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1. Introduction

To satisfy the world’s demand for chemicals, more sustainable synthesis

strategies are a crucial prerequisite in the future, to overcome the use

of limited fossil-based resources. Especially, the efficient construction of

complex molecular structures is a major target. Here, a reasonable ap-

proach to tackle this issue is the combination of newly designed catalysts

with the use of renewable raw materials.

Current requirements for a well-designed synthetic route meet ecological

and economic aspects and are an expansion of the twelve principles of

Green Chemistry. The ideal route is atom economic, uses renewable raw

materials as starting materials, delivers high yields, is environmentally

safe and inexpensive, and delivers the product with the fewest synthetic

steps.

In order to fulfill these goals, an in-depth understanding of catalytic mech-

anisms is necessary to overcome trial and error catalyst testing, to ap-

proach a rational catalyst design. The use of biocatalysts, in this context,

becomes increasingly interesting due to the development of new protein

engineering techniques, such as direct mutagenesis which enables an ef-

ficient protein design and optimization.[1–4]

Biocatalysts are among the most powerful reaction mediators as they are

evolved by Nature to work in a complex environment with simultane-

ously outstanding chemo-, stereo- and regioselectivity to give access to

biosynthetic pathways to highly complex molecular structures. Enzyme-

driven biosynthesis allows for a rapid assembly of intriguing architec-

tures by combining multiple biocatalysts in intertwined cascade reactions

(Scheme 1). The potential of this approach has been demonstrated in

a number of publications with prominent examples including the API’s
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atorvastatin, sitagliptin and recently artemisinin.[5–8]

Scheme 1. State-of-the-art synthesis routes for the anti-malaria drug artemisinin. [7,9]

Nature offers not only the catalytic tools to perform synthetic-organic re-

actions but also a broad variety of raw materials, e.g. sugars, lignocel-

lulose, oils, fats, and starch, which made their way into the chemical

industry directly or via processed forms (e.g. synthesis gas). Following

the principles of Green Chemistry, sugars, and enzymatically processed

starch are used in fermentation processes to produce a number of differ-

ent products.[10] To counterbalance the growing threats associated with

the synthetic utilization of sugar-rich plant material with its primary pur-

pose as food or feed, the use of indigestible non-food biomass as feedstock

is a desirable aim. In particular, the processing of plant waste is of spe-

cial interest. In recent years, many technologies emerged to transform

hard, non-edible biomass (wood, fibers) via lignocellulosic biorefinery into

synthetically valuable platform chemicals (Scheme 2).[11–13]

Scheme 2. Lignocellulose biorefinery roadmap. [14]
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Consequently, the fusion of biocatalysis and non-food based starting mate-

rial is a state-of-the-art issue. It enables the transformation of bio-waste

into valuable products. If successfully implemented into production pro-

cesses, it would help to reduce our ecological footprint.

Following this concept, the aim of the thesis was the biocatalytic construc-

tion of O- and N-heterocycles starting from furan derivatives. Further,

fundamental investigations of a biocatalytic sigmatropic oxonium ylide

rearrangement are presented.
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2. Enzymatic catalysis

2.1 Basics & enzyme classes

Enzymes are Nature’s catalysts and constructed by the combinatorial con-

nection of the 20 natural amino acids forming one amino acid chain (poly-

peptide chain) containing from 100 to 800 units. Enzymes are essential for

all living organisms, they are produced in cells via ribosomes and found

both intra- and extracellular. Nature optimized their structure through

evolution over millions of years for a specific starting material (substrate).

Most often, their catalytic activity exceeds that of a synthetic catalyst by

multiple orders. The structural variety is immense, but enzymes can be

categorized, depending on the catalyzed reaction, into six main groups:

Oxidoreductases, Transferases, Hydrolases, Lyases, Isomerases, and Lig-

ases (Table 1). Their name indicates which reaction is catalyzed.

Table 1. The six main enzyme classes.

Class Reaction type

Oxidoreductases Oxidation/Reduction

Transferases Substitution

Lyases Elimination/Cleavage

Ligases Addition

Hydrolases Saponification/Hydrolysis

Isomerases Isomerization

All enzymes constitute of at least one polypeptide chain (backbone chain)

that folds itself in a unique way forming the actual protein structure.

The correct folding of the chain is essential for the enzyme functionality.
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The way the chain folds and is held together depends on intramolecular

interactions of the amino acid side chains as well as interactions with

solvent molecules. The interactions are based on van der Waals-, ionic-

(salt forming) and π–π interactions. The enzyme structure is not rigid

and is strongly affected by temperature, pH and salt concentration (ionic

strength of solvents). The reaction itself occurs at a specific position of the

enzyme, called the active site. This site represents only a minute part of

the enzymatic structure and is surrounded by other amino acid residues

forming the active pocket (Figure 1).

Figure 1. Schematic sketch of an enzymatic structure with a bound substrate
(PDB: 1lvm); The magnification shows the active center. Figure taken from
[15] reprinted with permission.

The dimensions and the position of the active pocket determine the acces-

sibility for the substrate and therefore represent the first order of molec-

ular recognition. Both its overall shape and the active pocket’s lining by

particular functional groups further controls chemo-, regio- and stereose-

lectivity through secondary interactions of the amino acid residues with

the substrate. To explain how the enzyme recognizes and distinguishes

between different substrates, various simplified models were introduced.

In the classical lock-and-key model, the active site is seen as a rigid lock

where the key, the specific substrate, has to fit in perfectly for recognition.

A subsequently developed model, however, considers the enzyme like a

glove which is wrapping around the substrate by changing its conforma-

tion. In this extended model, the substrate has not only to fit into the

active pocket, but it also needs to interact positively with other functions

away from the active center for recognition. This induced-fit model assists

the understanding that besides the right molecular structure to fit the ac-

tive site, also other functional groups may be necessary for cooperation.
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The general feature of a catalyst is the reduction of the activation barrier

for a reaction to take place (Scheme 3). By lowering the activation barrier,

a reduced energy input is required leading to milder reaction conditions,

higher reaction rates and, in many cases, enables a reaction that is im-

possible to be performed in absence of the respective catalyst. Enzymes

minimize the activation energy by stabilizing the transition state through

both electrostatic and hydrophobic interactions.

The enzymatic process can be roughly divided into three phases. In the

first phase an appropriate substrate is selected and bound to the en-

zyme, forming the enzyme-substrate complex. In the second phase the

reactants are orientated optimally to react followed by their activation

by either covalent binding, hydrogen bonding, electrostatic or hydropho-

bic interactions. In the final phase the product is formed and released

(Scheme 3).[16–18]

Scheme 3. Energy diagramm of an uncatalyzed vs. a catalyzed reaction.

In addition to the right reaction conditions, some enzymes require a

non-proteinogenic cofactor to achieve their functionality. The inactive pro-

tein is called apoenzyme. There are three main types of cofactors named

prosthetic group, co-enzyme or inorganic molecule that can be bonded

permanently to the apoenzyme forming the catalytically potent protein,

called haloenzyme. The cofactor can be a metal ion, an organic (often

vitamin-based) or an inorganic molecule. The role of the cofactor can be
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the shuttling of protons or electrons (NADH, NADPH, FAD), the imple-

mentation of the actual reaction center (metalloporphyrins, metal ions) or

the delivery of the necessary building blocks (CoA, biotin, PLP).

Due to their extraordinary catalytic power, the concentration of the en-

zyme in a typical reaction is rather minute which makes them sensible

to inhibition. An inhibitor decelerates or stops the catalytic reaction by

binding reversibly or permanently to the enzyme (reversible vs. irre-

versible inhibition/poisoning). Reversible binding can occur, for example,

if a structurally similar substrate competes with the native substrate for

binding to the active site.

2.2 Enzymes in organic synthesis

In the last decades the implementation of enzymes in synthetic-organic

routes has steadily increased due to massive improvements in the field

of enzyme production and optimization by means of protein engineer-

ing. These progresses made enzymes cheaper, more readily available

and tuneable. Besides environmental and economical reasons to use en-

zymes in organic synthesis, the motivations to engage them in biocat-

alytic approaches are widespread. Through the use of enzymes, reaction

steps can be reduced due to the fact that protecting group transformations

are limited to a minimum, or even avoided entirely. Biotransformations

offer better stereo-, regio- and chemoselectivity compared to their syn-

thetic counterparts reducing or eliminating side product formation and

avoiding metal contamination, resulting in higher yields and a simplified

workup processes. The reaction conditions are generally mild and un-

stable reagents can be formed in situ returning higher yields and better

reaction safety.

The virtue to implement or manipulate delicate functionalities within a

complex molecular framework is one of the outstanding abilities of en-

zymes. In this course, an often underestimated opportunity is the abil-

ity of enzymes to work in a team with other enzymes. Enzymes are in-

trinsically made to perform in a complex environment where different

molecules and enzymes are present. Actual approaches in this field are

the use of multi-enzyme systems, immobilized enzymes in flow chemistry,
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PKS-systems and whole-cell systems.

A frequently addressed problem is the choice of reaction media. Enzymes

often work best in water and lose tremendously in activity in organic sol-

vents. On the other hand, most of the organic compounds are insolu-

ble in aqueous media. To address this problem, different methods were

developed, that improved the substrate solubility without a significant

impairment of the protein catalyst, including the use of biphasic or co-

solvent systems, ionic liquids, supercritical fluids, deep eutectic solvents,

gel encapsulation or micro-emulsions. Moreover, also modifications on the

enzyme level, by protein optimization or immobilization techniques, have

been proven effective in this regard.[6]

Nevertheless, it should be pointed out that enzymes are more specific cat-

alysts compared to their synthetic counterparts and therefore may require

intensive optimization procedures on the protein level.

From a chemist’s perspective, reactions of key interest are the controlled

construction or manipulation of chiral centers in a molecule. In particu-

lar, the assembly of C−O, C−N and C−C bonds is important.[19,20]

To accomplish this task, enzymes from all six main classes are used in

organic synthesis but especially oxidoreductases, transferases and hydro-

lases are the most prominent/dominant ones due to availability and us-

ability, which are employed as whole-cells as well as in isolated forms.[8,21]

For the asymmetric installation of hydroxy and amino functions, the enzy-

matic reduction of prochiral ketones to secondary alcohols and amines by

different biocatalysts represents a major route. Since the overall net reac-

tion is a redox reaction, a sufficient sacrificial co-substrate or a chemical

is necessary which is oxidized directly or indirectly to recover the cofactor

(Scheme 4).

Scheme 4. A: Dual substrate recognition by transaminase; B: Coupled enzymatic cofactor re-
cyling system.
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Enantioselective approaches

In analogy to synthetic catalysts, also biological catalysts offer different

approaches to accomplish the desired manipulation. For instance, the

enantioselective construction of hydroxy groups can be realized in four

general ways, by the reduction of a ketone, through carbon hydroxyla-

tion, by dihydroxylation of an olefin or by epoxide or olefin hydration

(Scheme 5).

Scheme 5. Asymmetric biocatalytic approaches towards alcohols.

For this purpose, especially the enzymes from the superfamily aldo-keto

reductases were heavily investigated. The evolved broad substrate scope

resulted in the utilization to synthesize different natural products and

pharmaceuticals, including the API’s atorvastatin, montelukast or ata-

zanavir. [19,22–24] For example, in the biocatalytic production of the key

building block of montelukast, an agent for the treatment of asthma, the

researchers of Codexis were faced with the sterically demanding and in

pure water almost insoluble substrate 4. After an intensive cosolvent

screening, coupled with five rounds of directed evolution, the activity of

the parent ketoreductase could be increased by a factor of 3000 which

finally outperformed the existing chemical process (Scheme 6).
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Scheme 6. Biocatalytic production of a key precursor for montelukast using a recombinant keto-
reductase (KRED). [25]

Specifically, the synthesis of key building blocks that are suitable for the

construction of various important products is of particular interest. In

this context, the synthesis of the building blocks 6a and 6b was sub-

ject of a case study, due to their crucial importance in the composition

of different HIV-protease-inhibitors which play a vital role in AIDS ther-

apy.[26] For this purpose, different alcohol dehydrogenases were tested to

reduce the keto-function of the substrate 6. Surprisingly, by changing the

protecting group from carboxybenzyl (Cbz) to tert-butyloxycarbonyl (Boc)

the stereo-preference was inverted using the same biocatalyst. This phe-

nomenon was subject to molecular docking studies in the catalytic site of

the enzyme revealing a different binding mode (Scheme 7).

