CDCl3) d: 194.20, 135.86, 134.95, 132.85, 132.56, 130.87, 130.73, 

129.79, 129.25, 128.88, 128.73, 127.94, 127.35, 127.02, 
124.36, 41.53; 

  
  

HRMS (ESI): m/z calculated for C18H14NaOS [M+Na]+: 301.0658, found 
301.0658; 

  
FTIR (neat) cm–1: 2896.7, 1679.3, 1580.0, 1511.7, 1482.4, 1438.6, 1409.9, 

1393.0, 1326.1, 1311.2, 1311.2, 1285.7, 1195.7, 1162.8, 
1111.1, 1065.1, 1026.9, 1015.1, 992.4, 964.0, 900.1, 854.4, 
839.0, 825.5, 739.9, 701.1, 689.8. 
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2-((3-chlorophenyl)thio)-1-phenylethan-1-one (34.a) was synthesized using the general 
procedure for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 1:9), Rf 0.33 
  
1H NMR (700 MHz, CDCl3) d: 7.96 (dd, J = 8.4, 1.2 Hz, 1H), 7.61 (ddd, J = 2.4, 1.8, 1.2 

Hz, 1H), 7.52 – 7.47 (m, 1H), 7.38 (t, J = 1.6 Hz, 1H), 7.27 
(m, 1 H) overlap with chloroform, 7.22 (t, J = 7.5 Hz, 1H), 
7.21 – 7.19 (m, 1H), 4.32 (s, 1H); 

  
13C NMR (175 MHz, CDCl3) d: 193.72, 137.10, 135.41, 133.82, 130.21, 129.80, 128.92, 

128.80, 128.16, 127.24, 41.02; 
  
  

HRMS (ESI): m/z calculated for C14H12ClOS [M+H]+: 263.0292, found 
263.0292; 

  
FTIR (neat) cm–1: 3052.3, 2943.0, 2913.8, 1686.2, 1593.2, 1573.4, 1561.6, 

1561.6, 1464.3, 1445.8, 1404.1, 1382.3, 1382.3, 1322.5, 
1308.1, 1288.9, 1196.9, 1180.2, 1116.2, 1086.1, 1086.1, 
1077.5, 1026.0, 999.3, 980.0, 884.0, 884, 871.3, 775.7, 
765.0, 751.5, 687.0, 680.2 
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((2-fluorophenyl)thio)-1-phenylethan-1-one (31.a) was synthesized using the general procedure 
for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 1:9), Rf 0.40 
  
1H NMR (700 MHz, CDCl3) d: 7.96 (dd, J = 8.4, 1.2 Hz, 1H), 7.61 (tt, J = 7.41, 1.21 Hz, 

1H), 7.51 – 7.48 (m, 1H), 7.38 (t, J = 1.6 Hz, 1H), 7.27(dt, 
J = 7.48,1.57 Hz, 1H overlap with CDCl3), 7.22 (t, J = 7.5 
Hz, 1H), 7.21 – 7.19 (m, 1H) , 4.32 (s, 2H); 

  
13C NMR (175 MHz, CDCl3) d: 193.98 (s) 162.17 (d, J = 246.5 Hz), 135.52 (s), 134.05 (s), 

134.04 (s), 133.65 (s), 129.96 (d, J = 8.0 Hz), 128.80 (d, J 
= 9.5 Hz), 124.74 (d, J = 3.8 Hz), 121.33 (d, J = 17.6 Hz), 
116.02 (d, J = 22.5 Hz), 40.51 (s). 

  
19F NMR (471 MHz, CDCl3) d: -109.06 (ddd, J = 9.4, 7.5, 5.5 Hz); 
  

HRMS (ESI): m/z calculated for C14H11FNaOS [M+H]+: 269.0407, found 
269.0407; 

  
FTIR (neat) cm–1: 3070.3, 2947.6, 2911.4, 1679.9, 1593.5, 1578.8, 1565.6, 

1465.8, 1445.9, 1397.5, 1317.6, 1284.4, 1261.9, 1220.1, 
1191.4, 1180.6, 1160.0, 1123.1, 1070.2, 1031.3, 999.4, 
983.7, 927.8, 888.2, 852.9, 826.9, 806.3, 806.3, 743.3, 
687.4, 678.4. 

 
 
  



 

 91 

 

 
 
2-methyl-1-phenyl-2-(phenylthio)propan-1-one (28.a) was synthesized using the general 
procedure for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 5:95), Rf 0.42 
  
1H NMR (700 MHz, CDCl3) d: 8.25 (d, J = 8.4 Hz, 2H), 7.54 (td, J = 7.7, 1.0 Hz, 1H), 7.46 

(t, J = 7.7 Hz, 2H), 7.38 – 7.32 (m, 3H), 7.32 – 7.24 (m, 2H, 
overlap with CHCl3), 1.57 (s, 6H); 

  
13C NMR (175 MHz, CDCl3) d: 201.20 (s), 137.90 (s), 137.16 (s), 132.49 (s), 131.78 (s), 

130.48 (s), 130.16 (s), 129.59 (s), 128.84 (s), 55.67 (s), 
27.59 (s); 

  
HRMS (ESI): m/z calculated for C16H17OS [M+H]+: 257.0995, found 

257.0994; 
  
FTIR (neat) cm–1: 3060.3, 2967.4, 2928.0, 1665.8, 1595.6, 1574.2, 1473.5, 

1460.9, 1438.7, 1383.5, 1364.5, 1304.0, 1259.7, 1157.3, 
1118.8, 1088.3, 1068.0, 1024.9, 1002.0, 975.5, 881.6, 
792.4, 750.0, 732.1, 702.2. 

 
 
  



 

 92 

 

 
2-(phenylthio)-2,3-dihydro-1H-inden-1-one (33.a) was synthesized using the general procedure 
for phenylethanone sulfides. 
 
TLC (EtOAc/Hex, 1:9), Rf 0.46 
  
1H NMR (700 MHz, CDCl3) d: 7.78 (d, J=7.66 Hz, 1 H), 7.54 - 7.67 (m, 1 H), 7.44 - 7.52 

(m, 2 H), 7.34 - 7.42 (m, 2 H), 7.21 - 7.30 (m, 3 H), 4.08 
(dd, J=7.83, 3.75 Hz, 1 H), 3.63 (dd, J=17.71, 7.66 Hz, 1 
H), 3.13 (dd, J=17.54, 3.75 Hz, 1 H); 

  
13C NMR (175 MHz, CDCl3) d: 34.79, 50.34, 124.58, 126.29, 127.12, 127.46, 127.67, 

127.84, 128.95, 132.30, 133.28, 135.26, 135.43, 152.06, 
202.23; 

  
HRMS (ESI): m/z calculated for C15H13OS [M+H]+: 241.0682, found 

241.0682; 
  
FTIR (neat) cm–1: 3058.7, 2906.7, 1763.5, 1721.7, 1602.1, 1580.3, 1602.1, 

1580.3, 1481.7, 1470.7, 1437.9, 1419.7, 1325.4, 1299.4, 
1273.8, 1205.8, 1185.6, 1173.6, 1146.0, 1087.8, 1020.8, 
1008.1, 957.1, 892.4, 849.7, 792.9, 780.4, 740.6, 729.8, 
711.0, 689.5. 
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2-(benzylthio)-1-phenylethan-1-one (32.a) was synthesized using the general procedure for 
phenylethanone sulfides. 
 

1H NMR (500 MHz, CDCl3) d: 7.93 (d, J=8.07 Hz, 2 H), 7.52 - 7.60 (m, 1 H), 7.43 - 7.49 
(m, 2 H), 7.34 - 7.38 (m, 2 H), 7.32 (t, J=7.46 Hz, 2 H), 
7.17 - 7.28 (m, 2 H), 3.76 (s, 2 H), 3.67 (s, 2 H); 

  
13C NMR (175 MHz, CDCl3) d: 194.40, 137.26, 135.36, 133.32, 129.26, 128.68, 128.64, 

128.52, 127.22, 36.06, 35.82; 
  
HRMS (ESI): m/z calculated for C15H14NaOS [M+Na]+: 265.0658, found 

265.0658; 
  
FTIR (neat) cm–1: 1670.2, 1595.7, 1449.8, 1394.7, 1292.3, 1197.4, 998.8, 

751.1, 685.3, 638.4, 552.6, 536.0, 526.3, 497.6, 480.1, 
447.3, 417.9, 412.5. 
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1-([1,1'-biphenyl]-4-yl)-2-(phenethylthio)ethan-1-one (35.a) was synthesized using the general 
procedure for phenylethanone sulfides. 
 
 
TLC (EtOAc/Hex, 1:9), Rf 0.55 (brown in anisaldehyde stain) 
  
1H NMR (700 MHz, CDCl3) d: 8.06 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.64 (dd, 

J = 8.2, 1.1 Hz, 2H), 7.49 (t, J = 7.7 Hz, 2H), 7.42 (t, J = 
7.4 Hz, 1H), 7.30 (dd, J = 9.5, 5.7 Hz, 2H), 7.22 (dd, J = 
7.2, 5.3 Hz, 3H), 3.84 (s, 2H), 2.93 (dd, J = 8.9, 6.4 Hz, 
2H), 2.89 – 2.83 (m, 2H); 

  
13C NMR (175 MHz, CDCl3) d: 194.16, 146.22, 140.22, 139.95, 133.96, 129.55, 129.12, 

128.73, 128.63, 128.45, 127.48, 127.43, 126.57, 37.20, 
35.72, 33.79; 

  
HRMS (ESI): m/z calculated for C22H21OS [M+H]+: 333.1308, found 

333.1308; 
  
FTIR (neat) cm–1: 2914.2, 2139.9, 2183.1, 2172.7, 2066.2, 1977.0, 1955.0,  

1660.3, 1560.5, 1485.1, 1452.8, 1419.8, 1310.9, 1288.9, 
1204.5, 1139.5, 1159.9, 1034.3, 1002.6, 927.7 855.8, 
845.8, 714.5, 698.5, 988.2, 647.5, 633.9, 620.1, 604.0 
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General procedure for the synthesis of single-alcohol substrates 
 

 
 
Alcohols were synthetized following a procedure previously reported by us.133 The corresponding 
acetophenone (22.2 mmol) was dissolved in CHCl3 (100 mL) under nitrogen atmosphere. A 
solution of bromine (1.05 equiv) in CHCl3 (80 mL) was added over ca. 5 h in a dropwise manner 
with an addition funnel under a nitrogen atmosphere. After completion of the addition, the 
remaining bromine was quenched by adding an aqueous sodium thiosulphate saturated solution 
and the mixture was let stir until the solution changed from brown to yellow. This mixture was 
separated, extracted with CH2Cl2 and washed with water and brine. The organics were dried over 
MgSO4, filtered and concentrated under vacuo and the obtained α-bromoacetophenone was 
recrystallized from EtOH.  
 
