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Small Molecule Drug Discovery – A Historical Perspective 

More than 200 years ago the 21-year-old pharmacists’ apprentice Friedrich Sertürner was 

the first ever to isolate a pharmacologically active pure compound from a plant.1 Named 

after Morpheus, the Greek god of dreams, morphine (1) eventually became one of the most 

recognized pain killers of the opiate family.2 Its exact structure and pharmacological 

properties were elucidated many years later3-4 and it has remained a historically important 

example how a plant-derived drug can be used for therapeutic treatments. Although opium 

was a common analgesic for many centuries, it was a substantial progress to be able to 

isolate one of its main active ingredients in a pure form thus enabling the administration in 

precise dosages without any deviation caused by the source or age of the material. 

 
Figure 1: Chemical structures of historically important therapeutic drugs 1-6. Me = methyl, Bz = benzoyl, Ac = acetyl  

By the mid-twentieth century the evaluation of secondary metabolites for medicinal 

purposes has become an established protocol for small molecule drug development.5-10 The 

discovery of penicillin (2)11 initiated an intensive screening of microorganisms for new 

antimicrobial pharmacores and the golden age of antibiotics provided many of today’s most 

commonly used drugs (Figure 1). Human medicine was revolutionized and for the first 

time ever, effective treatment of severe infectious diseases became a reality. Besides the 

unprecedented advances in antibacterial drug design, many other natural products were 

soon identified as essential medications. Antimalarial drugs such as artemisinin (3)12-14 and 

quinine (4)15-17 were discovered, whereas paclitaxel (5)18 and doxorubicin (6)19 have found 

application in anticancer therapy. Owing to the efficiency of these drugs, the life 

expectancy of human beings was significantly increased by several decades. In addition to 

their importance to prevail against severe diseases, all of these compounds share another 

remarkable feature: an intriguing chemical architecture, which poses a formidable 

challenge to the imagination and creativity of synthetic chemists.20 
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Along these lines, it is indeed a fascinating scenario how nature assembles complex 

molecules from simple, prochiral starting materials.21 A prominent example illustrating the 

extraordinary selectivity in biochemical transformations is the biosynthesis of paclitaxel 

(5) (Scheme 1).22 In this process, baccatin III (7) and 10-deacetylbaccatin III (8) are 

advanced intermediates, which in turn stem from the highly oxygenated compound 9. The 

perhaps most interesting feature of this biosynthesis is a series of highly selective 

hydroxylation reactions promoted by a variety of monooxygenases.23 Of note, the carbon 

skeleton is not altered during these steps, conclusively tracing back to taxadiene (10) 

derived from a stereoselective cyclization of the linear precursor geranylgeranyl 

pyrophosphate (11).24-25 

 
Scheme 1: Retrosynthetic analysis of the biosynthesis of paclitaxel (5). PP = diphosphate, TS = taxadiene synthase 

Although from a synthetic perspective the efficiency in which paclitaxel is constructed 

remains admirable, only neglectable amounts of the coveted anticancer drug are produced. 

Specifically, the bark of 12 trees of the pacific yew taxus brevifolia is required in order to 

provide 1 gram of paclitaxel.26-27 This shortage can be circumvented by a semi-synthetic 

derivatization of its closely related congeners 7 and 8 to ultimately yield paclitaxel.28-29 

Previous efforts on the total synthesis of paclitaxel have impressively shown the high 

demand of modern organic synthesis,30-35 but unfortunately have contributed little to meet 

the distribution needs of the world. 

It is therefore proposed that the development of new selective transformations is essential 

to be able to reach out to the complexity of nature’s secondary metabolites. Within this 

context, selective hydroxylation reactions remain one of the key synthetic challenges.36-37 

The scope of the presented work is to discuss recent advances in oxygenation reactions 

catalyzed by small molecule model systems and outline their limitations for site- and 

enantioselective organic synthesis. Moreover, it serves to comprehensively elaborate how 

the utility of non-covalent interactions can provide a relief to override intrinsic reactivity 

patterns and eventually help to solve the quest for stereoselective synthesis.  
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Oxygenation Reactions Catalyzed by Cytochrome P450 

Among the plethora of natural enzymes engaged in biosynthetic processes the cytochrome 

P450 family arguably belongs to the most intriguing class of biocatalysts.38 Their most 

recognized feature is its unique ability to activate atmospheric oxygen to facilitate highly 

selective oxygen insertions into unactivated carbon hydrogen (C–H) bonds under mild 

physiological conditions.39 

The active site of these heme proteins contains an iron protoporphyrin IX center 

coordinated by a cysteine thiolate (Scheme 2). Formally operating as an oxidoreductase, 

dioxygen (O2) is cleaved, whereupon one oxygen atom is reduced to form water (A → B) 

and the other oxygen atom is incorporated into a variety of biomolecules (B → C). With 

an additional oxidizing equivalent delocalized over the porphyrin macrocycle, its 

catalytically active species is postulated to be an iron(IV) radical intermediate (B).40-45  

 
Scheme 2: Oxidation of the iron complex A to B via oxygen activation and subsequent hydroxylation to C. 