Scheme 7. Recombinant alcohol dehydrogenases gives diastereocomplimentary products which
are key building blocks to produce HIV-treating medicines. [26]

Besides aldo-keto reductases, oxygenases give an exceptional opportunity

to implement hydroxy functions. Oxygenases are able to mediate the di-

rect hydroxy-functionalization of non-activated C−H bonds as well as the
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dihydroxylation of olefins. In the case of the hydroxy-functionalization of

a C−H bond the chemoselectivity of such a reaction relies on the bond

dissociation energy together with steric properties. These abilities were

already used for the hydroxy-functionalization of different non-natural

substrates including aromatics and steroids.[27,28] Recently, the group of

Fasan used recombinant cytochrome P450 variants for the construction

of parthenolide analogs (Scheme 8). [29] Although the general approach is

promising, its usage in organic synthesis is currently under development.

Scheme 8. Synthesis of parthenolide analogs using recombinant P450 enzymes. [29]

The enzyme-mediated asymmetric dihydroxylation of olefins can be re-

garded as the biological counterpart to the dihydroxylation protocol de-

veloped by Sharpless. Dioxygenases (Rieske non-heme iron oxygenases)

are capable to dihydroxylate even aromatic moieties which normally need

harsh reaction conditions. Specifically, the toluene dioxygenase (TOD) at-

tracted much attention for the reason that it can catalyze the stereo- and

regioselective dihydroxylation of benzoic acid and derivatives, which are

building blocks for several products like the potential influenza drug os-

eltamivir or indinavir a HIV-protease-inhibitor (Scheme 9).[30,31]

Actual approaches focus on the utilization of this enzyme class in the

stereoselective dihydroxylation of olefins. An early example, which demon-

strates the potential of this technology, is the dihydroxylation of indene, a

precursor for the AIDS-treating drug indinavir. [32,33]
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Scheme 9. A: Toluene dioxygenases (TOD) catalyzed synthesis of the core structure of os-
eltamivir; B: Stereoselective dihydroxylation of indene mediated by different toluene
dioxygenases. [31,33]

In addition to the specific hydroxy-functionalization, the asymmetric in-

stallation of amino functionalities is of particular importance due to the

prevalent occurrence of chiral amine functionalities in many compounds

including API’s, natural products and agrochemicals. For the asymmetric

amination of ketones almost all natural enzymes are specialized for keto

acids as substrate. To overcome this limitation protein engineering tech-

niques proved successful and biocatalyst aroused as a possible alternative

to classical chemical methods.

In this regard, the utilization of transaminases, more precisely, the devel-

opment of transaminases which are capable to convert non-keto acid re-

lated compounds (ω-TAs), attracted attention.[34] Exceptionally the opti-

mization of these transaminases on the genome level proved effective. The

company Codexis performed excessive mutagenesis studies on ω-trans-

aminases to exploit them for the asymmetric reductive amination of the

substrate 16 to produce the blockbuster drug sitagliptin (Scheme 10). Af-

ter 11 rounds of evolution, the final catalyst showed 27 mutations and the

activity raised by four orders of magnitude which finally outplayed the

chemocatalytic process.[35]
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Scheme 10. Biocatalytic synthesis of sitagliptin developed by Codexis. [35]

Although transaminases have been shown to act as powerful catalysts

in synthetic organic chemistry, their use is also associated with certain

drawbacks. In particular, the unfavourable equilibrium in amination re-

actions together with substrate and co-product inhibition effects requires

often tedious optimization techniques. Therefore, more recent investiga-

tions target on the utilization of alternative enzymes in this perspective

including amine dehydrogenase, imine reductases, and ammonia lyases

(Scheme 11).

Scheme 11. Direct chemoenzymatic approaches towards amines.

Direct competitors to ω-transaminases are amine dehydrogenases which

are also capable to catalyze the asymmetric reduction of ketones. Like-

wise ω-transaminases also amine dehydrogenase activity arose from the

original capability to convert keto acids. Although natural amine dehy-

drogenases are unknown, by altering amino-acid dehydrogenases

through protein engineering techniques to accept non-keto acid related

compounds, artificial amine dehydrogenases were created. They showed

a promising substrate scope in initial studies which makes them an at-

tractive alternative to transaminases.[36,37]

Recently, phenylalanine- and tyrosine ammonia-lyases were successfully

employed for the production of non-natural phenylalanine derivatives,

which are key building blocks in the synthesis of API’s, such as nateglin-

ide, PPACK, and L-DOPA.[38,39]

In this context, the utilization of imine reductases for organic synthesis is

relatively new and originates from the first report in 2013. Even though,

imine reductases give access to secondary amines, the substrate scope is

currently rather narrow and is primarily limited to cyclic compounds.[40]
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The defined construction of carbon-carbon bonds is indispensable for the

assembly of the molecular framework. To accomplish this task classical

organic synthesis offers multiple reactions to couple different compound

classes. In contrast, natural enzymes are restricted to couple carbonylic

compounds, and just a few enzymes, mainly lyases, mediate such reac-

tions (Scheme 12). Therefore, the exploration of enzyme promiscuity as-

sists to identify new enzymes for this purpose (see following Chapter).

Scheme 12. Enzymatic C−C-coupling strategies based on lyase biocatalysis.

Aldolases are the longest known enzymes in this manner, which can be

used, among other things, to build the side chain of different statins,

which are cholesterol level lowering compounds (Scheme 13).

Scheme 13. Enzymatic synthesis of key building blocks for statins mediated by deoxyribose-5-
phosphate aldolase (DERA). [41]

The versatile usage of enzymes to synthesize the same molecule can be il-

lustrated in the construction of the side chain of the blockbuster drug ator-

vastatin, which can be accomplished in three different biocatalytic routes

(Scheme 13 and 14).
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Scheme 14. Enzymatic routes to synthesize a key precursor of atorvastatin. [42,43]

Enantiodiscriminating approaches

As an alternative to the aforementioned asymmetric versions, the enrich-

ment of one enantiomer by stereo-differentiation of the enzyme is another

possibility in the enzyme-based synthesis of optically active compounds.

This technique is called kinetic resolution and relies on the faster reaction

rate of one stereoisomer over the other (Scheme 15).

Scheme 15. Example of a kinetic resolution of a secondary alcohol using a lipase (left). Energetic
profile of the reaction (right.)

The different reaction rates are the result of energetically different tran-

sition states that results in a match and mismatch interaction of the sub-

strate with the enzyme. A shortcoming of this technique is the maximum

theoretical yield of 50 %. Regardless of this drawback, the technique is

frequently used in industry as well as in academia.[44,45] Prominent en-

zymes that are used in this regard are hydrolases (Scheme 16).
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Scheme 16. Different enzymatic approaches using kinetic resolution to provide an enantiomeri-
cally enriched precursor for taxol. [46,47]

To overcome the maximum theoretical yield of 50 % different methodolo-

gies emerged to circumvent this limitation.

A frequently used technique is the in situ racemization of the starting ma-

terial which can occur spontaneously or can be mediated by an isomeriza-

tion/epimerization catalyst (e.g. transition metal catalyst or racemases).

An extraordinary possibility is offered by compounds which racemize on

their own under the reaction conditions. This dynamic kinetic resolu-

tion (DKR) technique was used, among others, to access different profens

through an ADH-catalyzed reductive DKR of 2-arylpropanals

(Scheme 17).[48]

Scheme 17. Dynamic kinetic resolution of an ibuprofen precursor. [48]

A major contribution to the field was made by the group of Bäckvall that

developed a racemization catalyst, for the dynamic kinetic resolution of

alcohols and amines under ambient temperature (Scheme 18). [49] Here,

the ruthenium complexes mediate a complex equilibrium of the substrate,

while a lipase catalyst selectively converts one enantiomer to the optically

active ester or amide products, respectively.
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Scheme 18. Dynamic kinetic resolution of a chiral alcohol or amine using Bäckvall’s epimerization
catalyst (left). Epimerization catalyst developed by the group of Bäckvall (right). [49]

Besides dynamic kinetic resolutions, the deracemization using monoamine

oxidase in combination with an unselective synthetic reduction reagent

represents an interesting alternative, which was recently published

(Scheme 19). [50] In this approach the flavin-dependent monoamine oxi-

dase stereoselectively oxidizes one enantiomer to the corresponding imine

which is immediately reduced back to the corresponding amine. Through

the constant repetition of this cycle, of oxidation and reduction, one enan-

tiomer is accumulated over time.

Scheme 19. Deracemization of different amines using monamine oxidase (MAO) coupled with
chemical reduction by ammonia borane. [50]

2.3 Enzymes in non-natural reactions

Nature offers a bundle of chemical transformations but from a chemist’s

perspective, key reactions are missing. To expand Nature’s reaction reper-

toire, different approaches have appeared over the past decades. The
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first attempts to create enzymes, capable to perform a non-natural re-

action, was the implementation of transition metal complexes into a pro-

tein cavity creating a non-natural/artificial metalloenzyme.[51] The idea

behind this technique is to combine the benefits of both parts, that is, the

broad substrate scope and the access to non-natural reactions of the im-

plemented transition metal complexes with the high stereo- and regiose-

lectivity and the mild reaction conditions provided by the protein scaffold.

In addition to this method, three main techniques utilizing proteins for

non-natural reactions emerged, that is, the complete de novo design of an

enzyme based on computational simulations[52], the use of artificial co-

factors[53] and the liberation of a suppressed catalytic activity by directed

evolution[54,55]. The last technique is the most intuitive one and is based

on the structural similarity between a synthetic catalyst and the reaction

center of a natural enzyme. In this context, especially heme-based en-

zymes attracted much attention after the revelation that modified metal

porphyrin complexes are capable to perform stereoselective cyclopropana-

tion reactions.[56] In Nature the most occurring porphyrins are iron-based

(hemes) and can be found in a number of proteins such as myoglobins,

catalases, cytochromes, peroxidases, and nitric oxide synthetases.

Following this concept, the group of Arnold screened different hemopro-

teins for their cyclopropanation activity based on the catalytic decompo-

sition of diazo compounds. Under anaerobic reaction conditions, using

sodium dithionite as reductant, several heme enzymes were tested for

their native activity (Table 2), finding the cytochrome P450BM3 as the only

enzyme with different stereoselectivity compared to the free hemin com-

plex.[57]
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Table 2. Initial screening of cyclopropanation activity under anaerobic conditions. [57]

Catalyst TTN cis : trans ee cisa /% ee transb /%

Catalase 0 – – –

Chloroperoxidase 0 – – –

Horseradish peroxidase 9 7 : 93 8 −7

Cytochrome c 19 6 : 94 0 12

Myoglobin 43 6 : 94 −1 2

Cytochrome P450BM3 5 37 : 63 −27 −2

Hemin 73 6 : 94 −1 0

a (R,S)−(S,R). b (R,R)−(S,S).

Naturally occurring cytochromes of the family P450 are oxygenases cat-

alyzing transformations like hydroxylation, epoxidation, oxidative ring

coupling, heteroatom release, and heteroatom oxygenation. The native

reaction product of the above reaction would be the epoxidation of the

styrene to yield styrene oxide (Scheme 20).

The group of cytochrome P450s, originally named after their absorbance

of the ferrous-CO complex at 450 nm, is one of the largest enzyme fami-

lies and contains more than 18,000 structures. In the P450 enzymes the

cofactor is bound via axial ligation by the thiol group of a cysteine (Fig-

ure 2) and is positioned in the enzyme structure accessible for the sub-

strate through a tunnel (Figure 4).
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Figure 2. Excerpt of the protein structure of cytochrome P450. Schowing the binding site
of the cofactor with camphor as substrate. Figure taken from [58], reprinted
with permission.

Cytochrome P450s are dependent on an electron-donating co-enzyme sys-

tem. This system can be quite complex and differs strongly depending

on the nature of the P450 protein (membrane-bonded or free). In the

simplest fashion, an NADPH-driven FAD/FMN reductase delivers the re-

quired electrons for the catalytic cycle. [59]

During the native reaction the oxidation state of the iron switches be-

tween II and IV (Scheme 20). The catalytic cycle starts with the resting

state (A1) where the active site is filled with water/solvent molecules and

a water molecule is coordinated to the heme complex, forming a six-fold

coordinated low-spin complex. By entering of the substrate into the ac-

tive pocket the water is repelled (A2). In the following step, the iron is

reduced with the help of an NADPH-dependent reductase followed by the

ligation of oxygen forming an oxy complex (A4). By a second reduction

and a proton transfer followed by water cleavage a highly unstable Fe(IV)

oxy-radical species is formed (A6, Compound I). Through fixation of the

substrate in the active pocket via proton-proton interaction, the stereose-

lectivity is induced in the crucial oxygenation step. By releasing the oxi-

dized substrate the resting state A1 is restored and the cycle restarts. Off

the main route, the cycle contains two shortcuts leading back to A2. These

non-productive pathways can occur during catalysis either through liber-

ation of hydrogen peroxide (peroxidase shunt) or by water release (oxidase

shunt). These processes are also referred to as uncoupling.[58,60,61]
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Scheme 20. Oxidative catalytic cycle of cytochrome in a general fashion (top). Native reaction of
cytochrome with styrene as substrate (bottom).