α-Bromoacetophenone (12 mmol) was then added to a stirring mixture of K2CO3 (1.5 equiv) and 
the desired phenol (1.1 equiv) in acetone (50 mL) at rt under nitrogen atmosphere and the reaction 
mixture was allowed to stir for 12 h at rt. After this time, the mixture was filtered, the inorganics 
were washed with acetone and the filtrate was concentrated. The yellow oil was re-dissolved in 
warm EtOH and cooled down to 0 ˚C. A precipitate was formed and filtrated with cold EtOH. The 
product was recrystallized from EtOH to afford pure ketone. 
 
Ketone (10 mmol) was dissolved in a 3:1 mixture of THF/H2O (15 mL) and cooled down to 0 ºC. 
NaBH4 (3 equiv) was carefully added and the mixture was allowed to reach rt and stir at this 
temperature for 2 h. After completion of the reaction (by TLC) water and CH2Cl2 were added and 
the mixture was extracted with CH2Cl2 (x3). The organic layer was dried over MgSO4, filtered and 
concentrated under vacuo to give alcohol products pure enough to be used without further 
purification. 
  

Me

O Br2

CHCl3
rt, 5 h

Ar

O

Ar
Br

HO
Ar’

K2CO3
acetone, rt, 12 h

O
O

Ar Ar’

OH
O

Ar Ar’

NaBH4

THF/H2O (3:1)
rt, 3 h
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2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethan-1-ol (15.a) was synthesized following the 
general procedure. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.4; 
  
1H NMR (500 MHz, CDCl3) d: 7.37 (d, J = 8.5 Hz, 2H), 7.04 – 6.97 (m, 1H), 6.97 – 6.87 

(m, 5H), 5.07 (dd, J = 9.5, 2.7 Hz, 1H), 4.16 (dd, J = 10.0, 
2.8 Hz, 1H), 3.97 (t, J = 9.8 Hz, 1H), 3.90 (s, 3H), 3.82 (s, 
3H); 

  
13C NMR (126 MHz, CDCl3) d: 159.4, 149.9, 148.0, 131.7, 127.5 (2xCH), 122.3, 121.1, 

115.5, 113.9 (2xCH), 112.0, 76.0, 71.9, 55.8, 55.3; 
  
Physical appearance: white solid 
  

O
Br

MeO

O
O

MeO

HO
OMe

OMe
(1.1 equiv)

K2CO3 (1.5 equiv)
acetone, rt, 12 h

OH
O

MeO

OMe
NaBH4 (3.0 equiv)

THF/H2O (3:1)
rt, 3 h 15.a15.b
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1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-ol (40.a) was synthesized following 
the general procedure.  
 
TLC (EtOAc/Hex, 4565), Rf 0.26; 
  
1H NMR (500 MHz, CDCl3) d: 7.02 – 6.98 (m, 2H), 6.97 – 6.89 (m, 4H), 6.86 (d, J = 8.2 

Hz, 1H), 5.05 (d, J = 9.3 Hz, 1H), 4.17 (dd, J = 10.0, 2.9 
Hz, 1H), 3.97 (t, J = 9.7 Hz, 1H), 3.90 (s, 3H), 3.89 (s, 3H), 
3.88 (s, 3H), 3.40 (d, J = 1.8 Hz, 1H) 

  
13C NMR (176 MHz, CDCl3) d: 150.1, 149.1, 148.7, 147.9, 132.1, 122.6, 121.1, 118.6, 

116.1, 111.9, 111.0, 109.3, 76.4, 72.1, 55.9, 55.9, 55.8. 
  

Physical apperance: white solid. 
 
  

O
Br
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MeO
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MeO
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HO
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(1.1 equiv)
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THF/H2O (3:1)
rt, 3 h 40.a40.b
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2-(2-methoxyphenoxy)-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (52.a) was synthesized following 
the general procedure.  
 
Characterization for 52.b 
TLC (EtOAc/Hex, 35:65), Rf 0.30; 

  
1H NMR (500 MHz, CDCl3) d: 7.31 (s, 2H), 6.97 – 6.92 (m, 1H), 6.89 (d, J = 7.8 Hz, 1H), 

6.83 (d, J = 4.0 Hz, 2H), 5.24 (s, 2H), 3.90 (s, 3H), 3.88 (s, 
6H), 3.85 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 193.8, 153.1 (2xC), 149.7, 147.3, 143.1, 129.8, 122.5, 

120.8, 114.6, 112.1, 105.9 (2xCH), 72.4, 61.0, 56.3 
(2xCH3), 55.8; 

  
HRMS (ESI): m/z calculated for C18H21O6+ [M+H]+: 333.1333, found 

333.1333; 
  
Physical appearance: white solid. 
 
Characterization for 52.a 
TLC (EtOAc/Hex, 1:1), Rf 0.22 
  
1H NMR (500 MHz, CDCl3) d: 7.02 (dd, J = 17.1, 9.8 Hz, 1H), 6.98 – 6.89 (m, 3H), 6.66 

(s, 2H), 5.03 (dd, J = 9.2, 2.6 Hz, 1H), 4.19 (dd, J = 10.1, 
2.8 Hz, 1H), 3.97 (t, J = 9.7 Hz, 1H), 3.90 (s, 3H), 3.87 (s, 
6H), 3.84 (s, 3H). 

  
13C NMR (126 MHz, CDCl3) d: 153.3 (2xC), 150.1, 147.9, 137.5, 135.3, 122.6, 121.1, 

116.1, 112.0, 103.2 (2xCH), 76.3, 72.4, 60.8, 56.1 (2xCH3), 
55.8; 

  
HRMS (ESI): m/z calculated for C18H22NaO6+ [M+Na]+: 357.1309, found 

357.1306; 
  
Physical appearance: yellow wax 
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2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-ol (41.a) was synthesized 
following the general procedure. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.38; 

  
1H NMR (500 MHz, CDCl3) d: 7.06 (t, J = 8.4 Hz, 1H), 6.98 (d, J = 1.5 Hz, 1H), 6.94 – 

6.88 (m, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.63 (d, J = 8.4 Hz, 
2H), 4.92 (dd, J = 10.0, 2.4 Hz, 1H), 4.41 (dd, J = 11.0, 2.6 
Hz, 1H), 3.90 (s, 9H), 3.87 (s, 3H), 3.71 (t, J = 10.5 Hz, 
1H); 
 

  
13C NMR (126 MHz, CDCl3) d: 153.2 (2xC), 148.9, 148.5, 136.7, 131.9, 124.0, 118.6, 

110.9, 109.3, 105.1 (2xCH), 80.12, 72.18, 56.07, 55.88, 
55.84; 

  
HRMS (ESI): m/z calculated for C18H22NaO6+ [M+Na]+ 357.1309, found 

357.1312; 
  
Physical appearance: white solid. 
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2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-ol (43.a) was synthesized 
following the general procedure.  
 
TLC (EtOAc/Hex, 1:1), Rf 0.44; 

  
1H NMR (500 MHz, CDCl3) d: 7.02 (d, J = 1.6 Hz, 1H), 6.98 (dd, J = 8.3, 1.5 Hz, 1H), 6.89 

(d, J = 8.2 Hz, 1H), 6.12 (s, 3H), 5.07 (dd, J = 8.8, 3.1 Hz, 
1H), 4.06 (dd, J = 9.6, 3.2 Hz, 1H), 3.99 (t, J = 9.2 Hz, 1H), 
3.92 (s, 3H), 3.90 (s, 3H), 3.77 (s, 6H); 

  
13C NMR (126 MHz, CDCl3) d: 161.5 (2xC), 160.2, 149.1, 148.9, 132.2, 118.6, 111.1, 

109.3, 93.5 (3xCH), 73.4, 72.3, 55.9, 55.9, 55.3 (3xCH3); 
  

HRMS (ESI): m/z calculated for C18H22NaO6+ [M+Na]+ 357.1309, found 
357.1311; 

  
Physical appearance: white solid. 
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2-(2-methoxyphenoxy)-1-phenylethan-1-ol (44.a) was synthesized following the general 
procedure.  
 
TLC (EtOAc/Hex, 1:3), Rf 0.25; 

  
1H NMR (500 MHz, CDCl3) d: 7.46 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.33 (t, J 

= 7.2 Hz, 1H), 7.04 – 6.99 (m, 1H), 6.93 (dt, J = 8.1, 4.7 
Hz, 3H), 5.13 (d, J = 9.3 Hz, 1H), 4.21 (dd, J = 10.1, 2.8 
Hz, 1H), 4.00 (t, J = 9.8 Hz, 1H), 3.91 (s, 3H), 3.48 (br s, 
1H); 

  
13C NMR (126 MHz, CDCl3) d: 150.1, 148.0, 139.5, 128.5 (2xCH), 128.0, 126.3 (2xCH), 

122.5, 121.1, 116.0, 112.0, 76.3, 72.3, 55.8. 
  