The exact mechanism of oxygenation reactions catalyzed by cytochrome P450 and related 

model systems has been extensively studied over the past decades (Scheme 3).38-39, 46-52 In 

its initial state, the resting iron(III) species is likely coordinated by two axial ligands, a 

cysteine thiolate and a water molecule. Coordination of a suitable substrate (A) is 

accompanied by a spin-state change of the iron center, whereupon an NADPH dependent 

single electron reduction is initiated to furnish the transient iron(II) species (D). Molecular 

oxygen coordinates rapidly to the metal center and the ferric superoxo (O2–) complex (E) 

undergoes a consecutive reduction-protonation step. At this stage, the oxygen molecule 

(O2) has experienced a two-electron reduction arriving at the hydroperoxo (O22–) complex 

(F). Another protonation initiates the crucial O–O bond cleavage to produce water and 

eventually generate the previously illustrated highly reactive iron(IV) radical intermediate 

(B). The final step involves the stereoselective hydroxylation of an unactivated C–H bond 

(B → C), whereupon the product is released to close the catalytic cycle. 
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Scheme 3: Catalytic cycle of the oxygen activation and transfer by cytochrome P450. 

The key feature of this multistep reaction sequence is the C–H oxygenation step (B → C), 

which has been further reviewed in great detail.51, 53 Pioneering work was reported by the 

group of Groves in the late 1970s, who proposed an oxygen rebound mechanism.54-55 More 

specifically, they envisioned that the highly reactive iron porphyrin radical (B) abstracts a 

hydrogen atom from a suitable substrate to furnish the hydroxido iron(IV) complex (G) 

and a transient alkyl radical (Scheme 4). Based on detailed kinetic studies with large kinetic 

isotope effects,56-57 it was suggested that the initial C–H abstraction is rate-limiting, ensued 

by rapid recombination of the hydroxido ligand with the incipient methylene group. In the 

following years several mechanistic studies, such as position scrambling during the allylic 

hydroxylation of olefins and deletion of the stereocenter at the oxygenated carbon atom, 

eventually provided strong evidence for a radical mechanism commencing by scission of 

the C–H bond.58-60 

 
Scheme 4: Oxygen rebound mechanism of the cytochrome P450 catalyzed hydroxylation. 
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The group of Groves quickly recognized the exceptional potential of cytochrome P450 

enzymes for preparative organic chemistry and accordingly developed a small molecule 

model system. In their seminal work on hydroxylation reactions, 5,10,15,20-

tetraphenylporphyrin (TPP) iron(III) chloride (14) was used as the catalyst to oxidize 

cyclohexane (12) to cyclohexanol (13) at ambient temperature (Scheme 5).61 While 

synthetically highly interesting, their systems clearly displayed a lack of utility, given that 

the even low yield of 8% was based on the stochiometric oxidant iodosobenzene (PhIO) 

and the substrate was used in large excess (>30 equivalents) relative to the oxidant. 

Nevertheless, it is often considered a landmark study keeping in mind the inert nature of 

cyclohexane (12) towards conventional organic transformations. 

 
Scheme 5: Hydroxylation of cyclohexane (12) to cyclohexanol (13) by 14 and 15.61-62Ar = aryl, Ph = phenyl 

Besides the high activation barrier of aliphatic C–H bonds, another reason for the low 

efficiency of this process was rationalized by oxidative degradation of catalyst 14. 

Specifically, the group of Chang at Michigan State University identified the problem to be 

an irreversible oxidation of the porphyrin ring resulting in inactivity of the catalyst.62 It 

was therefore envisioned, that an electron-deficient porphyrin ligand can not only increase 

the electrophilicity of the reactive oxo iron(V) species, but might also prolong the lifetime 

of the catalyst thus providing an enhanced reactivity.63 Indeed when promoted by the 

fluorinated catalyst 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP) iron (III) 

chloride (15), the yield of the oxygenated product (13) increased drastically to 71%.64 The 

presented examples are key studies in the field of cytochrome P450 model systems and 

accordingly have laid the groundwork of many future studies on site and enantioselective 

hydroxylation reactions. 