Likewise, the non-natural catalytic cycle (Scheme 21) for the diazo ac-

tivation starts with the resting state complex A1 which is reduced with

sodium dithionite leading to an iron II complex species (B1). This complex

is the initiation point for the catalytic cycle starting with the coordination

of ethyl diazoacetate (B2). Through the elimination of dinitrogen, a highly

active species B3 is created that is subsequently attacked by the olefin,

forming the cyclopropane ring. By liberation of the product the complex

B1 is restored and the cycle starts over.
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Scheme 21. Non-natural catalytic cycle of cytochrome.

Relying on the tremendous progress in the field of directed evolution, dif-

ferent recombinant enzymes were produced to improve the stereoselec-

tivity, to prevent inhibition by protein substrate reaction, and to enhance

the substrate scope. Therefore, especially the reaction pocket and the sub-

strate entrance channel were subject of extensive mutagenesis studies.

For example, by exchanging just one amino acid at position 268, threonine

by alanine, the stereoselectivity and turnover number could be drastically

improved.
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Figure 3. Perspective on the active site of cytochrome P450. Figure reprinted from [62],
with permission from Springer Nature.

Particularly the exchange of the axial heme ligand, cysteine with serine

proved effective, due to the fact that the oxidative potential of the heme

complex was changed, suppressing competing oxygenative side reactions

(Figure 3). This enhanced the turnover number by the magnitude of 300

compared to the initial results (Table 3). The potential of this technique

was demonstrated in the construction of a highly mutated recombinant

P450-variant with inverted stereoselectivity (P450BM3-CIS-C400S).

Table 3. Optimization of the natural cytochrome P450 enzyme through mutagenesis of the axial
ligand in vivo. [62]

Catalyst TTN cis : trans ee cisa /% ee transb /%

P450BM3 15 25 : 75 24 21

P450BM3-C400S 2900 13 : 87 12 8

P450BM3-CIS-C400S 3700 76 : 24 96 25

a ee given for (1R,2S).b ee given for (1S,2S).

This approach served as a blueprint for the utilization of heme enzymes

in diverse non-natural reactions.[55]

In addition cytochromes of the family P450, also other hemoproteins such

as myoglobin and cytochrome c were modified in such a way with appli-

cations in the catalysis of C-H, Si-H, N-H, S-H insertion reactions and in

the induction of sigmatropic rearrangements (Figure 4). [63] In addition to

these carbene transfer reactions, engineered hemoproteins were exploited
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in the nitrenoid transfer including intramolecular C-H amination, azirid-

ination or sulfimidation.

Figure 4. Perspective on the active site of the mutated hemoproteins. left: myoglobin
(PDB: 1A6K); middle: cytochrome P450 (PDB: 2IJ2); right: cytochrome c
(PDB: 3CP5).
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3. Ring expansion reactions

The well-defined construction of medium-size ring systems, as well as

macrocycles, is of crucial interest with regard to the wide distribution of

the structural motifs in diverse compound classes. The synthesis of these

compounds is often challenging to perform by conventional synthesis ap-

proaches and the development of new approaches is of special interest.

Besides ring closing metathesis and cycloaddition, the ring expansion of

hetero- or homocyclic structures is a frequently used technique to address

this task.[64] In this chapter, the goal is to present modern approaches

in the field and to compare chemocatalytic methods with biocatalytic ver-

sions if available.

3.1 Tiffeneau-Demjanov-type expansions

The Tiffeneau-Demjanov ring expansion, initially reported in 1937, re-

cently attracted attention for the construction of medium-size ring sys-

tems. The original protocol uses β-amino alcohols as starting material

which are converted, by treatment with nitrous acid, to an unstable di-

azonium species which directly forms the ring-expanded product by a

[1,2]-alkyl shift with simultaneous release of nitrogen (Scheme 22).

Scheme 22. Mechanism of the classical Tiffeneau-Demjanov reaction. [65]

Analogous to the mechanistically similar Baeyer-Villiger reaction, the

Tiffeneau-Demjanov ring expansion exhibit a selectivity for the migrating
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group, which was utilized in the decagram ring expansion of (R)-(−)-carvone

(Scheme 23). [65–67]

Scheme 23. Regioselective ring expansion of (R)-(−)-carvone (46). [66,67]

In a simplified route, the required diazonium species can also be gener-

ated by a Lewis acid-catalyzed intermolecular reaction of a diazo com-

pound with a ketone (Scheme 24). In addition to milder reaction condi-

tions, a big advantage is the uncomplicated installation of tertiary- and

quarternary-carbon centers in α-position to the carbonyl function.[68–70]

Scheme 24. Lewis acid (LA) catalyzed intermolecular Tiffeneau-Demjanov reaction. [68]

Using 4-substituted cyclohexanones as starting material a diastereoselec-

tive course of the ring expansion was reported by the group of Maruoka,

that was rationalized by the stereochemical orientation in the favored

transition state (Scheme 25). [70]

28



Ring expansion reactions

Scheme 25. Diastereoselective Tiffeneau-Demjanov ring expansion. [70]

Employing chiral, scandium or aluminium-based Lewis acids, an enan-

tioselective access to the Tiffeneau-Demjanov products was obtained.[71,72]

The group of Maruoka reported the asymmetric ring expansion of differ-

ent cyclohexanone derivatives with α-diazoacetates catalyzed by a BINOL-

based chiral aluminium Lewis acid (Scheme 26).

Scheme 26. Asymmetric Tiffeneau-Demjanov ring expansion. [72]

3.2 Beckmann and Baeyer-Villiger reactions

The Beckmann and Baeyer-Villiger reactions (BV reaction) are impor-

tant transformations to access lactams and lactones which are core struc-
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tures of many compounds including natural products and pharmaceuti-

cals. Furthermore, they deliver key intermediates for polymers, which

are produced by ring-opening polymerization (ROP) of the corresponding

caprolactone (62) or caprolactam (61) (Scheme 27).

Scheme 27. Examples for the Baeyer-Villiger and the Beckmann reaction.

The Beckmann reaction converts ketones to lactams via the highly ac-

tive ketoxime intermediate 64. To rearrange the hydroxyimine to the

corresponding lactam, quite harsh reaction conditions (oleum 60 ◦C) are

required. Since the sulphuric acid serves as solvent and as catalyst, huge

amounts of ammonium sulfate accumulates as a result of neutralizing the

sulphuric acid with ammonia (Scheme 28).

Scheme 28. A: ”Classical” synthesis of ε-carpolactam; B: Envisioned reaction mechanism.

Nevertheless, this method is used on a large scale to produce the precur-

sor for Nylon–6. In addition, the Beckmann rearrangement is used in

the rearrangement of 4-hydroxyacetophenone oxime to produce paraceta-

mol. [73]

However, the harsh reaction conditions make the procedure incompatible

with delicate functionalities. Therefore, mainly unfunctionalized ketone
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substrates based on aromatic and aliphatic hydrocarbons are found in

the literature. Ergo, actual approaches in the field focus on the develop-

ment of catalytic versions operating under milder reaction conditions. Be-

sides specialized procedures for the synthesis of ε–caprolactam, recent ap-

proaches explored the utilization of strong Brønsted- or Lewis acids[74,75],

ionic liquids[76–78], supercritical water or organocatalysts[79–84]. Although

these methodologies improved the reaction, the functional group tolerance

was only slightly enhanced. Recently, a milder method was published us-

ing a catalyst based on a calcium salt. The functional group tolerance of

the reported method was demonstrated in the synthesis of the precursor

69 for the natural product azithromycin (Scheme 29).

Scheme 29. Synthesis of a azithromycin precursor via Beckmann ring extension. [85]

In contrast to the Beckmann reaction, the BV reaction is a substantially

more versatile reaction that has found wide application in synthetic or-

ganic chemistry. Its extensive use is based on a broad applicability to

oxidize various carbonyl compounds, a broad functional group tolerance,

a predictable and controllable regio- and stereoselectivity, and the rich va-

riety of oxidants and methods that are available.

The generally accepted mechanism consists of two steps (Scheme 30). In

the first step, the carbonyl group is attacked by the peroxide and the

so-called Criegee adduct is formed. In the second step, this intermedi-

ate fragments into a carboxylic acid and the oxidized product through a

[1,2]-alkyl migration of one of the adjacent carbon groups. Therefore it is

assumed, that the migrating group has to be orientated antiperiplanar to

the dissociating O−O single bond of the peroxide and antiperiplanar to a

lone pair of the hydroxyl group (in agreement with FMO calculations). [86]
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Scheme 30. Generally accepted mechanism of the BV-reaction. [86]

To deliver the necessary peracids and to avoid the problematic handling

of concentrated solutions thereof, two general concepts were developed.

One possibility is the in situ generation of the organic peracids by either

reacting the corresponding aldehyde with oxygen or by the reaction of

a carboxylic acid with hydrogen peroxide. In an alternative approach a

catalyst is employed to allow the direct utilization of hydrogen peroxide

or oxygen (Scheme 31). Even though a lot of effort has been invested to

develop in situ methods, this strategy has no significant advantages over

the conventional, direct use of peracids.

Scheme 31. General concepts to avoid the direct use of peroxy acids. A = In situ generation of
peroxy acid; B = Direct oxidation mediated by a catalyst.

The second strategy, on the other hand, reduces not only the formation of

problematic side products but it also offers the possibility to control the

reaction, in terms of chemo-, regio- and enantioselectivity, via the catalyst.

In this context, especially the regio- and stereoselective construction of

the building blocks 70–73, which are important precursors for different

natural products, were investigated in detail (Scheme 32).[87]

32



Ring expansion reactions

Scheme 32. Lactones of interrest.

In order to realize this, catalysts based on chiral transition metal com-

plexes and chiral Brønsted-acids were developed.[86,88–92] The group of

Bolm intensively studied the asymmetric oxidation of different cyclic ke-

tones by various metal-ligand combinations. Revealing an enantiodiver-

gent course of the reaction for the copper complex 74 as well as for the

aluminium BINOL complexes 75 (Scheme 33).

Scheme 33. Enantiodivergent chemoselective course of the reaction. [93–95]

Initial attempts, by the same group, to use the chiral copper catalyst 74

for the conversion of the substrate 68 failed and a complex reaction mix-

ture was reported.[95] Using the aluminium BINOL complex 75 afforded

the products 70a and 71a in an almost equal ratio with moderate enan-

tioselectivities (Scheme 34).
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Scheme 34. Use of the aluminium BINOL complex for the conversion of 68. [94]

In the same period, Katsuki et al. reported a highly stereo- and regios-

elective BV-reaction of 68 using the zirconium salen complex 76. [96,97]

This catalyst serves both regioisomers in high optical purity. Investi-

gations showed different reaction rates for the two stereoisomers of the

racemic ketone resulting in a kinetic resolution of the starting material

(Scheme 35).

Scheme 35. Regio- and enantioselective BV-reaction mediated by the zirconium salen complex
76. [96]

By employing just one enantiomer as starting material, a regioselective

course of the reaction was observed, favoring the abnormal oxidation prod-

uct by simultaneous retention of the configuration (Scheme 36).

Scheme 36. Predominant formation of the abnormal lactone, by face selection, using the zirco-
nium salen complex 76. [97]

However, by utilizing transition metal complexes contamination of the

product with the catalyst as well as the recycling or disposal of the com-

plex is an issue. Superior to the synthetic catalysts are the enzymati-

cally driven BV reactions which showed a broad applicability for different
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substrates alongside with outstanding enantio-, chemo- and regioselectiv-

ity.[98] These reactions are mediated by flavin-dependent monooxygenases

which utilize oxygen as oxidant but require, for their proper functionality,

NAD(P)H as cofactor (Scheme 37).

Scheme 37. Mechanism of the Flavin dependent Baeyer-Villiger-monooxygenases. [99]

To overcome this intrinsic problem to supply the enzyme with NAD(P)H,

approaches using isolated enzymes with a cofactor recycling system as

well as whole-cell systems were explored. Particularly noteworthy, in this

context, is the development of a fused protein containing a monooxyge-

nase and an NADPH-regenerating phosphite dehydrogenase domain.[100]

These systems were used in classical kinetic resolution as well as in asym-

metric synthesis.

Due to the advantages of the enzymatic BV-reaction, it has been inten-

sively studied and the potential of the enzymatic BV-reaction was demon-

strated in numerous examples including the enantiodivergent reaction of

68 (Scheme 38).

Scheme 38. Enantiodivergent reaction of 68 using the BV-monooxygenase from Acinetobacter
in a whole-cell approach. [101]

Furthermore, the BV-monooxygenase-driven (BV-MO) reactions give ac-

cess to products that are not selectively accessible by synthetic routes.