HRMS (ESI): m/z calculated for C16H16NaO3+ [M+Na]+: 267.0992, found 
267.0991; 

  
Physical appearance: colorless oil. 
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General procedure for the synthesis of diol lignin model substrates 
 

 
 
Diols were synthetized following a procedure previously reported by us:133 ethyl 2-bromoacetate 
(28.4 mmol) was added to a stirring mixture of the desired phenol derivative (1 equiv) and K2CO3 
(1 equiv) in acetone (120 mL) under nitrogen atmosphere and the mixture was refluxed overnight. 
After completion, the mixture was filtered, and the filtrate was concentrated to afford the alkylation 
products pure enough to be used without further purification. 
 
A solution of acetate alkylation product (13.2 mmol) in THF (5 mL) was slowly added to a solution 
of LiHMDS (1.1 equiv, 1.0 M in THF) in THF (10 mL) at -78 ̊ C under nitrogen atmosphere. Then, 
a solution of the desired aldehyde (1.0 equiv) in THF (5 mL) was slowly added at -78 ºC and the 
resulting mixture was stirred for 1 h. A saturated aq. solution of NH4Cl (10 mL) as added followed 
by EtOAc (10 mL) and the reaction was let to reach room temperature. The mixture was extracted 
with EtOAc (x3), and the organics were washed with water and brine, dried over Na2SO4, filtered 
and concentrated. The crude was generally purified by column chromatography (hexanes and 
EtOAc) to afford pure hydroxyesters. 
 
To a stirring mixture of hydroxyester (5 mmol) in THF/H2O (3:1, 20 mL) was added NaBH4 (3 
equiv) in portions and the mixture was stirred overnight. After completion of the reaction (by TLC) 
water and CH2Cl2 were added and the mixture was extracted with CH2Cl2 (x3). The organic layer 
was dried over MgSO4, filtered and concentrated under vacuo to give diol products, pure enough 
to be used without further purification. 
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2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)propane-1,3-diol (16.a) was synthesized 
following the general procedure. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.19, 6:4 mixture of diastereomers; 

  
1H NMR (500 MHz, CDCl3) d: 7.38 (d, J = 8.7 Hz, 2H, major diast.), 7.33 (d, J = 8.6 Hz, 

2H, minor diast.), 7.17 – 7.13 (m, 1H, major diast.), 7.11 – 
7.04 (m, 1H, major and minor diast.), 7.01 – 6.88 (m, 4H, 
major diast. and 5 H minor diast.), 5.01 (d, J = 7.2 Hz, 1H, 
major and 1H minor diast.), 4.17 (dt, J = 5.8, 4.7 Hz, 1H, 
minor diast.), 4.09 – 3.99 (m, 1H, major diast.), 3.95 (s, 1H, 
minor diast.), 3.93 (s, 3H, major diast.), 3.90 (s, 3H, minor 
diast.), 3.82 (s, 3H, major diast.), 3.82 (s, 3H, minor diast.), 
3.70 – 3.65 (m, 1H, major diast), 3.63 – 3.59 (m, 1H, major 
and 1 H minor diast.), 3.47 (ddd, J = 12.4, 8.4, 4.0 Hz, 1H, 
major diast.), 3.43 (d, J = 3.1 Hz, 1H, minor diast.), 2.75 
(dd, J = 7.0, 5.9 Hz, 1H, minor diast.), 2.71 (dd, J = 8.3, 5.1 
Hz, 1H, major diast.); 

  
13C NMR (126 MHz, CDCl3) d: (126 MHz, CDCl3) δ 159.5/159.1, 151.5/151.2, 

147.7/147.0, 132.3/131.8, 128.4/127.4 (2xCH), 
124.1/124.0, 121.7/121.60, 120.9/120.7, 114.0/113.8 
(2xCH), 112.2/112.2, 89.3/87.1, 73.6/72.7, 61.0/60.8, 
55.9/55.9, 55.3/55.3; 

  
Physical appearance: colorless wax. 
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1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (17.a) was synthesized 
following the general procedure. 
 
TLC (EtOAc/Hex, 3:1), Rf 0.35, 6:4 mixture of diastereomers; 

  
1H NMR (500 MHz, CDCl3) d: 7.13 (d, J = 7.9 Hz, 1H, minor diast.), 7.07 (d, J = 3.5 Hz, 

1H, each diast.), 7.02 – 6.87 (m, 6H, major diast and 5H, 
minor diast.), 6.85 (t, J = 6.9 Hz, 1H, each diast.), 4.99 (s, 
1H, each diast.), 4.17 (dd, J = 8.5, 5.2 Hz, 1H, major diast.), 
4.03 (dd, J = 7.5, 3.6 Hz, 1H, minor diast.), 3.92 3.90 – 3.87 
(m, 10H, major diast. and 9H, minor diast.), 3.71 – 3.60 (m, 
1H, major diast. and 2H, minor diast.), 3.53 – 3.46 (m, 1H, 
minor diast.), 3.45 (t, J = 5.2 Hz, 1H, major diast), 2.70 (t, 
J = 1.4 Hz, 1H, each diast.); 

  
13C NMR (126 MHz, CDCl3) d: 151.3 /151.6, 149.1/149.0, 148.9/148.4, 146.9/147.6, 

132.5/132.1, 124.2/124.2, 121.7/121.6, 120.9/121.0, 
119.6/118.4, 112.1/112.1, 111.0/111.0, 109.9/109.2, 
89.4/87.3, 72.7/72.7, 60.7/60.7, 55.9/55.9 (3xCH3); 

  
Physical appearance: colorless wax. 
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2-(2-methoxyphenoxy)-1-(3,4,5-trimethoxyphenyl)propane-1,3-diol (45.a) was synthesized 
following the general procedure. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.08, 4:1 mixture of diastereomers; 

  
1H NMR (500 MHz, CDCl3) d: 7.07 – 7.00 (m, 1H, each diast.), 6.96 – 6.85 (m, 3H, major 

diast. and 2H, minor diast.), 6.66 (s, 2H, minor diast.), 6.60 
(s, 2H, major diast.), 4.96 (s, 1H, minor diast), 4.94 (d, J = 
4.6 Hz, 1H, major diast), 4.15 (dd, J = 8.7, 5.0 Hz, 1H, 
major diast.), 4.06 – 4.01 (m, 1H, minor diast.), 3.91 (dd, J 
= 12.1, 5.7 Hz, 1H, each diast.), 3.87 (t, J = 4.9 Hz, 1H, 
each diast.), 3.86 – 3.83 (m, 4H, each diast.), 3.83 – 3.80 
(m, 8H, each diast.), 3.68 (d, J = 13.4 Hz, 1H, each diast.), 
3.51 (d, J = 12.0 Hz, 1H, minor diast), 2.96 (br s, 1H, each 
diast.); 

  
13C NMR (126 MHz, CDCl3) d: 153.1/153.1 (2xC), 151.3/151.1, 147.3 /146.7, 137.5/137.5, 

135.5/135.1, 124.1/124.0, 121.5/121.5, 120.7/120.6, 
112.0/103.6, 103.8/102.9 (2xCH), 86.9/89.0, 74.0/72.8, 
60.9/60.7, 60.9/60.7, 56.2/56.0 (2xCH3), 56.0/55.7; 

  
Physical appearance: colorless wax. 
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2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)propane-1,3-diol (42.a) was synthesized 
following the general procedure. 
 
TLC (EtOAc/Hex, 2:1), Rf 0.33, 85:15 mixture of diastereomers; 

  
1H NMR (500 MHz, CDCl3) d: 7.10 (t, J = 8.4 Hz, 7H, both diast.), 7.02 (s, 1H, minor 

diast.), 6.97 (s, 1H, major diast.), 6.84 (s, 2H, each diast.), 
6.67 (d, J = 8.4 Hz, 2H, each diast.), 5.08 (d, J = 8.8 Hz, 
1H, minor diast.), 5.04 (d, J = 3.6 Hz, 1H, major diast.), 
4.21 – 4.14 (m, 1H, major diast.), 3.93 (d, J = 7.3 Hz, 1H, 
minor diast.), 3.90 (s, 9H, each diast.), 3.88 (s, 3H, each 
diast.), 3.63 – 3.55 (m, 1H, minor diast.), 3.51 (dd, J = 12.0, 
2.6 Hz, 1H, major diast.), 3.32 (d, J = 12.6 Hz, 1H, minor 
diast.); 

  
13C NMR (126 MHz, CDCl3) d: 153.5/153.2 (2xC), 148.9/148.9, 148.7/148.1, 135.2/134.9, 

132.6/131.9, 124.5/124.5, 119.8/118.1, 110.9/110.2, 
108.9/108.9, 105.2/105.2 (2xCH), 89.0/87.0, 74.0/72.4, 
60.6/60.4, 56.1/56.1 (2xCH2), 55.9/55.9 (2xCH2); 

  
HRMS (ESI): m/z calculated for C19H24NaO7+ [M+Na]+: 387.1414, found 

387.1415 
  

Physical appearance: colorless wax. 
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2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)propane-1,3-diol (53.a) was synthesized 
following the general procedure. 
 