Fe(TPP)Cl =
Fe(TPFPP)Cl =

OH

N N
NN

Fe ArAr

Ar

Ar Cl

Fe(TPP)Cl (14)
Fe(TPFPP)Cl (15)

Ar = Ph
Ar = C6F5

12 13

PhIO (1.0 equiv)
14 or 15 (10-12% mol%)

large excess
Fe(TPP)Cl

Fe(TPFPP)Cl
(8%)

(71%)

(CH2Cl2)



 6 

Enantioselective Oxygenation Reactions in Organic Synthesis 

Over the past greater decade, the direct functionalization of unactivated C–H bonds has 

evolved into a compelling tool to provide precious building blocks and versatile 

intermediates in organic chemistry.65-75 The perhaps most fundamental challenge lies in 

providing sufficient selectivity emanated by the ubiquitous number of hydrocarbons in 

organic molecules.36, 76-79 With regard to sp3 C–H activation this enigma becomes even 

more complicated due to the formation of enantio- or diastereoisomers.80-83 Given that the 

vast majority of important organic molecules exhibit stereogenic centers, the development 

of chiral catalysts is essential in order to facilitate an enantioselective reaction. 

In stark contrast to the previously illustrated oxygen rebound mechanism (cf. Scheme 4), 

conventional transition-metal-catalyzed C–H activation strategies are typically engaged in 

an inner-sphere mechanism (Scheme 6, left). In these systems, the chirality is transferred 

by a chiral ligand directly coordinating to the organometallic intermediate 16 or through 

close proximity during the concerted metallonitrene or -carbene insertion 17.80-81, 84-85 

 
Scheme 6: General scheme of transition-metal-catalyzed C–H activation strategies. M = metal, L* = chiral ligand 

The situation significantly aggravates in the event of an outer sphere mechanism (Scheme 

6, right). The hydroxylation via an oxygen rebound mechanism does not involve a C–H 

insertion step, but instead the reactive oxo metallo species initiates a hydrogen atom 

transfer (HAT) from the substrate to the catalyst. Even in the case of an enantioselective 

HAT, one has to consider the lifetime of the transient radical 18, as radical epimerization 

is a fast process. Moreover, it can be envisioned that the rebound step has a substantial 

effect on the overall selectivity of the hydroxylation, comprehensively demonstrating a less 

constrained contact between the catalyst and the substrate compared to the inner sphere 

approach. Even once the hydroxyl entity is successfully installed in an enantioselective 

fashion, an additional notable issue arises, given that the newly generated stereocenter can 

be deleted by a consecutive oxidation step. Taking into account that carbon centered 

radicals adjacent to heteroatoms are well stabilized, hydroxylation reactions are intuitively 

accompanied by significant ketone formation, which unfortunately does not necessarily 

have to be a favorable kinetic resolution. 
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It becomes evident from these considerations, that the development of enantioselective 

hydroxylation reactions belongs to the most challenging transformations within the field 

of enantioselective C–H functionalization. Nevertheless, there have been numerous efforts 

to develop bioinspired chiral oxygenation catalysts.86 One popular approach to benefit from 

the apparent problem of overoxidation is realized by an oxidative kinetic resolution (OKR) 

(Scheme 7a). Although there have been several reports on the OKR of racemic alcohols 

into highly enantiomerically enriched material,87-93 it should be noted that the yield is 

inherently limited to a maximum of 50%, while the other half is transformed into an 

undesired side product. In other words, it represents the separation of two enantiomers 

executed by a transition metal catalyzed organic transformation. Most importantly, the 

kinetic resolution of a racemic alcohol does not by all means have to involve a C–H 

activation step, but can also be achieved by conventional oxidation strategies in connection 

with a chiral ligand,94-95 stereoselective hydrogenation of allylic alcohols96-97 or through 

enantioselective acylation of one of the two alcohols.98-101 As part of this work aiming to 

highlight advances in C–H oxygenation chemistry, OKRs are not reviewed in more detail. 

 
Scheme 7: General scheme of an OKR, as well as an enantioselective desymmetrization and hydroxylation reaction.  

The more elegant strategy to embed the overoxidation dilemma is pursued via a 

desymmetrization approach. In this process, the substrate exhibits an additional 

prostereogenic carbon center102 that is not affected by the oxygenation event. More 

specifically, the assignment is to distinguish between enantiotopic methylene groups to 

furnish a chiral ketone (Scheme 7b), instead of differentiation between enantiotopic 

hydrogen atoms to generate a chiral secondary alcohol (Scheme 7c). 