These abnormal migration products of the BV-oxidation are accessible in

high yields and high optical purity by protein engineering of active site
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residues (Scheme 39). [102,103]

Scheme 39. Controlling the regioselectivity of the BV-MO by active site mutation. [102]

One prominent example of the implementation of the BV-MO in a big

scale process is the conversion of bicyclo[3.2.0]hept-2-en-6-one (68). In

the investigated case, a severe substrate and product inhibition of the

whole-cell fermentation process was observed. By implementing a fed-

batch process, 489 g of the enantiopure lactones was produced in a single

200 L batch (Scheme 40).

Scheme 40. 200 L whole-cell production of both regioisomers in enantiomerically pure form. [104]

CHMO = cyclohexanone monooxygenase.

3.3 Grob-type fragmentations

The Grob fragmentation proved extraordinary useful in the construction

of medium-size ring structures and has been used in the synthesis of a

vast number of natural products.[64,105] The Grob fragmentation relies on

early work by Eschenmoser on the fragmentation of β-hydroxy ketones.

The fragmentation occurs typically at 1,3-diheterofunctionalized sub-

strates and requires an electron-donating group (X) and a good leaving

group (Y). By cleavage of these 1,3-diheterofunctionalized substrates three

fragments are released (Scheme 41). The reaction conditions are gen-

erally mild making the method suitable for highly functionalized com-

pounds.
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Scheme 41. A: General mechanism of the Grob-type fragmentation with X = eletron donating
group and Y = leaving group; B: Grob-type fragmentation in the synthesis of the
precursor of (±)-parvifoline. [64,106]

Due to the concerted mechanism of the fragmentation, the involved func-

tional groups have to have a rigid antiperiplanar orientation to each other

in order to fragment, and the relative configuration at C-1 and C-2 is dic-

tating the double bond geometry (Scheme 42).

Scheme 42. Influence of the orientation of the substituents on the double bond geometry and
product formation. [107]

In addition to eliminations, competitive reactions are substitution, cy-

clization and ring contraction reactions. The mechanistic requirements,

of an all-trans orientation, can be used in a regioselective manner, which

was used in the construction of 90 (Scheme 43).

Scheme 43. Regioselective Grob-type fragmentation. [108]
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3.4 Achmatowicz rearrangement

The Achmatowicz rearrangement is an elegant method to synthesize high-

ly functionalized, six-membered heterocyclic ring systems through the ox-

idative ring expansion of α-furfuryl alcohols and α-furfurylamines. The

usefulness of the rearrangement was demonstrated in a vast number of

publications in which the reaction plays a crucial role in the construction

of natural products and pharmaceuticals. [109,110]

The rearrangement is based on fundamental studies of

Clauson-Kaas[111–115], exploring the impact of an oxidative treatment of

several furan derivatives. In this initial report, they reported that various

furan species underwent oxidation upon treatment with electrolysis or a

solution of elemental bromine in methanol affording 2,5-dimethoxy-2,5-

dihydrofurans 95 (Scheme 44).

Scheme 44. First studies conducted by Clauson-Kaas with plausible mechanism.

Later, Cavill [116] and Achmatowicz[117] exploited this method on furfuryl

alcohols to synthesize sugar derivatives and the juvenile hormone of the

giant silkworm. By hydrolyzing the initially formed 2,5-dimethoxy-2,5-

dihydrofuranols (98), 2,6-disubstituted pyranones (101) were obtained.

Based on this original procedure, other oxidative reagents, mainly based

on percarboxylic acids (e.g. MCPBA) and halogenating agents (e.g. NBS),

were found to facilitate the oxidative rearrangement.[109,118]

Independent on the oxidizing agent, the main step of the mechanism is

the opening of the furan core to the Z-dicarbonyl alcohol 100 which imme-

diately recyclizes to form a hemiacetal 101 through nucleophilic addition

of the alcohol to the aldehyde (Scheme 45).
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Scheme 45. Presumable mechanism of the Achmatowicz rearrangement performed by halo-
genation (top) or peroxycarboxylic acids (middle). Alternative side reaction pathway
depicted at bottom.

It is worth noting that, in accordance with the mechanism, the chiral-

ity of the alcohol function is transferred to the pyran core of the product,

enabling the synthesis of optically active pyrans by applying enantiomer-

ically enriched α-furfuryl carbinols.

In this context, also enantiodiscriminating methods, like the Sharpless

asymmetric epoxidation reagent, can give access to optically active pyrans

starting from racemic α-furfuryl carbinols. This method was initially de-

ployed by Sato et al. to achieve enantiomerically enriched 2-furylcarbinole

107 (Scheme 46). [119]

Scheme 46. Kinetic resolution using the Sharpless asymmetric epoxidation protocol. [119]

By combining the Sharpless asymmetric epoxidation reagent with Kishi’s

reduction protocol[120], a stereocontrolled assembly and functionalization

of the pyran product is possible. This approach was used, among others,

for the construction of a fragment for pyranicin (Scheme 47). [121]
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Scheme 47. Synthesis of the key fragment of pyranicin.

To extend the functional group tolerance of the reaction, especially for

electron-rich olefin-bearing furfuryl alcohols, which are prone to oxida-

tion, the selectivity of the Sharpless epoxidation protocol proved to be

very useful. Hence, this methodology first applied by Ho and Sapp[122]

was used in the synthesis of halichondrin B as well as in the preparation

of other complex molecules (Scheme 48). [123]

Scheme 48. Synthesis of the precursor 114 of the marine macrolide halichondrin B. [123]

Optimizing the syntheses of litaurines, the group of Robertson was faced

with the undesired, major oxidation of the electron rich, isolated furan

heterocycle of 115 by employing MCPBA. Using Sharpless conditions in-

stead, the furan ring, bearing the hydroxy group in α-position, was selec-

tively oxidized (Scheme 49). [124] This observation may be a consequence

of forming a cyclic vanadate intermediate from the alkoxy-peroxyvanadyl

complex which directs the oxygenation of the anticipated

O-heterocycle. [122,125]

Scheme 49. Synthesis of the precursor 117 of litaurines. [124]
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In addition to these metal-catalyzed reactions, photolytic oxygenation pro-

tocols using photosensitizers like rose bengal (RB) or methylene blue (MB)

for the generation of singlet oxygen by light irradiation, showed attractive

chemoselectivities, thereby expanding the repertoire of procedures for the

Achmatowicz reaction.

The mechanism commences with a 4+2 cycloaddition of the singlet oxy-

gen to the furan core forming the secondary ozonide F2 which can spon-

taneously fragment to form 5-hydroxy-2(5H)-furanones F3 together with

a ketone F4. By conducting the reaction at lower temperatures, the frag-

mentation rate can be diminished and by reducing the secondary ozonide

using dimethylsulfide or triphenylphosphine, the Achmatowicz product

F7 is selectively obtained (Scheme 50).[126]

Scheme 50. Presumable mechanism of the photocatalytic Achmatowicz reaction.

Feringa et al. took advantage of the fact that disubstituted furans react

twice as fast as monosubstituted ones with singlet oxygen, for the conver-

sion of bis-furans to synthesize decalines. By using rose bengal for the

singlet oxygen creation the chemoselective ring opening of the disubsti-

tuted furan fragment was accessible in good yields (Scheme 51). [127]

In the context of chemoselectivity, the group of Sammes was confronted,

during the synthesis of precursors for sesquiterpenes, with the concur-

rent oxidation of the olefinic bond in 120 using MCPBA or a bromine-

methanol solution. By treatment with singlet oxygen followed by reduc-
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tion with triphenylphosphine this problem was overcome and the Achma-

towicz product was isolated in a 74 % yield (Scheme 51). [128,129]

Scheme 51. Precursor synthesis of decalines (top) and sesquiterpenes (bottom) [127,129].

This pronounced chemoselectivity was used for the construction of differ-

ent stereoisomers of taxol. [130] Recently, a one-pot strategy using a pho-

toredox catalyst was enforced to harvest visible light for the Achmatowicz

reaction.[131]

In addition to these oxygen versions of the Achmatowicz reaction, an anal-

ogous aza-Achmatowicz reaction is also known. Similarly to the case of

the “classical” Achmatowicz reaction also here

Clauson-Kass et al. were the first to contribute to this topic by adapting

the aforementioned oxidative strategies to protected furfurylamines. The

necessity to protect the amino function was demonstrated, as the interme-

diately formed aza-Achmatowicz product of 123 was unstable upon depro-

tection and immediately aromatised to the pyridine 125 (Scheme 52).[111]

Scheme 52. First example of an aza-Achmatowicz reported by Clauson-Kaas. [111]

By protection of the amino functionality Ciufolini and co-workers were

able to access bicylic piperidines (Scheme 53). [132]

Scheme 53. aza-Achmatowicz reaction conducted by Ciufolini and co-workers. [132]

After this initial report, other protecting groups were applied to synthe-

size different piperidinones. By using tosylate as the protecting group for
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the amine function, the diastereoselective formation of the cis-configurated

rearrangement products is observed. This predominant formation of one

diastereomer is explained by steric hindrance between the equatorially

approaching, tosyl-bearing, nucleophilic nitrogen that forces the C-2 and

C-6 substituent to adopt a pseudoaxial orientation, thereby leading to the

exclusive formation of the kinetically favored diaxial 1,5-adduct

(Scheme 54). [133–137] The same stereoinduced effect was not observed us-

ing carboxybenzyl (Cbz) as protecting group.[138]

Scheme 54. Possible explanation for the observed diastereoselectivity in the case of the
aza-Achmatowicz reaction of tosyl-protected furfurylamines.

This stereoselectivity was used for the preparation of different azasug-

ars and derivatives thereof. Through the enantioselective construction of

the primary amine by imine reduction or through kinetic resolution using

the Sharpless asymmetric epoxidation protocols, or enzymes[139], impor-

tant building blocks for azasugars, piperidine alkaloids, indolizidines and

pipecolic acid derivatives are accessible.

In contrast to the oxo-Achmatowicz reaction, substitution of the furan core

in C-5 position seems to hinder the ring-closing reaction, and the rear-

rangement will stop on the stage of the open-chain form

(Scheme 55). [138,140,141] This observation may be attributed to deactiva-

tion of the carbonyl group by the positive inductive effect of the methyl

substituent.

Scheme 55. Inhibition of ring-closure by substitution of the furan core. [140]

To minimize waste and to develop a sustainable, more selective, and milder
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Achmatowicz protocol, enzymatic versions of this reaction were estab-

lished by the groups of Beifuss[142], Hollmann[143] and Deska[144]. In all

approaches, oxidoreductases were utilized to generate the oxidant in situ

from air or hydrogen peroxide.

The majority of the developed enzymatic systems uses a redox mediator,

which is enzymatically activated through the reduction of hydrogen per-

oxide or oxygen to water. The mediator on the other side oxidizes the

furan core yielding the Achmatowicz product (Scheme 56). By the use of

mediators, substrates can be converted in which the enzyme alone shows

no or only minimal activity.

Scheme 56. General strategy for the enzymatic (aza)-Achmatowicz reaction by Beifuss and Holl-
mann using redox mediators.

The group of Beifuss used the well-investigated combination of a lac-

case with an oxoammonium mediator to utilize oxygen as terminal oxi-

dant.[145–147] Here, different mediators were screened identifying TEMPO

and its derivatives as potent candidates. Identifying 4-acetamido-TEMPO

as the most effective oxoammonium precursor, the method was applied on

different α-furfuryl carbinols. To avoid the oxidation of the furyl alcohols

hydroxyl function, only tertiary alcohols were applied. Due to the strong

oxidation potential of the activated TEMPO species, C-5-unsubstituted

furans were further oxidized to give rise to lactones (Scheme 57).

Scheme 57. TEMPO-mediated Achmatowicz reaction. [142]

The system, developed by the group of Deska, works in absence of a me-

diator. A chloroperoxidase from C. fumago is activated by hydrogen per-

oxide which is in situ generated using a glucose oxidase from A. niger.

The glucose oxidase produces hydrogen peroxide by the oxidation of glu-
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cose and consuming aerial oxygen and producing gluconic acid as a side

product (Scheme 58). In-depth analysis of the reaction mechanism us-

ing labelled oxygen confirmed the working hypothesis of a heme-bound

oxidizing species. [148] The observation of a marginal enantiodiscrimina-

tion and the inability to convert C-5 substituted furans (such as 136g)

indicates that the oxidation is likely to happen at the active site of the

chloroperoxidase. Using this method different enantioenriched furfuryl

carbinols could be converted to their pyranone analogous. Even sensi-

tive substrates, bearing oxidatively labile functions such as olefins 137b,

alkylhalogenides 137e or primary alcohols 137c, were well tolerated

(Scheme 58).