TLC (EtOAc/Hex, 3:1), Rf 0.34, 7:3 mixture of diastereomers; 

  
1H NMR (500 MHz, CDCl3) d: 6.99 (dd, J = 13.3, 9.9 Hz, 2H), 6.87 (dd, J = 8.0, 4.7 Hz, 

1H), 6.18 (d, J = 1.8 Hz, 0.7H, major diast.), 6.14 (s, 0.3H, 
minor diast.), 6.12 – 6.08 (m, 2H), 5.06 (d, J = 4.8 Hz, 0.7H, 
major diast.), 5.01 (d, J = 6.5 Hz, 0.3H, minor diast.), 4.42 
– 4.36 (m, 1H), 3.97 (d, J = 11.9 Hz, 0.7H, major diast.), 
3.93 – 3.85 (m, 7H), 3.85 – 3.81 (m, 0.3H, minor diast), 
3.80 – 3.75 (m, 5H), 3.74 – 3.67 (m, 0.7H, major diast.), 
3.60 (s, 0.3H, minor diast.), 2.74 (s, 0.3H, minor diast.), 
2.66 (s, 0.7H, major diast.), 2.12 (s, 0.7H, major diast.), 
1.72 (s, 0.3H, minor diast.); 

  
13C NMR (126 MHz, CDCl3) d: 161.6/161.5 (2xC), 159.8/159.4 (C), 149.1/149.0 (C), 

148.9/148.7 (C), 132.8/132.0 (C), 119.3/118.6 (CH), 
111.0/110.9 (CH), 109.8/109.3 (CH), 95.2/95.2 (2xCH), 
94.0/93.9 (CH), 82.9/81.8 (CH), 73.9/73.7 (CH), 61.4/61.1 
(CH2), 55.9/55.9 (2xCH3), 55.4/55.3 (2xCH3); 

  
HRMS (ESI): m/z calculated for C19H24NaO7+ [M+Na]+: 387.1414, found 

387.1408 
  

Physical appearance: colorless wax. 
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2-phenoxy-1-(3,4,5-trimethoxyphenyl)propane-1,3-diol (54.a) was synthesized following the 
general procedure. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.19, 7:3 mixture of diastereomers; 

  
1H NMR (500 MHz, CDCl3) d: 7.27 – 7.23 (m, 1H, major diast.), 7.21 (t, J = 7.9 Hz, 1H 

major and 2H minor diast.), 6.99 – 6.90 (m, 1H major and 
3H minor diast.), 6.84 (d, J = 8.1 Hz, 2H mjor diast.), 6.64 
(s, 2H, minor diast.), 6.60 (s, 2H, major diast.), 4.95 (s, 1H 
major and 1H minor diast.), 4.39 (dd, J = 9.8, 4.4 Hz, 1H, 
minor diast.), 4.35 (d, J = 4.3 Hz, 1H, major diast.), 3.97 – 
3.91 (m, 1H, major diast.), 3.91 – 3.84 (m, 1H major and 
1H minor diast.), 3.80 (s, 3H major and 3H minor diast.), 
3.78 (s, 6H major and 6H minor diast.), 3.61 (dt, J = 11.1, 
7.8 Hz, 1H, minor diast.), 3.44 (br s, 1H, major diast.), 3.22 
(br s, 1H, minor diast.), 2.71 (br s, 1H, major diast.), 2.36 
(br s, 1H, minor diast.); 

  
13C NMR (126 MHz, CDCl3) d: 158.0/157.7, 153.2/153.1 (2xC), 137.6/137.4, 136.3/135.5, 

129.7/129.6 (2xCH), 121.9/121.8, 116.5/116.4 (2xCH), 
103.8/103.4 (2xCH), 82.5/81.7, 74.2/73.7, 61.6/61.2, 
60.8/60.8, 56.1/56.1 (2xCH3); 

  
HRMS (ESI): m/z calculated for C18H22NaO6+ [M+Na]+: 357.1309, found 

357.1312 
  

Physical appearance: white solid. 
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Synthesis of triol model system (47.a) 
 

 
 

Synthesis of 2-(4-acetylphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one. A round bottom flask 
equipped with a reflux condenser and a stir bar was charged with 2-bromo-1-(3,4-
dimethoxyphenyl)ethan-1-one (1.00 g, 3.84 mmol), K2CO3 (800 mg, 5.79 mmol), 4-
hydroxyacetophenone (578 mg, 4.25 mmol), and acetone (10 mL). The resulting suspension was 
stirred at room temperature for 12 h under a nitrogen atmosphere, and then filtered to remove the 
inorganics and concentrated in vacuo. The resulting solid was purified by column chromatography 
(hexanes/EtOAc 1:1) to afford the title compound as an off-white solid (1.14 g, 94%). Spectral 
data are consistent with those reported in the literature.91 
 
TLC (EtOAc/Hex, 1:1), Rf 0.31; 

  
1H NMR (500 MHz, CDCl3) d: 7.91 (d, J = 8.5 Hz, 2H), 7.63 (d, J = 8.4 Hz, 1H), 7.54 (s, 

1H), 6.95 (d, J = 8.5 Hz, 2H), 6.91 (d, J = 8.4 Hz, 1H), 5.32 
(s, 2H), 3.96 (s, 3H), 3.93 (s, 3H), 2.53 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 196.8, 192.2, 162.0, 154.2, 149.5, 131.1, 130.7 (2C), 127.5, 

122.8, 114.5 (2C), 110.3, 110.2, 70.4, 56.3, 56.2, 26.5. 
  

HRMS (ESI): m/z calculated for C18H19O5+ [M+H]+: 315.1227, found: 
315.1230. 

 

 
 

Synthesis of 2-(4-acetylphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one. 
Substrate (1.07 g, 3.40 mmol) was added to a bottom flask and dissolved in acetone/EtOH (20 mL, 
1:1). K2CO3 (509 mg, 3.70 mmol) was subsequently added and the mixture was stirred for 5 min. 
Then, formalin (37 wt%, 400 µL, 5.10 mmol) was added and the reaction mixture was stirred for 
2 h. After concentrating the mixture, the crude reaction mixture was extracted with EtOAc (×3), 
washed with water and brine, dried over Na2SO4, filtered and concentrated under reduced pressure. 
The crude was purified by column chromatography (hexanes/EtOAc 4:1 to 1:1) to afford 2k as a 
pale yellow solid (638 mg, 51%). Spectral data are consistent with those reported in the 
literature.Error! Bookmark not defined. 
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1-(3,4-dimethoxyphenyl)-2-(4-(1-hydroxyethyl)phenoxy)propane-1,3-diol (47.a). 2-(4-
Acetylphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (490 mg, 1.45 mmol) was 
dissolved in THF/H2O (4.0 mL, 3:1). The resulting solution was cooled down to 0 °C and NaBH4 
(555 mg, 14.5 mmol) was added in small portions over 5 min. After complete addition, the reaction 
mixture was warmed up to room temperature and stirred for 4 h. Then, additional H2O was added 
and the mixture was extracted with CH2Cl2 (×3), washed with water (×2) and brine, dried over 
Na2SO4, filtered and concentrated under reduced pressure. The crude mixture was purified by 
column chromatography (hexanes/EtOAc/EtOH 70:23:7) to afford the product as a mixture of 
diastereomers (erythro:threo 5:2) as a pale yellow solid (387 mg, 77%). 
 
Characterization for the major diastereomer 
TLC (EtOAc/Hex/EtOH, 23:70:7), 
Rf 

0.25; 

  
1H NMR (500 MHz, CDCl3) d: 7.31 (d, J = 8.6 Hz, 2H), 7.01–6.96 (m, 3H), 6.88 (d, J = 

8.5 Hz, 1H), 6.86 (d, J = 8.5 Hz, 1H), 5.00 (dd, J = 6.8, 2.9 
Hz, 1H), 4.90–4.82 (m, 1H), 4.43–4.38 (m, 1H), 3.88 (s, 
6H), 3.84–3.79 (m, 1H), 3.63–3.57 (m, 1H), 2.74 (d, J = 2.9 
Hz, 1H), 1.73–1.68 (m, 2H), 1.48 (d, J = 6.6 Hz, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 157.6, 149.2, 149.0, 139.5, 132.3, 127.0 (2C), 119.4, 116.5 

(2C), 111.2, 110.0, 83.2, 73.8, 69.9, 61.3, 56.0 (2C), 25.2; 
  

HRMS (ESI): m/z calculated for C19H24NaO6+ ([M+Na]+): 371.1465, 
found: 371.1454. 
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Reactions for the oxidation of lignin model substrates 
 
General procedure for Pd-mediated oxidation107 

 

 
 
Under air, a round bottom flask equipped with a stir bar and a reflux condenser was charged with 
Pd(OAc)2 (0.02 mmol, 4.50 mg, 0.05 equiv), lignin system (0.4 mmol) and DMSO (1.0 mL). The 
resulting solution was stirred at 65 °C for 18 h under atmospheric air. Upon completion of the 
reaction, H2O and CH2Cl2 were added to the reaction mixture. The phases were separated, and the 
aqueous layer was additionally extracted with CH2Cl2 (×3). The combined organic phases were 
washed with 5% aq. LiCl (×3) and brine (×2), dried over Na2SO4 and filtered. The solvent was 
removed in vacuo to give the crude product as a colorless oil, which was purified by silica gel 
chromatography (EtOAc/hexanes) to afford the requisite ketone.  
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2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethan-1-one (15.b) was synthesized following the 
general procedure for Pd-mediated oxidation, 97% 
 
TLC (EtOAc/Hex, 1:3), Rf 0.20; 

  
1H NMR (500 MHz, CDCl3) d: 8.01 (d, J = 8.8 Hz, 2H), 6.98 – 6.93 (m, 3H), 6.91 (d, J = 

8.0 Hz, 1H), 6.86 – 6.83 (m, 2H), 5.28 (s, 2H), 3.88 (s, 3H), 
3.87 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 193.1, 163.9, 149.7, 147.6, 130.5 (2C), 127.7, 122.3, 120.8, 

114.7, 113.9 (2C), 112.2, 72.0, 55.9, 55.5; 
  

HRMS (ESI): m/z calculated for C16H16NaO4+ [M+Na]+: 295.0941, 
found: 295.0934; 

  
Physical appearance: off-white solid. 
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3-hydroxy-2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)propan-1-one (16.b) was synthesized 
following the general procedure for Pd-mediated oxidation, 84%. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.26; 

  
1H NMR (500 MHz, CDCl3) d: 8.07 (d, J = 8.7 Hz, 2H), 7.01 (t, J = 7.7 Hz, 1H), 6.94 (d, J 

= 8.7 Hz, 2H), 6.93–6.89 (m, 2H), 6.82 (t, J = 7.7 Hz, 1H), 
5.37 (t, J = 5.2 Hz, 1H), 4.06 (d, J = 5.2 Hz, 2H), 3.87 (s, 
3H), 3.86 (s, 3H), 2.28 (br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 195.1, 164.2, 150.8, 147.2, 131.5 (2C), 128.1, 123.9, 121.3, 

119.1, 114.1 (2C), 112.5, 85.0, 63.8, 56.0, 55.7; 
  

HRMS (ESI): m/z calculated for C17H19O5+ [M+H]+: 303.1227, found: 
303.1238; 

  
Physical appearance: off-white solid. 
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1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethan-1-one (40.b) was synthesized following 
the general procedure for Pd-mediated oxidation, 98%.  
 