Along these lines, the most common chiral oxygenation catalysts engaged in 

enantioselective reactions are depicted in Figure 2. Inspired by their biological origin in 

natural enzymes, porphyrin catalysts 19 are popular catalysts for C–H functionalization 

reactions.103-105 Due to their conjugated planar carboskeleton, a straightforward way to 

introduce chirality can be accomplished by functionalization of its meso-substituents.  
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Retrosynthetically, porphyrins are often derived from a condensation reaction between an 

aldehyde and pyrrole, but cross coupling reactions from the corresponding porphyrin 

bromides are also conceivable.106-108 Chiral manganese salen complexes 20 have been 

involved in a variety of oxygenation reactions owing to their well-studied properties in 

enantioselective epoxidations and sulfoxidations.109-114 

 
Figure 2: Chemical structure of common chiral oxygenation catalysts. R* = chiral entity, Tf = trifluoromethanesulfonyl 

Recently, aminopyridine ligands 21 have received significant attention not only in 

enantioselective, but also site-selective oxygenation reactions.115-117 Of note, the 2,2'-

bipyrrolidine scaffold is sometimes replaced by a 1,2-diaminocyclohexane entity and 

derivatization of the pyridine functionalities to other nitrogen containing heterocycles has 

been reported. 

 

Chiral Porphyrin Complexes 

Encouraged by their seminal studies on oxygenation reactions with Fe(TPP)Cl (cf. Scheme 

5), Groves and co-workers reported the first enantioselective hydroxylation protocol 

(Scheme 8). Promoted by the D2-symmetric binol derived porphyrin 19a the oxygenation 

of prochiral benzylic methylene groups was investigated.118 The best result was obtained 

with tetrahydronaphthalene (22) whereupon the enantiomerically enriched (73% ee) 

alcohol 23 was isolated in 47% yield based on one equivalent of the oxidant PhIO. 

 
Scheme 8: Enantioselective hydroxylation of 22 and 24 to alcohol 23 and 25 catalyzed by the iron complex 19a.118 
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When acyclic substrates such as 2-ethylnaphthalene (24) were probed under identical 

conditions, the yield (19-40%) as well as the enantioselectivity (40-68% ee) of the 

corresponding alcohol 25 deteriorated notably. 

An important contribution to the design and synthesis of chiral porphyrin ligands was made 

by the group of Halterman.119 The chiral entity was introduced via the well-established 

Diels-Alder reaction of cyclopentadiene and benzoquinone.120 Hydrogenation of the olefin, 

reduction of the two ketone moieties and a final dehydration step furnished the aromatic 

dinorbonyl carboskeleton R* as a racemic mixture (Scheme 9).121 The prerequisite aldehyde 

for the pyrrole condensation was introduced by a Friedel-Crafts formylation122 and 

consecutively converted into a mixture of diastereomeric ketals123 thus inviting chiral 

resolution to obtain enantiomerically pure material. 

 
Scheme 9: Enantioselective hydroxylation of indane (26) to indanol (27) by the porphyrin catalyst 19b.124Bu = butyl 

With the D4-symmetric manganese porphyrin complex 19b in hand, the catalyst was 

explored in enantioselective hydroxylation reactions.124 In a stochiometric experiment, 

indane (26) was converted to 1-indanol (27) in a moderate yield and 53% ee. 4-tert-

Butylpyridine was added as an additional axial ligand, which drastically shortened the 

reaction time (e.g. from 47 h to 16 h). Although run as a non-catalytic experiment, it was 

reported that the catalyst 19b can be recovered at the completion of each reaction. 

The excellent potential of this particular porphyrin ligand for stereoselective synthesis was 

further reviewed by the group of Che.103 The ruthenium porphyrin analogue 19c was 

employed in the catalytic enantioselective hydroxylation of para-substituted ethylbenzene 

derivatives (Scheme 10), whereupon 4-ethylanisole (28) was converted into the 

enantiomerically enriched alcohol 29 (70% yield based on 20% conversion, 76% ee).125-126 

 
Scheme 10. Enantioselective hydroxylation of 4-ethylanisole (28) to alcohol 29 by the Ru-porphyrin complex 19c.125 

26
(1000 equiv)

27
53% ee

N N
NN

Mn R*R*

R*

R* Cl 19b

R* =

OH

50%
(CH2Cl2)

PhIO (100 equiv)
19b (1.0 equiv)

Nt-Bu

OHN
O

ClCl

19c (0.1 mol%)

(PhH)
N N

NN
Ru R*R*

R*

R* C
O

19c

R* =

MeOMeO
70%

(based on 20% conv.)
29

76% ee
28



 10 

Although they developed a moderately enantioselective process (62-75% ee) and the 

catalyst loading was remarkably low (0.1 mol%), it must not go unnoticed that the reported 

yields refer to reisolated starting material, of which in all cases less than one quarter was 

converted (28-72% yield based on 10-23% conversion). 