Scheme 58. Coupled enzymatic system using chloroperoxidase and glucose oxidase for the
Achmatowicz rearrangement. [144]

Consequently, tests to couple the implemented method with an alcohol de-

hydrogenase (ADH) which would give access to optically active pyranones

were conducted, revealing that a stepwise initiation of the reactions in

a one-pot setting, by adjusting the pH after the initial ketone reduction,

gave optimal performance for the direct conversion of furyl ketones to the

six-membered heterocycles. This combined system consisting of four cou-

pled enzymes converts acetylfuran (138) to its pyranone product 104 in a

moderate yield of 47 % with excellent enantioselectivity (Scheme 59).
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Scheme 59. Enzymatic cascade using chloroperoxidase and glucose oxidase. [144]

To overcome the limitations of the aforementioned systems initial stud-

ies using a peracetic acid generating system based on a lipase were con-

ducted. In contrast to the chloroperoxidase system, the lipase consumes

acetate and hydrogen peroxide to generate peracetic acid which carries

out the oxidative rearrangement. This approach was successfully used

for the conversion of 136g to give the corresponding pyranone 137g in a

moderate yield (Scheme 60).

Scheme 60. Coupled enzymatic system using lipase and glucose oxidase for the Achmatowicz
rearrangement. [144]

Based on the previous studies by Deska et al., the group of Hollmann used

a vanadate-dependent peroxidase to generate hypohalogenites through

the reduction of hydrogen peroxide. Although the occurrence of singlet

oxygen would be expected under this reaction conditions, which would

cause fragmentation of the starting material, this effect was less pro-

nounced.[149,150] By using a vanadate-depending peroxidase, which is more

robust against hydrogen peroxide, they were able to conserve the protein’s

activity over an extended reaction time. The method was employed for the

construction of oxygen- as well as for nitrogen heterocycles (Scheme 61).

It must be noted, that no epoxidation or hydrohalogenation of the olefin

140b was observed, due to the low concentration of potassium bromide.[151]

Even though the paper reported no activity of the peroxidase in absence

of potassium bromide, testing a less hindered furfuryl carbinol would be

of interest. This system can be seen as the enzymatic counterpart to the

Oxone/KBr method developed by Tong.[152]
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Scheme 61. Vanadate-dependent chloroperoxidase with hydrogen peroxide used in the Achma-
towicz reaction. [143]
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4. Sigmatropic rearrangements

The intramolecular migration of molecular fragments from one position

to another by the synchronous cleavage and formation of sigma bonds

is termed sigmatropic rearrangement. The general naming was set up

by Woodward and Hoffmann and follows an [n,m’] nomenclature of the

rearrangement where n and m’ represent the distance from the broken to

the newly formed bond. They are concerted reactions, which proceed via

cyclic transition states (Scheme 62).

Scheme 62. Example of a [3,3]-sigmatropic rearrangement.

Being part of pericyclic reactions, the stereochemical outcome is dictated

by the transition state geometry, which is controlled by steric and elec-

tronic factors of the system. The stereochemical course of such rearrange-

ments can be predicted by conformational considerations in combination

with molecular orbital symmetry analysis, based on the rules of Wood-

ward and Hoffmann. Due to the rigid geometry of such rearrangements,

they can proceed with a high degree of stereocontrol. Sigmatropic rear-

rangements are an essential element in total synthesis, as they represent

an elegant way to quickly access complex molecular structures.[153–155]

Among the vast number of stereoselective variants, the chirality transfer

represents an important feature in asymmetric synthesis to access stereo-

chemically enriched compounds. Therefore, the enantiomerically enriched

starting material induces the stereochemical construction of the new chi-

ral centers (Scheme 63).
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Scheme 63. Chirality transfer exemplified by the [3,3]-Claisen rearrangement.

In addition to steric effects in the six-membered heterocyclic transition

state 145, the stereochemical outcome of the reaction is determined by the

rules of Woodward and Hoffmann.[156,157] The illustrated thermal [3,3]-

sigmatropic rearrangement can be described as a [ω4a + σ2s] rearrange-

ment and fulfills the 4n+2 rule. Therefore, the terminal orbitals form a

new sigma bond by conrotation, leading to the depicted orientation of the

substituents (Scheme 63).

Woodward and Hoffmann described pericyclic reactions on the molecu-

lar orbital level. Besides the prediction of the stereochemical course of

a pericyclic reaction, the established rules determine if a pericyclic reac-

tion is allowed under thermal or photochemical conditions. For example,

the [1,2]-Stevens rearrangement can be described as a [ω2s + σ2a] or as a

[ω2a + σ2s] process. Because of the even number of suprafacial and an-

tarafacial components, this rearrangement is thermally forbidden. Con-

sequently, the mechanism has to proceed stepwise over an ionic 149 or

radical intermediate 150 (Scheme 64). [156,158]

Scheme 64. Mechanistic depiction of the [1,2]-Stevens rearrangement.

It is worth to note, that the [1,2]-Wagner-Meerwein-rearrangement is a

suprafacial thermally allowed [ω0s + σ2s] process.

In contrast to the broad synthetic application of sigmatropic rearrange-

ments as prevalent tool in chemical laboratories, their occurrence in bi-
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ological systems is rare and the applicability of the involved biocatalysts

for organic synthesis is under development.[63,159–164] One prominent bio-

chemical example is the isomerization of chorismate to prephenate cat-

alyzed by the enzyme chorismate mutase, which occurs in plants and mi-

croorganisms in the synthesis of tyrosine and phenylalanine

(Scheme 65).[165]

Scheme 65. Enzymatically induced [3,3]-sigmatropic rearrangement of chorismate 152 by cho-
rismate mutase (CM). [159]

With regard to the broad variety of sigmatropic rearrangements, this

chapter will give a brief overview about the shifts of carbon- and het-

eroatomic groups.

4.1 Thermal sigmatropic shifts

The research on sigmatropic shifts is based on early investigations using

heat to initiate the rearrangement. Fundamental work was reported by

Claisen and Cope which set the grounds for numerous variants.[166–168]

Ludwig Claisen was the first who reported the rearrangement of an allyl

vinyl ether 155 upon distillation in the presence of ammonium chloride as

a catalyst. [169] The use of ammonium chloride as a heterogeneous catalyst

soon disappeared, even though it had been demonstrated to increase the

reaction rate slightly. Later, Cope adapted the method for the rearrange-

ment of fully hydrocarbon-based 1,5-dienes (Scheme 66). [170]

Scheme 66. First examples of thermal [3,3]-sigmatropic shifts.

In contrast to the Claisen rearrangement, the Cope rearrangement is a
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reversible reaction, in which the position of the equilibrium depends on

the energetic difference between the starting material and the product.

The equilibrium is shifted towards the product side if the newly formed

double bond is stabilized by conjugation or higher substitution. The re-

action gets nearly irreversible if an extra driving force like the release of

ring strain or tautomerism is introduced (Scheme 67).

Scheme 67. Example of tautomerism in the (Oxy-) Cope rearranged product.

Based on these initial reports, the technique was exploited for several

compound classes (Scheme 68). Even though these variations added an

extra driving force, elevated reaction temperatures (100−350 ◦C) are still

needed, limiting the applicability of these methods to appropriate mole-

cules.

Scheme 68. Variations of the Claisen rearrangement.

4.2 Polar sigmatropic rearrangements

The further development of the previously described thermally induced

rearrangements led to the polar sigmatropic rearrangements, which pro-

ceed via ionic intermediates. These rearrangements, often induced by

Lewis or Brønsted acids or bases, have a lower activation barrier due to
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the higher electron density of the transition state, leading to a signifi-

cantly higher reaction rate, which concomitantly leads to milder reaction

conditions.[171–174] As a consequence, a broader substrate scope, higher

yields, and improved stereoselectivities are achievable.

First investigations were conducted on the oxy-Cope reaction. Evans ob-

served a tremendous rate acceleration by treating the oxy-Cope substrate

175 with potassium hydride together with crown ether. This effect was

traced back to a complete ion pair dissociation due to complexation by

the crown ether.[175] As a result, this anionic oxy-Cope reaction could be

run at low reaction temperatures, leading to a better reaction control and

resulting in higher yields compared to the thermally conducted reaction

(Scheme 69).

Scheme 69. Thermal vs. basic oxy-Cope rearrangement. [176]

Paquette et al. utilized this method in the synthesis of the prostaglandin

analog 179. While heating resulted in a [1,5]-β-hydride migration, apply-

ing potassium hydride instead delivered the desired product exclusively

(Scheme 70). [177]

Scheme 70. Influence on the reaction path depending on thermal or basic treatment of triene
177. [177]

The anionic oxy-Claisen rearrangement counterpart was developed by the

group of Arnold.[178] By treatment of the diphenyl acetic acid allyl ester

180 with the non-nucleophilic base mesitylmagnesium bromide, the eno-

late was successfully formed under ambient temperatures, which subse-

quent rearranged to the carboxylic acid (Scheme 71).

Scheme 71. Anionic version of the oxy-Claisen rearrangement, reported by Arnold. [178]
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Based on the research by Arnold and co-workers, major progress was

achieved by Ireland, who reported the generation of the enolate anions of

allyl esters at low temperatures without competition with aldol-type con-

densation reactions by applying lithium dialkyl amides (e.g. LDA, LICA)

as bases. Trapping of the enolate with trimethylsilyl chloride accelerated

the rearrangement and reduced side reactions. By warming up the reac-

tion the rearranged products are obtained (Scheme 72). [179]

Scheme 72. Ireland-Claisen rearrangment. [179]

This method allowed not only to perform the isomerization at low reac-

tion temperatures. More importantly, the stereoselective outcome of the

reaction could be controlled through the enolate geometry when starting

from alpha-substituted esters.

Ireland demonstrated that by changing the polarity of the solvent by

adding HMPA to the reaction mixture the geometry of the product was

inverted. This observation was attributed to a less pronounced chela-

tion by the lithium cation due to the added HMPA which complexates the

lithium ion. As a consequence, the transition state 188b was preferred

(Scheme 73). [180]
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Scheme 73. Solvent influence on the stereochemical outcome of the Ireland-Claisen rearrange-
ment. [180]

Depending on the substrate and the reaction conditions, the [3,3]-sigma-

tropic rearrangement of alloxy ketones competes with the [2,3]-sigmatro-

pic Wittig rearrangement, because the enolate can exist in two competing

resonance forms (Scheme 74).

Scheme 74. Competition between [2,3]- and [3,3]-sigmatropic rearrangement. [181]

Prohibiting the tautomerization of the enolate, by changing the substi-

tuents, gave access to [2,3]-rearranged products, which, in case of using

phenyl or propargyl allyl ether, resulted in a high degree of diastereose-

lectivity due to steric interactions (Scheme 75). [182,183] A broad variety of

substrates are tolerated, as even propargylic ethers can be manipulated

giving access to allenes.[184]
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Scheme 75. Exclusive formation of one diastereomer due to steric interactions. [183]

The [2,3]-sigmatropic Wittig rearrangement is limited by the compatibil-

ity of the substrate with the strongly basic conditions and the competing

[1,2]-Wittig rearrangement. To avoid the contamination by the [1,2]-rear-

ranged product, these reactions are run at the lowest temperatures possi-

ble (Scheme 76).

Scheme 76. Temperature dependent selectivity between [2,3]- and [1,2]-Wittig reaction. [184]

In addition to these anionic versions, prominent cationic versions of these

rearrangements are also known. The Fischer-indole rearrangement is one

of the earliest examples of a sigmatropic rearrangement. Fischer reported

the synthesis of 2-methylindole in 1883 by heating of the arylhydrazone

I1 under acidic conditions (Scheme 77).

Scheme 77. Fischer-indole synthesis. [185]

Many modified procedures of the Fischer-indole rearrangement are still

used to construct the heterocyclic indole-core in synthetic processes.[185]
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Recently, Maulide et al. reported a cationic, Claisen-like, [3,3]-sigmatropic

rearrangement. Treatment of the γ-alloxy amide 197 with trifluorome-

thane sulfonic acid and collidine in dichloromethane produces the lactone

198.

The suggested mechanistic pathway contains, as a key step, the construc-

tion of a keteniminium ion through the elimination of the carbonyl oxy-

gen. A vinyl allyl oxonium ion 199 is generated by an unusual nucle-

ophilic addition of the ether oxygen. This intermediate is subsequently

rearranged in a Claisen-like fashion into the carbenium ion 200, which is

finally hydrolyzed to the lactone 201 (Scheme 78). [186]

Scheme 78. Cationic sigmatropic rearrangement reported by Maulide. [186]
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4.3 Onium-Ylide-based rearrangements

Ylides, well renowned from e.g. the Wittig reaction, are known for sev-

eral elements, most importantly oxygen, sulfur, nitrogen, phosphorus, and

halogens. They are highly active zwitterionic species which, in addition

to rearrangement reactions, undergo a variety of transformations, includ-

ing olefinations, cyclizations or insertion reactions.[187–190] The reaction

path is determined by different parameters which are discussed in the

following section, with particular emphasis on the [2,3]-sigmatropic rear-

rangement of oxonium ylides.