TLC (EtOAc/Hex, 1:1), Rf 0.48; 

  
1H NMR (500 MHz, CDCl3) d: 7.68 (dd, J = 8.4, 1.9 Hz, 1H), 7.60 (d, J = 1.9 Hz, 1H), 6.96 

(ddd, J = 8.3, 5.8, 3.0 Hz, 1H), 6.92 (dd, J = 8.3, 1.2 Hz, 
1H), 6.90 (d, J = 8.4 Hz, 1H), 6.86–6.84 (m, 2H), 5.30 (s, 
2H), 3.96 (s, 3H), 3.94 (s, 3H), 3.89 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 195.1, 164.2, 150.8, 147.2, 131.5 (2C), 128.1, 123.9, 121.3, 

119.1, 114.1 (2C), 112.5, 85.0, 63.8, 56.0, 55.7; 
  

HRMS (ESI): m/z calculated for C17H18NaO5+ [M+Na]+: 325.1046, 
found: 325.1042; 

  
Physical appearance: off-white solid. 
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1-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propan-1-one (17.b) was 
synthesized following the general procedure for Pd-mediated oxidation, 89%. 
 
TLC (EtOAc/Hex, 2:1), Rf 0.23; 

  
1H NMR (500 MHz, CDCl3) d: 7.75 (dd, J = 8.4, 1.9 Hz, 1H), 7.61 (d, J = 1.9 Hz, 1H), 

7.01–6.97 (m, 1H), 6.92–6.86 (m, 3H), 6.84–6.79 (m, 1H), 
5.40 (t, J = 5.3 Hz, 1H), 4.07 (d, J = 5.3 Hz, 2H), 3.94 (s, 
3H), 3.91 (s, 3H), 3.85 (s, 3H), 3.02 (br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 195.1, 154.1, 150.6, 149.3, 147.1, 128.2, 123.8, 123.8, 

121.3, 118.7, 112.5, 111.1, 110.3, 84.7, 63.9, 56.2, 56.1, 
55.9; 

  
HRMS (ESI): m/z calculated for C18H21O6+ [M+H]+: 333.1333, found: 

333.1331; 
  

Physical appearance: off-white solid. 
 
  

MeO

O
O

OMe

OH
17.b

MeO
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2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one (41.b) was synthesized 
following the general procedure of Pd-mediated oxidation, 96%. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.41; 

  
1H NMR (500 MHz, CDCl3) d: 7.73 (dd, J = 8.4, 1.9 Hz, 1H), 7.65 (d, J = 1.9 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), 3.95 (s, 3H), 3.94 (s, 3H), 3.81 (s, 
6H); 

  
13C NMR (126 MHz, CDCl3) d: 193.7, 153.4, 153.3 (2C), 149.0, 136.7, 128.4, 124.0, 123.1, 

110.7, 110.0, 105.4 (2C), 75.3, 56.1 (2C), 56.0 (2C); 
  

HRMS (ESI): m/z calculated for C18H20NaO6+ [M+Na]+: 355.1152, 
found: 355.1148; 

  
Physical appearance: off-white solid. 
 
  

MeO

O
O

OMe
MeO

MeO
41.b



 

 117 

 
 
2-(2,6-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (42.b) was 
synthesized following the general procedure of Pd-mediated oxidation, 87%. 
 
TLC (EtOAc/Hex, 2:1), Rf 0.40; 

  
1H NMR (500 MHz, CDCl3) d: 7.73 (dd, J = 8.4, 1.9 Hz, 1H), 7.67 (d, J = 1.9 Hz, 1H), 7.02 

(t, J = 8.4 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.58 (d, J = 8.4 
Hz, 2H), 5.09 (dd, J = 7.8, 3.0 Hz, 1H), 4.01 (dd, J = 11.8, 
7.8 Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H), 3.83 (dd, J = 11.8, 
3.0 Hz, 1H), 3.73 (s, 6H); 

  
13C NMR (126 MHz, CDCl3) d: 194.9, 153.4, 152.7 (2C), 149.1, 136.7, 128.7, 124.2, 123.4, 

110.9, 110.0, 105.2 (2C), 87.6, 63.7, 56.1, 56.0, 55.9 (2C); 
  

HRMS (ESI): m/z calculated for C19H23O7+ [M+H]+: 363.1438, found: 
363.1439; 

  
Physical appearance: colorless, sticky oil. 
 
  

42.b
MeO

O
O

OMe
MeO

MeOHO
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2-(3,5-dimethoxyphenoxy)-1-(3,4-dimethoxyphenyl)ethan-1-one (43.b) was synthesized 
following the general procedure for Pd-mediated oxidation, 93%. 
 
TLC (EtOAc/Hex, 1:1), Rf 0.49; 

  
1H NMR (500 MHz, CDCl3) d: 7.63 (dd, J = 8.4, 1.9 Hz, 1H), 7.55 (d, J = 1.9 Hz, 1H), 6.90 

(d, 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), 3.93 (s, 3H), 3.75 (s, 
6H); 

  
13C NMR (126 MHz, CDCl3) d: 192.7, 161.5 (2C), 159.9, 153.9, 149.3, 127.7, 122.7, 110.3, 

110.1, 93.8 (2C), 93.7, 70.6, 56.1, 56.0, 55.4 (2C); 
  

HRMS (ESI): m/z calculated for C18H21O6+ [M+H]+: 333.1333, found: 
333.1325 

  
Physical appearance: off-white solid. 
 
  

MeO

O
OMeO

OMe

OMe

43.b
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2-(2-methoxyphenoxy)-1-phenylethan-1-one (44.b) was synthesized following the general 
procedure for Pd-mediated oxidation, 92%. 
 
TLC (EtOAc/Hex, 1:2), Rf 0.54; 

  
1H NMR (500 MHz, CDCl3) d: 8.01 (d, J = 7.5 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.49 (t, J 

= 7.5 Hz, 2H), 6.99 – 6.95 (m, 1H), 6.92 (d, J = 8.0 Hz, 
1H), 6.85 (d, J = 4.4 Hz, 2H), 5.34 (s, 2H), 3.88 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 194.6, 149.8, 147.5, 134.7, 133.7, 128.8 (2C), 128.1 (2C), 

122.5, 120.8, 115.0, 112.2, 72.2, 55.9; 
  

HRMS (ESI): m/z calculated for C15H14NaO3+ [M+Na]+: 265.0835, 
found: 265.0831; 

  
Physical appearance: white solid. 
 
  

O
O

OMe

44.b
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3-hydroxy-2-(2-methoxyphenoxy)-1-(3,4,5-trimethoxyphenyl)propan-1-one (45.b) was 
synthesized following the general procedure for Pd-mediated oxidation, 91%. 
 
TLC (EtOAc/Hex, 2:1), Rf 0.40; 

  
1H NMR (500 MHz, CDCl3) d: 7.36 (s, 2H), 7.01 (ddd, J = 8.1, 7.5, 1.5 Hz, 1H), 6.92 (dd, 

J = 8.1, 1.2 Hz, 1H), 6.91 (dd, J = 8.0, 1.5 Hz, 1H), 6.84 
(ddd, J = 8.0, 7.5, 1.2 Hz, 1H), 5.35 (dd, J = 5.7, 4.8 Hz, 
1H), 4.09 (d, J = 5.7 Hz, 1H), 4.09 (d, J = 4.8 Hz, 1H), 3.92 
(s, 3H), 3.87 (s, 6H), 3.85 (s, 3H), 2.86 (br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 195.6, 153.1 (2C), 150.5, 146.8, 143.3, 130.0, 123.7, 121.2, 

118.4, 112.3, 106.6 (2C), 84.6, 63.5, 60.9, 56.3 (2C), 55.7; 
  

HRMS (ESI): m/z calculated for C19H23O7+ [M+H]+: 363.1438, found: 
363.1446 

  
Physical appearance: pale, yellow oil. 
 
  

MeO

O
O
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3-hydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propan-1-one (46.b) 
was synthesized following the general procedure for Pd-mediated oxidation, 85%. 
 
TLC (EtOAc/Hex, 1:4), Rf 0.07; 

  
1H NMR (500 MHz, CDCl3) d: 7.42 (s, 2H), 7.01 (ddd, J = 8.1, 7.4, 1.5 Hz, 1H), 6.92 (dd, 

J = 8.1, 1.2 Hz, 1H), 6.91 (dd, J = 8.0, 1.5 Hz, 1H), 6.84 
(ddd, J = 8.0, 7.4, 1.2 Hz, 1H), 6.00 (s, 1H), 5.34 (dd, J = 
6.4, 4.4 Hz, 1H), 4.09 (d, J = 6.4 Hz, 1H), 4.08 (d, J = 4.4 
Hz, 1H), 3.92 (s, 6H), 3.86 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 195.3, 150.6, 147.0 (2C), 146.9, 140.6, 126.6, 123.9, 121.4, 

118.5, 112.4, 106.6 (2C), 84.8, 63.8, 56.6 (2C), 55.9; 
  

HRMS (ESI): m/z calculated for C18H21O7+ [M+H]+: 349.1282, found: 
349.1285; 

  
Physical appearance: colorless solid. 
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2-(4-acetyl-2-methoxyphenoxy)-1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (47.b) was 
synthesized following the general procedure for Pd-mediated oxidation, 78%. 
 