Similarly to Claisen-type rearrangements, also through the sigmatropic

rearrangement of onium ylides, a maximum of two new stereogenic cen-

ters can be created (Scheme 79). The required onium ylides are generally

created either by deprotonation or by decomposition of diazo compounds.

Scheme 79. General sequence of the rearrangement of onium ylids.

In early examples, the ylides were generated by deprotonation of a qua-

ternary ammonium salt using a strong base, as depicted in the first ex-

ample of an ammonium ylide-based sigmatropic rearrangement reported

by Stevens (Scheme 80). [191]

Scheme 80. Plausible reaction pathway for the [1,2]-migration reported by Stevens.

However, by utilizing a strong base, side reactions such as eliminations

are an issue, and halonium or oxonium ylides are inaccessible with these

procedures due to dealkylative side reactions.

As an alternative method for the formation of onium ylides, the inter-

molecular reaction between a carbene, generated in situ from a diazo com-

pound, with a heterosubstituted allylic component was investigated. Ini-

tial investigations focused on thermal or photochemical techniques

to generate the carbenes, which led to somewhat random reactivities.[192]
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Yet, taking advantage of transition metal catalysis, Kirmse reported the

intermolecular reactions of different unstabilized oxonium ylides.[193] By

combining diazomethane with different allylic ethers and copper iodide

as catalyst the desired rearranged products were isolated. The initially

observed low yields were attributed to the competing formation of cyclo-

propanation side products (Scheme 81).

Scheme 81. First example of an oxonium ylide rearrangement by Kirmse. [193]

Ando[194,195], and later Doyle[196], extended these studies to sulfonium,

ammonium and halonium ylides. Already in these early investigations, a

major influence of different transition metal catalysts and temperatures

on the product distribution ([2,3] vs. [1,2] vs. cyclopropanation) was ob-

served.

A significant improvement in the product distribution was achieved by

the groups of Pirrung, Werner and Roskamp through the intramolecular

ylide generation.[197,198] By treatment of the α-diazo carbonyl compound

209 with rhodium acetate, the heterocyclic rearrangement products were

obtained with high chemoselectivity and in favor of the trans-configured

diastereomer (Scheme 82).

Scheme 82. Intramolecular diastereoselective variation, reported by Roskamp. [197]

In studies of a series of homologous substrates, Clark et al. reported dif-

ferent or reverse diastereoselectivities depending on the applied transi-

tion metal catalyst (Scheme 83).
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Scheme 83. Catalyst influence on the diastereoselective course of the reaction. [199,200]

The observed difference in diastereoselectivity, by employing achiral tran-

sition metal complexes, was rationalized by the preferential formation of

different transition states. Even though the reason for this observation

is controversially discussed in the literature, two reaction pathways are

generally accepted. The rearrangement can proceed over a metal-bonded

ylide or through a ”free” ylide species.[196] Depending on the preferred

species, different transition states may dominate which can result in dif-

ferent stereoselectivities (Scheme 84, Scheme 90).

Scheme 84. Potential reactive species and transition state in metal-catalyzed [2,3]-oxonium ylide
rearrangements. [200]

Due to their generally high activity, mainly catalysts based on copper and

rhodium are used for the sigmatropic rearrangement of oxonium ylides.

To get an insight into the reaction mechanism, the group of Clark con-

ducted 13C-labeling experiments.[201] In the first part of the study, they

investigated whether, depending on the catalyst used, the product for-

mation proceeds through a [1,2]- or [2,3]-rearrangement. Therefore, the
13C-labeled compound 215 was treated with transition metal catalysts

based on copper, iridium or rhodium. Clark et al. could demonstrate
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that copper and rhodium complexes mainly produce the product via a

[2,3]-migration, indicating that a free ylide species is only present in a

marginal concentration (Table 4). In contrast, Clark reported, that the

iridium catalyst showed almost even ratios of the labeled products 216a

and 216b.

Table 4. Labeling studies to get a mechanistic insight into the production of 216. [201]

Entry M[L]n Yield /% 216a 216b

1 Rh2(OAc)4 76 99 1

2 Rh2(O2CCF3)4 20 96 4

3 Rh2(O2CPh3)4 34 95 5

4 Cu(acac)2 43 84 16

5 Cu(hfacac)2 75 86 14

6 Cu(MeCN)4PF6 63 88 12

7 Ir(cod)Cl2 37 44 56

To elucidate if this observation is the result of a completely different mech-

anism, involving the dissociation of the allyl fragment, two differently

labeled compounds were employed as starting material in the same reac-

tion. Conducting the reaction with the iridium catalyst indeed showed sig-

nificant amounts of crossover products, indicating that the iridium-based

mechanism involved the dissociation of the allyl group (Scheme 85). With

these experiments, the group proved that the iridium-catalyzed reaction

differs completely from those conducted with rhodium or copper catalyst.
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Scheme 85. Crossover experiment to elucidate the mechanism. [201]

Even though the investigations of Clark et al. indicated only a marginal

difference between copper- and rhodium-catalyzed reactions, different

studies demonstrated that there is a particularly pronounced discrepancy

between rhodium- and copper-catalyzed reactions in terms of stereose-

lectivity and product selectivity which should be shown on the basis of

selected examples in the following section.

McKervey reported different chemoselectivities by reacting 217 exploiting

both rhodium- or copper-based transition metal complexes.[202] Using a

rhodium-based catalyst, mainly the product of the C-H insertion reaction

was isolated. Contrary results are reported for the copper-based catalysts

which exclusively gave the rearranged product (Scheme 86).

Scheme 86. C-H insertion vs. [2,3]-sigmatropic rearrangement. [202]

This competition between C-H insertion and the [2,3]-sigmatropic rear-

rangement was subject of several studies that indicate a more pronounced

competition if catalysts based on rhodium are used.[198,203–205]

In addition to C-H insertion, the emergence of the cyclopropanation prod-

uct can be an issue, as illustrated in a study reported by Doyle.[206] Inter-

ested in the synthesis of the macrolide 222, catalysts based on rhodium
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and copper were tested. In case of rhodium-based catalysts, considerable

amounts of cyclopropanation products were always observed, which was

less pronounced using copper catalysts (Scheme 87).

Scheme 87. Cyclopropanation vs. [2,3]-sigmatropic rearrangement. [206]

These differences in chemo- but also in regioselectivity, between rhodium

and copper catalysts, were further investigated by West and coworkers.[207]

Treating the diazoketone 223 with different copper and rhodium cata-

lysts, they observed a preference for the [1,2]-migration product 226 us-

ing catalysts based on rhodium whereas copper complexes gave mainly

the six-membered product which is formed via a [2,3]-sigmatropic rear-

rangement (Scheme 88).

Scheme 88. Difference in the formation of oxonium-ylide species. [207]

Based on the previously described results, the rearrangement of onium-

based compounds, originating from the catalytic decomposition of diazo

compounds, in asymmetric synthesis has been intensively studied. In ad-

dition to bicyclic compounds, a recurrent structural motif for asymmetric

syntheses are furanone-type heterocycles. [208,209]

For instance, the Clark research group used the [2,3]-sigmatropic rear-

rangement of α-diazo ketones to produce enantioenriched furanones (229)

as a building block for various natural products, including different am-

phidinolides (Scheme 89). [210–214]
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Scheme 89. Stereospecific synthesis of furanone 229 as a precursor for the amphidinolides. [213]

To conclude, the course of the sigmatropic rearrangement is influenced

by the stabilizing groups of the diazo carbonyl compound, the nature of

the transition metal catalyst, the chosen solvent, and the reaction tem-

perature. The published studies imply a tendency for rhodium-based sys-

tems to prefer [1,2]-Stevens, C-H insertion or cyclopropanation pathways,

whereas copper complexes may favor the [2,3]-rearrangement processes.

Besides the presented diastereoselective approaches, a reasonable effort

has been put on the development of enantioselective versions using differ-

ent chiral catalysts.

This approach is particularly challenging because there is only a chance

of success if a metal-bound carbene or a configurationally stable free ox-

onium ylide is the precursor for the construction of the product. It is

worth noting that the enantiodiscriminating step of the reaction is the

nucleophilic attack of the heteroatom of the heterosubstituted allylic or

propargylic compound by one of its two heterotopic free electron pairs at

the intermediate metal carbene (Scheme 90).
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Scheme 90. Mechanistic considerations regarding the enantioselective product formation. [215]

However, attempts were made, especially with achiral substrates that

cannot induce diastereoselectivity.

Initial attempts by different research groups to use rhodium complexes

with chiral ligands based on BINOL and tert-leucine provided only mod-

erate enantioselectivities (Scheme 91). [216–220]

Scheme 91. First asymmetric examples using Rh(II)-catalysts. [208]

The research group of Clark screened a number of different C2-symmetric

diimines as copper ligands in the sigmatropic rearrangement of the ster-

ically less demanding substructure 234, reporting a maximum enantios-

electivity of 78 % by using 236 as ligand.[221] The substitution pattern of

the substrate had a drastic effect on the enantioselectivity, especially if

the olefinic bond was methylated in β-position (Scheme 92).
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Scheme 92. Copper-catalyzed rearrangement of subunit 234. [221]

Interested in the precursor of zaragozic acid, the group of Hashimoto was

able to synthesize the main bicyclic building block using a chiral carboxy-

late as rhodium ligand. An optical purity of 93 % was achieved, which

is the highest enantiomeric excess so far for an intramolecular, catalyst-

controlled, asymmetric sigmatropic rearrangement of an oxonium ylide

(Scheme 93). [222,223]

Scheme 93. Highly enantioselective construction of the bicyclic tetrahydrofuran 238. [208]

Intensive investigations were performed using chiral rhodium(II) carboxy-

lates and carboxamidats as catalysts (Scheme 94), from which a number

of powerful stereoselective mediator systems on the basis of amino acids

arose.[222,224,225]

Scheme 94. Heavily investigated catalysts for the enantioselective rearrangement of allylic and
propargylic oxonium ylides.
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These catalysts proved to be highly active for the enantioselective rear-

rangement of allylic and propargylic oxonium ylides, as well as for sulfo-

nium ylides (Scheme 95). [226]

Scheme 95. Rhodium(II) carboxylate in the enantioselective rearrangement of sulfonium and ox-
onium ylides. [227–229]

Because of the inherent instability and toxicity of diazo compounds, re-

cent studies have focused on the development of alternative precursors

for the ylide generation.[230] Murphy and West created oxonium and sul-

fonium ylides through the in situ generation of iodonium ylide species

(Scheme 96).[231] In comparison to the classical process, higher yields for

the rearranged products are achievable in a one-pot fashion by C-H oxi-

dation and subsequent rearrangement.

Scheme 96. Proposed mechanism of the iodonium-based route for the generation of sulfonium
and oxonium ylides. [231]

Nevertheless, this procedure gave unsatisfactory yields if aromatic ke-

toesters were employed, even on prolonged reaction times of seven days.

In recent studies by Boyer et al., different oxonium and sulfonium ylides

67



Sigmatropic rearrangements

were generated and rearranged by the denitrogenation of triazole precur-

sors catalyzed by rhodium acetate (Scheme 97). [232,233]

Scheme 97. Proposed mechanism of the triazole-based route to access oxonium and sulfonium
ylides. [232]

In a first study, the focus was to inverstigate the synthesis of dihydrofuran-

3-ones through the onium ylide formation out of triazoles. The required

triazoles, which are inaccessible using metal-catalyzed cycloadditions,

were synthesized using n-BuLi and tosyl azide. Employing rhodium ac-

etate, the triazoles were converted to the corresponding cyclic N-tosyl-

imines, which were hydrolyzed to the corresponding ketones using wet

basic alumina. This method proved to be useful for the transformation of

allylic and propargylic ethers. In addition, the method gave access to the

2,2-diallylated tetrahydrofuranone 256c (Scheme 98). [233]

Scheme 98. Rearrangement of different propargylic ethers via triazoles. [233]

For an adaption of the aforementioned route on a homologous substrate

series, a copper-catalyzed azide to alkyne cycloaddition (CuAAC, ”click”-

chemistry) was employed for the syntheses of the triazoles. Following

this route, allenic tetrahydrofurans 260b and tetrahydrothiophene 260c

were accessible (Scheme 99). [232] The significance of this methodology was

demonstrated in natural product synthesis. [234]
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Scheme 99. Rearrangement of a homologous series of different propargylic ethers. [232]

The groups of Tae and Yang independently reported the generation of al-

lylic oxonium ylides through the gold-catalyzed intermolecular oxidation

of propargylic ethers, using different N-oxides as the terminal oxidant

(Scheme 100). [235,236]

Scheme 100. Proposed mechanism for the gold-catalyzed [2,3]-rearrangement. [235]

Tae’s group used the developed method for the construction of 2,5-disub-

stituted dihydrofuran-3(2H)-ones. In accordance with previous publica-

tions, they mainly observed the trans-configured rearranged product. The

usefulness of their method was demonstrated in the synthesis of the nat-

ural product (+/−)-kumausallene (263) (Scheme 101).

Scheme 101. Application of the gold-catalyzed rearrangement in the synthesis of
(+/−)-kumausallene. [235]

The group of Yang was able to rearrange, with a slightly different setup,

various allylic oxonium ylides with aromatic and aliphatic moieties. An

initially obtained O-allylated aromatic benzofuran 267, rearranged upon

standing to the desired C-allylated product (Scheme 102).
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Scheme 102. Initial result by Yang’s group, using an unoptimsed catalytic system. [236]

This observation, in combination with labeling studies, led to the pro-

posal, that these gold-catalyzed reactions may follow a distinct reaction

pathway. The key step in the suggested mechanism is a [1,4]-allyl migra-

tion, which is followed by a Claisen rearrangement (Scheme 103).

Scheme 103. Proposed mechanism for the gold-catalyzed rearrangement of allylic oxonium
ylides bearing an aromatic moiety. [236]

Based on the proposed mechanism, the chiral bis(oxazoline)copper(II) com-

plex 271 was tested in the asymmetric rearrangement of different vinyl

allylic ether. The asymmetric rearrangement was successfully applied on

different substrates. The highest enantiomeric excess was observed by

deploying 269 as substrate (Scheme 104).

Scheme 104. Asymmetric Claisen rearrangement of the vinyl allyl ether 269. [236]
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Pyranones (272) and piperidinones (275) serve as building blocks for a

vast number of natural products and pharmaceuticals (Figure 5). There-

fore, the efficient synthesis of these molecular entities represents a pivotal

task in modern organic chemistry.

Figure 5. Natural products which can be produced out of pyranones and piperidinones.

In general, the six-membered heterocyclic core of piperidinones and pyra-

nones can be assembled by ring-closing metathesis, rearrangements, ox-

idative ring expansions or cycloadditions, starting from different raw ma-

terials (Scheme 105). One possible way to access these compound classes

is the Achmatowicz reaction of furan precursors, and different methods

to carry out this oxidative ring rearrangement emerged over time (see

Chapter 3.4).
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Scheme 105. Sustainable synthesis of heterocycles starting from different renewable platform
chemicals.

Besides the ecologic benefits of using renewable raw materials, the route

starting with furan-based raw materials represents the shortest way to

construct functionalized piperidinones and pyranones. The aim of the

work was to investigate the biocatalytic construction of these heterocyclic

building blocks through oxidative ring expansion using derivatives of ace-

tylfuran and furfural as starting materials (Scheme 106).

Scheme 106. Retrosynthetic analysis of the construction of piperidinones, piperidines and
pyrrolizidine alkaloids starting from furan precursors.

Publication I

The intention of the first study was to construct optically active furfury-

lamines through biocatalytic methods which should serve as test sub-

strates to examine the aza-Achmatowicz reaction. Based on literature

analysis, different biocatalytic routes are feasible for the construction of

optically active piperidinones, including the direct asymmetric reduction
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employing transaminases, imine reductases or amine dehydrogenases.

Alternatively, the kinetic resolution or dynamic kinetic resolution of a

racemic amine could serve as a source for optically active furfurylamines

(Scheme 107).

Scheme 107. Biocatalyzed approaches towards the precursor N2. MAO-N Monoamine oxidase;
ω-TA ω-Transaminase; KR kinetic resolution; DKR dynamic kinetic resolution; IRD
imine reductase.

Based on these retrosynthetic considerations, our plan was the direct

enantioselective amination of acetylfuran and derivatives using ω-trans-

aminases as biocatalysts and to investigate the kinetic resolution of fur-

furylamines produced through chemical methods.

First, we investigated the asymmetric amination using ω-transaminases

with acetylfuran as model substrate. In a preliminary screening, 24 trans-

aminases (Codexis screening kit) were tested for their initial activity. Due

to the dual substrate recognition mechanism of transaminases, different

amine donors in combination with diverse recycling/removing systems

were tested (Scheme 108).
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Scheme 108. Catalytic cycle of transaminases. [237]

Initial investigations, using isopropylamine as amine donor, in overstoi-

chiometric amounts, resulted in unsatisfactory yields and moderate enan-

tioselectivities. Attempts to accelerate the reaction by applying a slight

vacuum did not meet our expectations either (Table 5). Changing the

amine donor to alanine, in combination with different pyruvate-depleting

systems, resulted in similar conversions but with an enhanced enantios-

electivity. In this context, the addition of DMSO (10 vol.%) as co-solvent

proved beneficial to enhance substrate conversion. Even though the

achieved results are in accordance with literature reports,[238–240] the

enzyme-to-substrate ratio was unacceptable for the application on a prepar-

ative scale.
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Table 5. Investigations of the direct reductive amination of acetylfuran using ω-transaminases
coupled with different amine donors and recycling/removing systems.

Entry ω-TA System Conversion /% ee /% Ratio (mg/mmol)a

1 117 2 74 (1 d) 99 40:1

2 117 2 60 (1 d) 99 40:1

3 113 2 50 (1 d) 99 40:1

4 117 3 34 (1 d) 99 40:1

5 117 3 34 (1 d) 99 40:1

6 251 1 63 (5 d) 90 12:1

7b 251 1 74 (3 d) 90 5:1

a Enzyme-to-substrate ratio. b Conducted under reduced pressure.

Therefore, we turned our attention to the kinetic resolution of furfuryl-

amines using either ω-transaminases or lipases.

In the beginning, a robust way to access a variety of functionalized pri-

mary furfurylamines had to be set up. To accomplish these tasks, two

general ways starting from ketones are feasible. The direct reductive am-

ination of a ketone or the reduction of an enamine or imine, known as

indirect reductive amination (Scheme 109).
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Scheme 109. General strategies towards primary amines.

Due to the diverse occurrence of the amine function, various methods for

its construction were developed.[241] We based our study on the synthe-

sis of the required amines through an imine-to-azaallyl anion umpolung

strategy that would allow the direct access to multiple furfurylamines

from furfural as parent building block (Scheme 110).

Scheme 110. Amine-to-azaallyl anion umpolung strategy for the construction of functionalized
furfurylamines.

The crux of the selected route is the potential formation of the products

P5 and P6 through reaction at the tertiary carbon due to the delocaliza-

tion of the azaallyl anion (287). To suppress these unwanted reactions

sterically demanding phenyl groups were installed as shielding groups

(Scheme 111).

Scheme 111. Reaction analysis with regard to product formation.

Following this synthesis concept, we could successfully construct several

furfurylamines (Scheme 112). Even though in literature this reaction is
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reported to be performed in THF, we couldn’t reproduce these results.

Strikingly the change of the reaction media to DMF shortened the re-

action time drastically with concomitantly increasing the product yield.

Scheme 112. Optimized amine synthesis by amine-to-azaallyl anion umpolung strategy.

One of the furfurylamines was subsequently used for kinetic resolution

studies using either ω-transaminases or lipases. Due to the more favor-

able thermodynamic equilibrium, in case of a ω-TA-catalyzed deamina-

tion, a better enzyme-to-substrate ratio could be realized (Scheme 113).

Hence, both the ω-TA-mediated as well as the lipase-catalyzed resolu-

tions proved to be useful in the preparation of the enantioenriched pri-

mary amines and optical purities of 98 % and greater were achieved. It

should be mentioned, however, that particularly the transferase biocata-

lysts exhibited a rather narrow scope and did not perform well on amines

with larger substituents than methyl as small, stereodiscriminating unit.

Scheme 113. Kinetic resolution of furylethylamine employing ω-transaminases and lipase.

Further, it should be mentioned that for the successful isolation of the

enantiomerically enriched amines, when using ω-transaminases for the

kinetic resolution, an extra reduction step is necessary to suppress imine

formation (Scheme 114).
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Scheme 114. Necessary reduction step to suppress imine formation.

Inspired by the successful use of enzymes in the preparation of enan-

tioenriched furanoic amines, we aimed to expand the substrate scope.

Considering the limited scope to substrates bearing at least one small

substituent, we envisioned to include target structures featuring spacer

units between the heterocycle and the nitrogen functionality. Literature

research revealed a potential substrate which could be used, with modifi-

cations, in the synthesis of alkaloids. Therefore, the biocatalytic synthesis

of the substrate 281 was depicted as an alternative project (Scheme 115).

Scheme 115. Proposed synthesis route toward pyrrolizidine alkaloid derivatives.

For this purpose, the building block 302 should be prepared in a similar

way on the basis of the gained experience by direct asymmetric amina-

tion as well as kinetic resolution. The kinetic resolution using dibenzyl

carbonate should serve here also as a protecting step. In initial attempts,

using CAL-B for the kinetic resolution, a very slow reaction rate was ob-

served which was overcome by increased reaction temperatures. Under

these reaction conditions, a moderate yield of 282a could be achieved, yet

with an unsatisfactory enantiomeric excess of 80 % (Scheme 116).
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Scheme 116. Envisoned synthesis routes toward the building block 282a (dashed arrows). Pre-
liminary results using CAL-B (solid arrows).

Testing several ω-transaminases in a direct asymmetric amination re-

vealed several working enzymes with promising activities (Table 6). Nev-

ertheless, in this parent test, no R-selective transaminase was detected.

Table 6. Investigations of the direct reductive amination of test substrate 283 using
ω-transaminases with isopropylamine (IPA) as amine donor. Reaction scale 1 mL,
0.5 mg ω-transaminase.

Entry ω-TA Preference Conversion /% ee /%

1 217 (S) 89 52

2 251 (S) 95 96

3 254 (S) 60 98

4 025 (R) 40 39

5 113 (S) 89 69

6 P1-G05 (S) 25 89

7 P1-B04 (S) 70 79

8 P1-F03 (S) 90 98

9 256 (S) 65 99

10 234 (S) 94 80

To adopt this method on a larger scale the poor solubility in pure aqueous

solution had to be overcome, therefore different cosolvents were tested.

DMSO performed best and was subsequently applied on a preparative

scale as cosolvent. The building block 302 could be synthesized in this

way with a 65 % isolated yield and high optical purity (Scheme 117).
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Scheme 117. Asymmetric amination using ω-TA-251 (10 mg) on a praparative scale (20 mL re-
action volume).

Based on our previous investigations and literature reports, we tested the

R-selective ω-transaminase ATA-117 with alanine as amine donor coupled

with an LDH/GDH-removal system for pyruvate. Initial results showed

a conversion of over 90 % with an enantiomeric excess greater than 99 %

(Scheme 118). [242]

Scheme 118. Asymmetric amination using ω-TA-117 (2 mg) together with LDH/GDH removal
system for pyruvate.

A similar approach was used by Kroutil et al. for the synthesis of the al-

kaloid xenovenine.[243]

In conclusion, we demonstrated that by choosing an appropriate substrate

the asymmetric amination using ω-transaminases can act as a powerful

tool to construct furfurylamines in high optical purity. By applying two

stereocomplimentary ω-transaminases the building block 302 could be

synthesized in high optical purity and satisfactory yields demonstrating

the potential of this approach.

Publications II-IV

Following our initial plan, we turned our attention, after the syntheses

of these aza-Achmatowicz precursors, to the oxidative rearrangement of

80



Results & Discussion

these compounds by biocatalytic versions of the Achmatowicz protocol.

Based on previous studies in the Deska group, using a chloroperoxidase

(CPO) for the rearrangement (see Chapter 3.4), our focus was to imple-

ment a competitive biocatalytic version with enhancement of the yields,

extension of the substrate scope and expansion of the reaction portfolio

to the nitrogen analogs. Especially the transformation of slow reacting

compounds was an essential part of the investigations which were chal-

lenging to access by the chloroperoxidase system due to deactivation of

the chloroperoxidase by hydrogen peroxide on prolonged reaction times.

Therefore we evoked a system, based on previous studies reported by

Lefebvre, consisting of a lipase-driven in situ generation of peracetic acid

to conduct the Achmatowicz reaction (Scheme 119). The developed sys-

tem delivered higher yields, in most cases, compared to the chloroperox-

idase system. With the use of ethyl acetate as solvent and reagent, also

challenges caused by the insolubility of the organic substrates in aqueous

reaction media were eliminated. The potential of the studied approach

was demonstrated by converting furfuryl alcohols and furfurylamines to

their corresponding Achmatowicz products in good to excellent yield.