TLC (EtOAc/Hex, 2:1), Rf 0.21; 

  
1H NMR (500 MHz, CDCl3) d: 7.89 (d, J = 8.9 Hz, 2H), 7.74 (dd, J = 8.4, 1.9 Hz, 1H), 7.56 

(d, J = 1.9 Hz, 1H), 6.92 (d, J = 8.9 Hz, 2H), 6.91 (d, J = 
8.4 Hz, 1H), 5.63 (dd, J = 6.2, 3.9 Hz, 1H), 4.21 (dd, J = 
12.2, 3.9 Hz, 1H), 4.15 (dd, J = 12.2, 6.2 Hz, 1H), 3.96 (s, 
3H), 3.91 (s, 3H), 2.52 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 196.8, 194.0, 161.2, 154.5, 149.6, 131.4, 130.9 (2C), 127.6, 

123.6, 114.9 (2C), 110.9, 110.4, 81.1, 63.7, 56.3, 56.2, 
26.5; 

  
HRMS (ESI): m/z calculated for C19H21O6+ [M+H]+: 345.1333, found: 

345.1331; 
  

Physical appearance: pale yellow solid 
 
  

MeO
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Reaction conditions for redox-neutral fragmentation strategies 
 
General procedure for reactions in Tables 6 – 10 
 
Starting material was dissolved in the solvent of choice (0.05 M) in a 1 dr vial equipped with a 
Teflon coated magnetic stir bar, followed by the addition of photocatalyst (2 mol%), and then any 
exogenous reagents. Each reaction had argon gas bubbled through the solution for at least 60 s 
before sealing with a cap and parafilm. For volatile solvents, the solvent was removed by reduced 
pressure and then dried by high vacuum to afford the crude residue. For high-boiling solvents, the 
reaction solution was added to water (5x the volume) and the aqueous phase was extracted with 5 
mL EtOAc (5x). The organic layers were then combined, washed twice with 5% LiClaq, once with 
brine, dried over magnesium, filtered, and concentrated under reduced pressure and high vacuum. 
The crude residue was dissolved in a minimal amount of CDCl3, to which internal standard (1,4-
dimethoxybenzene) was added. The resulting solution was diluted in a small aliquot of CDCl3 in 
an NMR tube and 1HNMR analysis was used to calculated starting material conversion.  
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Characterization of fragmentation products 
This section describes the characterization of the fragmentation products and shows the yields for 
the product with respect to the procedure used to obtain said product. General procedures 1, 4, and 
5 start from the ketone oxidation-state starting materials, whereas the general procedures 2 and 3 
start from the alcohol oxidation-state starting materials. 
 
General procedure for fragmentation 1 (GP 1) – Ir-mediated fragmentation in EtOH 
 
Phenyl ketone (0.50 mmol – 1.0 mmol) was added to a round bottom flask or 4-dram vial with 
iPr2EtN (2.0 equiv), HCO2H (1.0 equiv) and photocatalyst [Ir(ppy)2(dtbbpy)]PF6 (1 mol%). The 
reactants were diluted in EtOH (5 mL, 0.20 M in starting material), and irradiated by 1x4 W Blue 
LED strip until reaction completion (6-96 hours). At this point the ethanol was evaporated in 
vacuo, and the resulting oil was diluted in water and extracted with ethyl acetate. The organic 
portion was washed with 4 N HClaq, saturated sodium bicarbonate solution, brine and finally dried 
with sodium sulfate, after which it was concentrated to an oil. If the starting material contained 
acetophenone as the phenacyl fragment, 1 eq. of PhTMS was added to the oil and the mixture was 
diluted in CDCl3. This was analyzed via 1H NMR to obtain an accurate acetophenone yield. If the 
starting material yields an acetophenone derivative heavier than acetophenone, then the PhTMS 
standardization step was omitted. The crude reaction was purified by silica chromatography to 
afford the fragmentation products. 
 
General procedure for fragmentation 2 (GP 2) – Pd-mediated oxidation and Ir-mediated 
fragmentation 
 
Under air, a round bottom flask equipped with a stir bar and a reflux condenser was charged with 
Pd(OAc)2 (0.02 mmol, 4.50 mg, 0.05 equiv), lignin system (0.4 mmol) and DMSO (1.0 mL). The 
resulting solution was stirred at 65 °C for 18 h under atmospheric air. Upon completion of the 
reaction, H2O and CH2Cl2 were added to the reaction mixture. The phases were separated, and the 
aqueous layer was additionally extracted with CH2Cl2 (×3). The combined organic phases were 
washed with 5% aq. LiCl (×3) and brine (×2), dried over Na2SO4 and filtered. The solvent was 
removed in vacuo and the crude residue was combined with MeCN (1.0 mL), 
[Ir(ppy)2(dtbbpy)]PF6 (0.12 μmol, 110 μg, 0.0003 equiv), formic acid (HCO2H, 0.04 mmol, 1.84 
mg, 0.1 equiv) and diisopropylethylamine (iPr2NEt, 0.48 mmol, 62.0 mg, 1.2 equiv). The resulting 
solution was sparged with N2 for 30 seconds before irradiated with blue LEDs. After 32 h of 
irradiation, the solvent was removed in vacuo and the crude residue was purified by column 
chromatography to afford the desired products. 
 
General procedure for fragmentation 3 (GP 3) – Electrocatalytic oxidation and Ir-mediated 
fragmentation 
 
Acetonitrile (50 mL) were placed into a 100 mL flask capped with a rubber septum, which was 
punctured with two needles, one of them connected to an O2 balloon. The reaction was sparged for 
10 min. While sparging, two pieces of 2 x 5 cm of RVC panel (0.125 inch thick) were cut and 
submerged into concentrated nitric acid for 5 min, after which the RVC pieces were thoroughly 
rinsed first with water and then with acetone and let dry under air. In one of the RVC panels, a 
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hole was made in the middle-top part and a copper wire was coiled around the top part, leaving 
one end of the wire free (this panel acts as working electrode). The other panel was cut in two 
pieces, and a hole was made in the middle-top part of each piece. A copper wire was then inserted 
through the holes of both pieces and coiled around both of them, leaving uncoiled one of the ends 
of the wire (these panels act as auxiliary electrode) (Figure 46.a). While drying, the reaction 
mixture was prepared. The desired lignin substrate (0.32 mmol) was added to a 20 mL test tube 
(height: 5.5 cm; diameter: 2.2 cm) containing a stir bar, followed by 16 mL of MeCN (O2 sparged 
for 10 min). The mixture was stirred for 5 min to ensure complete dissolution of the lignin 
substrate. Then KPF6 (0.05 M, 147 mg) was added followed by NHPI (5.2 mg, 0.032 mmol, 10 
mol%) while stirring. Finally, 2,6-lutidine (3.7 µL, 0.032 mmol, 10 mol%) was added to the 
mixture. A separator (panel of glass) was introduced into the reaction mixture and the electrodes 
where placed one on each side of the separator to avoid contact (Figure 46.b). The copper wires of 
both electrodes were maintained outside the solution at all times to avoid their oxidation during 
the reaction. The reference electrode (Ag/AgCl in 3 M KCl) was introduced in the reaction vessel 
next to the auxiliary electrode and no contact of the vycor with this electrode was ensured. The 
alligator clips of the electroanalyzer were correctly placed and the reaction was stirred at 850 rpm 
for 2-6 h at a constant voltage of 1.1 V (Figure 46.c). A chronoamperogram was recorded each 
time to follow the course of the reaction. After completion of the reaction, each electrode was 
rinsed with 1 mL of MeCN that was collected in the reaction vessel containing the reaction 
mixture. 
 

   

 

Figure 46 Pictures of the electrochemical cell components and the reaction setup. 

Set-up of the flow reactor for the reductive cleavage: 10 m of 0.03-inch diameter PFA tubing were 
coiled around 4x25 mL test tubes (see Figure 30). 8 blue light strips (4 W each) where placed 
surrounding the tubing approximately 2 cm away from it in order to avoid. A peristaltic pump was 
used in order to control the flow of the reactor. 
 
In the same reaction vessel used for the oxidation, Ir(ppy)2(dtbbpy)PF6 (1.4 mg, 0.5 mol%) was 
directly added to the mixture. Into another vial, iPr2EtN (61 µL, 0.35 mmol, 1.1 equiv) was 
dissolved in MeCN (1 mL) and formic acid (0.032 mmol, 1.2 µL, 10 mol%) was added. This 
mixture was carefully added to the reaction vessel while stirring. To this prepared reaction mixture, 
one of the ends of the flow reactor tubing was inserted and the blue LEDs were turned on. A 0.1 
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mL/min flow (residence time of 45 min) was selected and the reaction was flowed. The 
temperature of the flow reactor system was measured introducing a thermometer into one of the 
test tubes that supported the coiled tubing. This temperature was measured to reach an isothermal 
regime of 32 ˚C in within the first 10 min of the reaction. The collected mixture was concentrated, 
dissolved in CH2Cl2 and water, extracted with CH2Cl2 (x3) and washed with water and brine. The 
organic layer was dried over Na2SO4, filtered and concentrated at 100 mbar at 27 ˚C in order to 
avoid loss of volatile cleaved products formed during the reaction. The crude mixture was purified 
by column chromatography. 
 
General procedure for fragmentation 4 – PhPTH-mediated fragmentation 
 
A 2-dram vial with a magnetic stir bar was flame dried under a stream of nitrogen. The PhPTH 
(2.07 mg, 0.00750 mmol, 5 mol%), ketone substrate (0.150 mmol), and acetone (3.00 mL) were 
added to the vial. After, the iPr2EtN (52.3 µL, 0.300 mmol) and formic acid (0.150 mmol) were 
added, in that order. Nitrogen gas was bubbled through the solution for 1 minute, and the vial was 
sealed with a cap and parafilm and stirred at room temperature under irradiation with Kessil PR160 
390 nm light (100% intensity, 6 cm away) for 3 h. The solution was then evaporated under reduced 
pressure to afford the crude product. The crude product was purified using a 13 g pre-packed silica 
column with a 5-step gradient up to 30% EtOAc/Hexanes (2 column volumes). 
 