Scheme 119. Lipase mediated Achmatowicz reaction. * Yields obtained by the CPO-system.

Investigating the scope of the aza-Achmatowicz reaction revealed, that

products bearing a methyl substituent in 5-position of the furan core will

not cyclize (Scheme 120). This observation is in accordance with literature

reports and may be explained by a reduced nucleophilicity of the ketone

prohibiting the cyclization.
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Scheme 120. Interrupted ring expansion observed with core-subsituted furfurylamines.

Further, a three-step/one-pot synthesis of cis-osmundalactone demonstrat-

ed the potential of this approach (Scheme 121). In this case, the lipase

serves, on one hand to carry out the kinetic resolution of the starting ma-

terial and, at the same time, to liberate peracetic acid to conduct the ox-

idative ring rearrangement. By combining the lipase-based system with

an iridium-based redox-isomerization the cis-configured osmundalactone

was isolated in high optical purity and good cis-selectivity.

Scheme 121. One-pot cascade reaction to synthesize cis-osmundalactone.

As an alternative to the fully lipase-centered approach, also an oxidore-

ductase-based, multi-enzymatic protocol for the direct access to optically

active pyranones starting from ketones was envisioned. Here, an enzy-

matic cascade reaction consisting of an alcohol dehydrogenase, a chloroper-

oxidase, and a glucose oxidase was assembled. To our delight we were

able, by choosing the right reaction conditions and enzyme ratios, to con-

struct an efficient system delivering the ring-rearranged product in high

yields and high optical purity (Scheme 122). The key point was the ad-

justment of the pH-value to achieve the best result due to the different

pH optima of the enzymes.
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Scheme 122. Three-enzyme/one-pot reaction to synthesize the precursor (102) for
cis-osmundalactone.

Refocusing on the original chloroperoxidase system, a systematic investi-

gation of an extended substrate screening identified two major challenges.

The poor solubility of lipophilic substrates in the aqueous reaction media

and the required prolonged reaction times of sterically demanding sub-

strates. First attempts to circumvent insolubility issues by increasing the

amount of cosolvent resulted in rapid enzyme inhibition. Hence, further

investigations are needed to circumvent this bottleneck. To get an insight

into the deactivation of the protein by high hydrogen peroxide concen-

trations time-dependent conversions after 3 h and 24 h applying different

GOx to chloroperoxidase ratios were measured. The data revealed a rapid

inhibition/denaturation of the chloroperoxidase using the initial reported

GOx/chloroperoxidase ratio of one-to-one. By a drastic reduction of the

glucose oxidase quantity by nearly two orders of magnitude, the activity

of chloroperoxidase was retained over an extended period of time which

gave the possibility to extend the substrate scope, to slowly reacting fur-

furyl alcohols (Scheme 123).

Scheme 123. Reduced hydrogen peroxide production by glucose oxidase resulting in higher
product yields.

83



Results & Discussion

Unpublished results

Inspired by the work on enzymes in abiotic reactions, including the hereby

discussed Achmatowicz rearrangement as well as a pyranone redox iso-

merization recently developed in our group[244], we also attempted to ex-

pand our investigations on a number of other heterocyclic transforma-

tions based on abiotic reaction modes. Also due to our previous engage-

ment in the use of copper and rhodium catalysts as mediators in oxo-

nium ylide rearrangements as tools to create complex chemoenzymatic

reaction cascades,[209,245] the metalloenzyme-mediated sigmatropic rear-

rangement of functionalized diazoketones was targeted in our studies.

Here, ether-decorated diazoketones were expected to undergo oxonium

ylide formation in presence of copper or iron-based metalloproteins

(Scheme 124) whereupon C-allylated tetrahydrofuranones could be ob-

tained in a yet unprecedented biocatalytic activation mode.

Scheme 124. Proposed biocatalytic rearrangement of Q1 through a metalloprotein.

In a preliminary screening, different commercially available metalloen-

zymes were tested for their promiscuous activity in this reaction (Fig-

ure 6). With the prerequisite of an aqueous reaction medium, challenges

regarding product selectivity as a result of the hydrolytic lability of the

highly reactive carbene and oxonium ylide intermediates might arise.

Thus, besides the desired product 210, we anticipated potential side prod-

ucts in form of carboxylic acid 307, the hydroxyketone 308 and the deal-

lylated tetrahydrofuranone 310. From a commercial kit of optimized cy-

tochromes with activity in e.g. cyclopropanation reaction, no activity what-

soever was observed. Similarly, also the hemoprotein myoglobin exhibited

no substantial effect on the diazoketone 209. Both protein classes feature
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the same heme cofactor, and while the hemin itself showed conversion

during incubation of 209, only the deallylated product (310) was observed

by 1H-NMR-control of the reaction mixture. We therefore turned our

attention from the iron-dependent oxidoreductases to copper-containing

proteins as alternative systems. In contrast to the hemoproteins, both

laccase (T. versicolor) and tyrosinase (A. bisporus) as well as the Cu/Zn-

metalloprotein superoxide dismutase (B. taurus) acted as activator of the

diazo compound, yet also here only deallylation was taking place. Thus,

we were very pleased to find out that incubation with a crude commercial

galactose oxidase did not only lead to almost full conversion but also to

the formation of the desired product (210) as a minor side product. Con-

sidering the natural role of oxidases, that is, the generation of hydrogen

peroxide from reducing substrates, we envisioned that reactive oxygen

species might be responsible for the low product selectivity. Addressing

this issue, catalase (C. glutamicum) was added and the selectivity of the

reaction was markedly improved rendering a highly promising system for

future investigation on the biocatalytic oxonium ylide rearrangement.

Figure 6. Preliminary screening of different metalloproteins. Results are given for a 24 h
reaction period. Sources of proteins: Catalase from C. glutamicum, laccase
from T. versicolor, GalOx from F. graminearum, tyrosinase from A. bisporus,
superoxide dismutase from B. taurus, myoglobin from equine heart.
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Encouraged by these results, detailed studies on the underlying process

were conducted. In order to rule out free copper ions as potential hid-

den catalyst (from salt impurities or via leaching of the protein-bound

metal), different copper salts were tested but in all cases, decomposition

to the deallylated product (310) was observed as the major pathway. For

the confirmation of our galactose oxidase hypothesis, the protein was pro-

duced from recombinant P. pastoris and thoroughly purified. Unexpect-

edly, a negligible turnover was observed for the pure oxidase. Suspicious

about the active component of the commercial galactose oxidase product,

a SDS-PAGE analysis was performed (Figure 7). The stained gel showed

several bands in addition to the galactose oxidase band at 60 kDa in the

lower (lighter) region of the gel which might eventually act as the active

catalyst in the discussed transformation.

Figure 7. SDS-PAGE analysis of the commercial available galactose oxidase in compari-
son with an purified galactose oxidase (analysis performed by Filip Mollerup).

Several gel cut-outs were subjected to a tryptic digest and the result-

ing peptide mixtures were analyzed by MS/MS. The mass-spectrometric

analysis suggested the presence of lytic polysaccharide monooxygenases

(LPMOs), matching patterns both for family 9 and family 11 of this en-
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zyme class. This finding is reasonable due to the fact that LPMOs are

co-expressed with other enzymes in fungi like Fusarium graminearum

which is the original producer of the crude commercial galactose oxidase

used in this study. LPMOs are copper-bearing metalloenzymes that ox-

idatively degrade polysaccharides and are found in numerous fungi. Four

different classes of LPMOs (AA9, AA10, AA11, and AA13) have so far been

reported which differ in the accepted substrates (e.g. celluloses, chitins)

and the position of oxidation. The active site of the LPMO contains a

solvent-exposed copper atom that is fixated through two conserved his-

tidine residues, called histidine brace, in a T-shape fashion (Figure 8); a

motif that bears great similarity to the organometallic complexes that are

frequently used in transition metal-catalyzed carbene transfer reactions.

Figure 8. A: Active center of LPMO; B: Structure of AA9; C: Schematic representation of
the active site in AA9, AA10 and AA11 LPMO’s. Figure adapted from [246,247],
reprinted with permission.

With the intention to reconstruct the active GalOx-system and to identify

the involved active enzyme, two family 11 LPMOs (F. graminearum) were

produced and isolated by the group of Mats Sandgren (Uppsala). In ad-

dition, one family 9 LPMO (P. chrysosporium K-3) was obtained from the

group of Emma Master (Aalto). Preliminary tests of these new and yet

unexplored biocatalysts revealed activity in the activation of model sub-

strate 209 in all cases. In particular, the LPMO 11 from F. graminearum

exhibited a good turnover and in combination with the recombinant galac-
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tose oxidase (F. graminearum) and catalase (from C. glutamicum) a very

high product selectivity of 95:5 (210 vs. 310) was achieved (Scheme 125).

Scheme 125. Successful reconstruction of a multi-enzyme system for the biocatalytic Kirmse
rearrangement of 209.

Even though the observed activity of these reconstructed system did not

yet reach the power of the crude GalOx-system, it independently revealed

that LPMOs are suitable biocatalysts for the sigmatropic rearrangement

reaction. Of extraordinary interest is the observed interaction of the

GalOx/catalase and the LPMO which is not reported so far in the liter-

ature.

88



6. Conclusions & Outlook

The aim of this work was to investigate the biocatalytic construction of ni-

trogen and oxygen containing heterocyclic building blocks through novel

methodologies exploiting oxidoreductases. The presented work is based

on fundamental studies conducted previously in the Deska research group

investigating the Achmatowicz reaction. The main point of the stud-

ies was the construction of these heterocyclic compounds by processing

furfural-based derivatives as starting materials which represent a piv-

otal part of the lignocellulosic platform of renewable organic feedstocks.

In particular, piperidines and pyrans, which can be found as a struc-

tural motif in a number of compounds, including natural products and

pharmaceuticals, were successfully assembled using different biocatalysts

(Publications I–IV). The potential of the developed procedures was de-

monstrated in the stereoselective syntheses of different osmundalactones,

which can serve as precursors for several natural products including the

angiopterlactone family (Figure 9). To access these lactones two reac-

tion sequences either based on a lipase-mediated multi-step protocol or

a chemoenzymatic approach utilizing the chloroperoxidase methodology

were successfully examined.

89



Conclusions & Outlook

Figure 9. Natural products containing the osmundalactone building block.

The developed sequences to access osmundalatone outperformed the ex-

isting chemical process with regard to the number of steps and in the

overall achieved yields. The developed lipase-mediated Achmatowicz re-

arrangement is a complementary method to the chloroperoxidase-based

system, where thanks to the lack of a direct involvement of the lipase in

the actual ring expansion step, an extended substrate scope of sterically

demanding and poorly water-soluble substrates are accessible. Conse-

quently, the method was successfully adopted to transform also protected

furfurylamines to their corresponding aza-Achmatowicz products.

From a broader perspective the lipase-based system, due to the immo-

bilization of the enzyme and the simplicity of the procedure, could serve

in packed bed reactors as standard procedure for the production of the

Achmatowicz product in large-scale processes.

On the other hand, the optimized chloroperoxidase protocol offers great

potential in the creation of multi-enzymatic strategies. Based on the

herein disclosed fine-tuned Achmatowicz method, our group succeeded

very recently not only in the assembly of a fully biocatalytic three-step

route towards either cis- or trans-osmundalactone (Scheme 122)[244] but

we were even able to establish a true five-enzyme/one-pot scenario (un-

published results, Scheme 126).

Scheme 126. Fully biocatalytic osmundalactone total synthesis based on the CPO-mediated ring
expansion.
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Since the enzyme-driven Achmatowicz reaction by the wild-type chloroper-

oxidase just showed minimal enantiodiscrimination in the conversion of

furfuryl alcohols, a starting point for further developments would be the

search for other active biocatalysts, including flavin and heme-dependent

monooxygenases (BV-MO or Cytochrome P450) and LPMOs as potential

candidates. Additionally, investigations on recombinant versions of the

chloroperoxidase would be of interest with regard to broaden the sub-

strate scope, and particularly to create a more robust variant with regard

to higher concentrations of hydrogen peroxide.

The fundamental investigations on the enzyme-mediated, sigmatropic

Kirmse rearrangement revealed several enzymes with promising prop-

erties. This unreported non-natural activity of the proteins may serve

as a starting point to investigate these enzyme classes for different reac-

tions comparable to the more commonly employed heme-dependent bio-

catalysts. Investigations of the oxidation state by EPR or comparable

methods may follow as well as studies on the interaction of the galactose

oxidase and the LPMO.
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