General procedure for fragmentation 5 – Electrochemical reductive fragmentation 
 
Ketone starting material (0.3 mmol) was dissolved in 15 mL of a 50 mM KPF6 MeCN solution 
followed by the addition of iPr2EtN (3 equiv). The solution was transferred to custom, house made 
electrochemical cell that was equipped with two graphite rod electrodes (l = 2 cm, ϕ = 0.6 cm, one 
as anode and one as cathode) and an Ag/AgCl (3 M KClaq) reference electrode. The solution was 
sealed and degassed by bubbling nitrogen through the solution for at least 10 minutes. Electrolysis 
was started at ambient temperature with a constant potential of 1.2 V. The reaction progress was 
monitored by TLC, and the solution turned a dark red color as the reaction progressed. Depending 
on the desired product, each substrate was stopped at the indicated reaction time. Upon reaction 
completion, the solution was concentrated under reduced pressure and dried in vacuo. The crude 
residue was purified by column chromatography to give the products. 
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Phenol (54.c) 
 
Yields obtained for:  

General procedure 1: 55% 
General procedure 2: n/a 
General procedure 3: 76% 
General procedure 4: n/a 
General procedure 5: n/a 

  

HO

54.c
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2-methoxyphenol (12) 
 
1H NMR (500 MHz, CDCl3) d: 6.95 – 6.91 (m, 1H), 6.88 (dd, J = 5.9, 3.2 Hz, 1H), 6.87 – 

6.85 (m, 2H), 5.60 (br, 1H), 3.89 (s, 3H); 
  

13C NMR (126 MHz, CDCl3) d: 146.7, 145.7, 121.5, 120.2, 114.7, 110.9, 55.9; 
  

HRMS (ESI): m/z calculated for C7H9O2 [M+H]+: 125.0597, found: 
125.0595. 

  
Yields obtained for:  

General procedure 1: up to 95% 
General procedure 2: up to 92% 
General procedure 3: up to 78% 
General procedure 4: up to 95% 
General procedure 5: n/a 

 
  

HO
OMe

12
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2,6-dimethoxyphenol (41.c) 
 
1H NMR (500 MHz, CDCl3) d: 6.79 (t, J = 8.4 Hz, 1H), 6.58 (d, J = 8.5 Hz, 2H), 5.55 (br, 

1H), 3.87 (s, 6H); 
  

13C NMR (126 MHz, CDCl3) d: 147.3 (2C), 134.9, 119.1, 105.0 (2C), 56.3 (2C); 
  

HRMS (ESI): m/z calculated for C8H11O3 [M+H]+: 155.0703, found: 
155.0702. 

  
Yields obtained for:  

General procedure 1: n/a 
General procedure 2: 82% 
General procedure 3: 71% 
General procedure 4: up to 90% 
General procedure 5: n/a 

  

HO
OMe

MeO
41.c
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1-(4-methoxyphenyl)ethan-1-one (15.c) 
 
1H NMR (500 MHz, CDCl3) d: 7.93 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 4.00 (t, J 

= 5.3 Hz, 2H), 3.86 (s, 3H), 3.16 (t, J = 5.3 Hz, 2H), 2.85 
(br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 199.2, 163.9, 130.5 (2C), 129.9, 113.9 (2C), 58.4, 55.6, 

40.1; 
  

HRMS (ESI): m/z calculated for C10H12NaO3 [M+Na]+: 203.0679, found: 
203.0677. 

  
Yields obtained for:  

General procedure 1: 72% 
General procedure 2: 94% 
General procedure 3: 75% 
General procedure 4: up to 92%% 
General procedure 5: 78% 

 
  

MeO

Me

O

15.c
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3-hydroxy-1-(4-methoxyphenyl)propan-1-one (16.c) 
 
1H NMR (500 MHz, CDCl3) d: 7.93 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 4.00 (t, J 

= 5.3 Hz, 2H), 3.86 (s, 3H), 3.16 (t, J = 5.3 Hz, 2H), 2.85 
(br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 199.2, 163.9, 130.5 (2C), 129.9, 113.9 (2C), 58.4, 55.6, 

40.1; 
  

HRMS (ESI): m/z calculated for C10H12NaO3 [M+Na]+: 203.0679, found: 
203.0677. 

  
Yields obtained for:  

General procedure 1: 34% 
General procedure 2: 83% 
General procedure 3: 78% 
General procedure 4: 91% 
General procedure 5: 98% 

 
  

MeO

O

OH
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1-(3,4-dimethoxyphenyl)ethan-1-one (40.c) 
 
1H NMR (500 MHz, CDCl3) d: 7.57 (dd, J = 8.4, 1.9 Hz, 1H), 7.52 (d, J = 1.9 Hz, 1H), 6.88 

(d, J = 8.4 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H), 2.56 (s, 3H); 
  

13C NMR (126 MHz, CDCl3) d: 196.9, 153.4, 149.1, 130.6, 123.4, 110.2, 110.1, 56.2, 56.1, 
26.3; 

  
HRMS (ESI): m/z calculated for C10H13O3 [M+H]+: 181.0859, found: 

181.0858. 
  

Yields obtained for:  
General procedure 1: n/a 
General procedure 2: 95% 
General procedure 3: 80% 
General procedure 4: 91% 
General procedure 5: 78% 

 
  

MeO
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1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (17.c) 
 
1H NMR (500 MHz, CDCl3) d: 7.59 (dd, J = 8.4, 1.9 Hz, 1H), 7.53 (d, J = 1.9 Hz, 1H), 6.90 

(d, J = 8.4 Hz, 1H), 4.02 (t, J = 5.4 Hz, 2H), 3.96 (s, 3H), 
3.94 (s, 3H), 3.20 (t, J = 5.4 Hz, 2H), 2.70 (br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 199.3, 153.8, 149.3, 130.1, 123.1, 110.2, 110.1, 58.5, 56.3, 

56.2, 40.0; 
  

HRMS (ESI): m/z calculated for C11H15O4 [M+H]+: 211.0965, found: 
211.0968; 

  
Yields obtained for:  

General procedure 1: 29% 
General procedure 2: up to 86% 
General procedure 3: 96% 
General procedure 4: 87% 
General procedure 5: 96% 
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1-(3,4,5-trimethoxyphenyl)ethan-1-one (52.c) 
 
1H NMR (500 MHz, CDCl3) d: 7.22 (s, 2H), 3.92 (s, 6H, 2 × OCH3), 3.92 (s, 3H, OCH3), 

2.59 (s, 3H, CH3); 
  

13C NMR (126 MHz, CDCl3) d: 196.8, 153.0, 142.5, 132.4, 105.6, 60.8, 56.1, 26.5; 
  

Yields obtained for:  
General procedure 1: n/a 
General procedure 2: n/a 
General procedure 3: n/a 
General procedure 4: n/a 
General procedure 5: 63% 

 
  

MeO

Me

O
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3-hydroxy-1-(3,4,5-trimethoxyphenyl)propan-1-one (45.c) 
 
1H NMR (500 MHz, CDCl3) d: 7.22 (s, 2H), 4.03 (t, J = 5.3 Hz, 2H), 3.92 (s, 3H), 3.92 (s, 

6H), 3.21 (t, J = 5.3 Hz, 2H); 
  

13C NMR (126 MHz, CDCl3) d: 199.3, 153.3 (2C), 143.1, 132.0, 105.7 (2C), 61.1, 58.3, 
56.5 (2C), 40.3; 

  
Physical appearance: white solid 
  
HRMS (ESI): m/z calculated for C12H17O5+ [M+H]+: 241.1071, found: 

241.1072. 
  

Yields obtained for:  
General procedure 1: n/a 
General procedure 2: 87% 
General procedure 3: up to 91% 
General procedure 4: n/a 
General procedure 5: 92% 

 
  

MeO

O
MeO

OH
45.cOMe
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2,3-bis(4-methoxyphenyl)butane-2,3-diol (15.e) was obtained following the general procedure 
for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 2:3), Rf 0.45; 
  
1H NMR (500 MHz, CDCl3) d: 7.32 – 7.10 (m, 4H), 6.89 – 6.76 (m, 4H), 3.80 (s, 3H, 

OCH3), 3.79 (s, 3H, OCH3), 2.57 (s, 1H, OH), 2.29 (s, 1H, 
OH), 1.56 (s, 3H, CH3), 1.47 (s, 3H, CH3); 

  
13C NMR (126 MHz, CDCl3) d: 158.51, 158.41, 136.00, 135.66, 128.52, 128.08, 112.54, 

112.38, 78.70, 78.47, 55.19, 25.17, 25.01; 
  

Physical appearance: white solid. 
 
  

15.e

MeO

OMe
OHMe

HO Me
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2,3-bis(3,4-dimethoxyphenyl)butane-2,3-diol (40.e) was obtained following the general 
procedure for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 2:3), Rf 0.30; 
  
1H NMR (500 MHz, CDCl3) d: 6.95 – 6.95 (m, 2H), 6.90 – 6.88 (m, 2H), 6.84 – 6.83 (m, 

2H), 4.86 (q, J = 15, 10 Hz, 1H, OH), 3.90 (s, 3H, OCH3), 
3.87 (s, 3H, OCH3), 1.50 (s, 3H, CH3), 1.48 (s, 3H, CH3); 

  
13C NMR (126 MHz, CDCl3) d: 148.02, 132.46, 120.95, 112.04, 109.66, 82.43, 60.32, 

55.82, 55.75, 35.08; 
  

Physical appearance: yellow solid. 
 
  

40.e
MeO

MeO

OMe

OMe

OHMe

HO Me
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2-(3,4-dimethoxyphenyl)-3-(4-hydroxyphenyl)butane-2,3-diol (55.e) was obtained following 
the general procedure for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 2:3), Rf 0.35; 
  
1H NMR (500 MHz, CDCl3) d: 7.23 (d, J = 10 Hz, 2H), 6.95 – 6.94 (m, 1H), 6.90 – 6.88 

(m, 1H), 6.84 – 6.79 (m, 3H), 3.89 (s, 3H, OCH3), 3.87 (s, 
3H, OCH3), 1.50 – 1.46 (m, 6H, 2 × CH3); 

  
13C NMR (126 MHz, CDCl3) d: 154.94, 149.07, 148.38, 138.47, 138.09, 126.87, 117.52, 

115.24, 110.99, 108.63, 70.27, 69.99, 55.94, 55.85, 25.06, 
25.00; 

  
Physical appearance: yellow solid. 
 
  

MeO

MeO
OHMe

HO Me

OH

55.e
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2,3-bis(3,4,5-trimethoxyphenyl)butane-2,3-diol (52.e) was obtained following the general 
procedure for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 2:3), Rf 0.30; 
  
1H NMR (500 MHz, CDCl3) d: 6.60 (s, 4H), 3.87 (s, 12H, 4 × OCH3), 4.87 – 4.82 (m, 2 × 

OH), 3.83 (s, 6H, 2 × OCH3), 1.50 (s, 3H, CH3), 1.49 (s, 
3H, CH3); 

  
13C NMR (126 MHz, CDCl3) d: 153.27, 141.65, 137.11, 102.19, 70.61, 60.82, 56.08, 25.22; 

  
Physical appearance: yellow solid. 
 
  

52.e
MeO

OMe

MeO

OMe
OMe

OMe

OHMe

HO Me
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3,4-bis(4-methoxyphenyl)hexane-1,3,4,6-tetraol (16.e) was obtained following the general 
procedure for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 3:2), Rf 0.30; 
  
1H NMR (500 MHz, CD3CN) d: 7.04 – 6.76 (m, 8H), 4.68 (s, 2H, 2 × OH), 3.76 (s, 6H, 2 × 

CH3), 3.42 – 3.32 (m, 4H, 2 × CH2), 2.93 (s, 2H, 2 × OH), 
2.32 – 2.26 (m, 2H, CH2), 1.76 – 1.73 (m, 2H, CH2); 

  
13C NMR (126 MHz, CD3CN) d: 159.40, 134.30, 130.38, 112.99, 82.40, 60.07, 55.74, 36.41; 

  
Physical appearance: white solid. 
 
  

16.e
MeO

OMe
OH

HO

HO

OH
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3,4-bis(3,4-dimethoxyphenyl)hexane-1,3,4,6-tetraol (17.e) was obtained following the general 
procedure for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 3:2), Rf 0.10; 
  
1H NMR (500 MHz, CDCl3) d: 6.94 – 6.83 (m, 6H), 4.93 – 4.91 (m, 2H, 2 × OH), 3.90 – 

3.88 (m, 12H, 4 × OCH3), 3.88 – 3.73 (m, 4H, 2 × CH2), 
2.69 (br s, OH), 2.31 (br s, OH), 2.08 – 2.00 (m, 2H, CH2), 
1.94 – 1.90 (m, 2H, CH2); 

  
13C NMR (126 MHz, CDCl3) d: 148.02, 132.46, 120.95, 112.04, 109.66, 82.43, 60.32, 

55.82, 55.75, 35.08; 
  

Physical appearance: yellow solid. 
 
  

17.e

MeO

MeO

OMe

OMe

OH

HO

HO

OH
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3,4-bis(3,4,5-trimethoxyphenyl)hexane-1,3,4,6-tetraol (45.e) was obtained following the 
general procedure for electrochemical fragmentation. 
 
TLC (EtOAc/Hex, 3:2), Rf 0.10; 
  
1H NMR (500 MHz, CDCl3) d: 6.60 (s, 2H), 4.90 (dd, J = 10, 5 Hz, 2H, 2 × OH), 3.92 – 

3.89 (m, 4H, 2 × CH2), 3.87 (s, 12H, 4 × OCH3), 3.83 (s, 
6H, 2 × OCH3), 2.86 (br s, 1H, OH), 2.29 (br s, 1H, OH), 
2.06 -1.90 (m, 4H, 2 × CH2); 

  
13C NMR (126 MHz, CDCl3) d: 153.62, 140.52, 137.45, 102.75, 74.92, 61.91, 61.18, 56.43, 

40.92; 
  

Physical appearance: yellow solid. 
 
  

45.e

MeO
OMe

MeO

OMe
OMe

OMe

OH

HO

HO

OH
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General procedure for photocatalytic Depolymerization of Polymers 48, 49.a, 50.a, 48-OH, 
49.a-OH, 50-OH. 
 
A 2-dram screw-cap vial equipped with a magnetic stir bar was charged with polymer (1 equiv) 
and [Ir(dtbbpy)(ppy)2]PF6 (1 mol%). Subsequently, in the following order, acetonitrile (0.2 M), 
iPr2NEt (3 equiv), and HCO2H (3 equiv) were added via syringe. The vial was sealed with the 
screw cap and irradiated with a 4W blue LED strip while stirring rapidly. The reactions were 
heterogeneous upon the start of the reaction. There were no special precautions taken to avoid 
oxygen or moisture and no external heating was used (except for the ambient heat from the 
proximal LEDs). After 48 h of irradiation, the reaction mixtures were mostly homogeneous. The 
reaction mixture was concentrated in vacuo to afford a yellow or yellow-brown oil. The crude 
residue was purified via column chromatography to afford monomeric material. It is worth to 
note that attempting an aqueous, acidic workup of the reaction mixture typically afforded lower 
yields. Increasing methoxy substitution on the arene ring affords more polar monomer units that 
may be water soluble.   



 

 144 

 
 

 
 
1-(4-hydroxyphenyl)ethan-1-one (47.d) 
 
TLC (EtOAc/Hex, 3:1), Rf 0.24; 
  
1H NMR (500 MHz, CDCl3) d: 7.91 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 5.73 (br, 

1H), 2.57 (br, 3H); 
  

13C NMR (126 MHz, CDCl3) d: 198.2, 161.0, 131.3 (2C), 130.1, 115.6 (2C), 26.5; 
  

HRMS (ESI): m/z calculated for C8H9O2+ [M+H]+: 137.0597, found: 
137.0596 

  
Physical appearance: white solid 

  
Yields: 97% from polymer 48, 67% from polymer 48-OH 
 
  

HO

Me

O

47.d
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1-(4-hydroxy-3-methoxyphenyl)ethan-1-one (49.b) 
 

TLC (EtOAc/Hex, 3:2), Rf 0.26; 
  
1H NMR (400 MHz, CDCl3) d: 7.53 (dd, J = 3.9, 2.4 Hz, 2H), 6.94 (m, 1H), 6.15 (s, 1H), 

3.95 (s, 3H), 2.55 (s, 3H); 
  

13C NMR (126 MHz, CDCl3) d: 196.9, 150.5, 146.7, 130.4, 124.1, 113.9, 109.9, 56.2, 26.3; 
  

Physical appearance: white solid 
  

Yields: 80% from polymer 49, 58% from polymer 49.a-OH 
 
  

HO
OMe

Me

O

49.b
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1-(4-hydroxy-3,5-dimethoxyphenyl)ethan-1-one (50.b) 
 
TLC (acetone/Hex, 3:7), Rf 0.28; 
  
1H NMR (500 MHz, CDCl3) d: 7.23 (s, 2H), 3.93 (s, 6H), 2.56 (s, 3H); 

  
13C NMR (126 MHz, CDCl3) d: 196.7, 146.8, 139.8, 128.9, 105.8, 56.6, 26.4; 

  
Physical appearance: white solid 

  
Yields: 80% from polymer 50, 58% from polymer 50.a-OH 
 
  

HO

Me

O
MeO

OMe
50.b
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3-hydroxy-1-(4-hydroxyphenyl)propan-1-one (48.b) 
 
TLC (Hex/CH2Cl2/acetone/MeOH, 
5:2:2:1), Rf 

0.24; 

  
1H NMR (400 MHz, acetone-d6) d: 9.16 (s, 1H), 7.91 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 

2H), 3.91 (q, J = 6.0 Hz, 2H), 3.57 (t, J = 5.8 Hz, 1H), 3.13 
(t, J = 6.2 Hz, 2H); 

  
13C NMR (126 MHz, acetone-d6) d: 198.1, 162.7, 131.4, 130.5, 116.0, 58.7, 41.6; 

  
Physical appearance: white solid 

  
Yield: 12% from polymer 48-OH 
 
  

HO

O

OH
48.b
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3-hydroxy-1-(4-hydroxy-3-methoxyphenyl)propan-1-one (49.c) 
 
TLC (Hex/CH2Cl2/acetone/MeOH, 
6:2:1:1), Rf 

0.25; 

  
1H NMR (400 MHz, CDCl3) d: 7.55 (d, J = 8.0 Hz, 2H), 6.95 (d, J = 8.0 Hz, 1H), 6.42–

6.14 (br, 1H), 4.02 (t, J = 5.3 Hz, 2H), 3.95 (s, 3H), 3.18 (t, 
J = 5.3 Hz, 2H), 2.92–2.78 (br, 1H); 

  
13C NMR (126 MHz, CDCl3) d: 199.2, 151.0, 146.9, 129.7, 123.8, 114.1, 109.7, 58.5, 56.2, 

39.9; 
  

Physical appearance: yellow oil 
  

Yield: 28% from polymer 49.a-OH 
 
  

HO
OMe

O

49.c
OH
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3-hydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)propan-1-one (46.c) 
 
TLC (Hex/CH2Cl2/acetone/MeOH, 
6:2:1:1), Rf 

0.20; 

  
1H NMR (500 MHz, CDCl3) d: 7.25 (s, 2H), 4.03 (t, J = 5.3 Hz, 2H), 3.96 (s, 6H), 3.19 (t, 

J = 5.3 Hz, 2H); 
  

13C NMR (176 MHz, CDCl3) d: 199.0, 147.0, 140.3, 128.4, 105.6, 58.4, 56.6, 40.0; 
  

Physical appearance: white solid 
  

Yield: 9% from polymer 50.a-OH 
 
  

HO

O
MeO

OH
OMe 46.c
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