More than a decade later the Halterman ligand was readopted by the group of Simonneaux, 

who further derivatized the chiral norbornyl unit with a sodium sulfonate entity (Scheme 

11). Now operating in an aqueous media, the hydroxylation of para-bromoethylbenzene 

(30) was catalyzed by the iron porphyrin complex 19d (1.0 mol%) and 10 mol% of 

imidazole (Im) as a co-ligand to yield alcohol 31 in good enantiomeric excess (76% ee). 

The yield for this transformation seemed reasonable (47%), but it referred to one equivalent 

of the oxidant iodobenzene diacetate and excess of the substrate 30 (10 equivalents).127 

 
Scheme 11: Enantioselective hydroxylation of 30 and 22 to alcohol 31 and 23 by porphyrin catalyst 19d and 19e.127-128 

Interestingly, it was also feasible to use the related manganese porphyrin complex 19e, to 

promote the hydroxylation of tetrahydronaphthalene (22). In a catalytic experiment 

(2.5 mol%) and the substrate as the limiting reagent (5.0 equivalents of the oxidant 

hydrogen peroxide), 1,2,3,4,-tetrahydro-1-naphthol (23) was obtained in a similar yield 

(45%), but reduced enantioselectivity (43% ee).128 
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pyrrolidine 35 (Bn = benzyl) was also compatible using pentafluoroiodosobenzene as the 

stochiometric oxidant, however the corresponding hemiaminal 36 was not isolated. 

Instead, a consecutive oxidation step using the Jones reagent130 (H2SO4 and CrO3) 

furnished lactam 37 in a moderate yield over two steps and high enantiomeric excess (84% 

ee).131-132 

 
Scheme 12: Seminal studies on oxidative desymmetrizations catalyzed by manganese salen complex 20a.129, 131-132 

A related approach was pursued by the group of Murahashi, who studied the 

desymmetrization of indanols and tetrahydronaphthalenes. The manganese salen complex 

20b was employed in the enantioselective oxygenation of the tert-butyldimethylsilyl (TBS) 

protected 2-indanol (38) to furnish ketone 40 in reasonable enantiomeric excess (70% ee), 

albeit in a very low yield of 13% (Scheme 13).133 4-Phenylpyridine-N-oxide (39) was 

added as a substoichiometric additive (0.5 equivalents), which was previously reported by 

the Jacobsen group to increase the conversion as well as the reaction rate in epoxidation 

reactions catalyzed by manganese-salen complexes.134 Interestingly, after desilylation of 

40 the ketone entity can be further functionalized into a 1,2-cis-aminoalcohol,135 which in 

turn is a key intermediate in the synthesis of indinavir, a potent inhibitor of the protease of 

the human immunodeficiency virus (HIV).136-137 Further studies were devoted to explore 

the desymmetrization of disilylether 41. In a catalytic oxidative desymmetrization by the 

same complex 20b, ketone 42 was obtained in very high enantioselectivity (93% ee), but 

the reaction again suffered from a very low conversion (15%).138 

 
Scheme 13: Oxidative desymmetrization of silylether 38 and disilylether 41 to ketone 40 and 42 catalyzed by 20b.133, 138 
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Besides their efforts to examine desymmetrization reactions, Katsuki and co-workers 

explored the direct hydroxylation of benzylic methylene groups by employing the bulky 

manganese salen catalysts 20c and 20d (TBDPS = tert-butyldiphenylsilyl, Mes = mesityl 

= 2,4,6-trimethylphenyl). A highly enantioselective reaction was observed when 1,1-

dimethylindane (43) was converted into 44 (90% ee), but as often the case for 

hydroxylation reactions, it turned out to be low yielding (Scheme 14). Nevertheless, 

hydroxylation of a less constrained substrate was likewise feasible, as 4-ethylanisole (28) 

was successfully hydroxylated to furnish 29 in high enantioselectivity (87% ee). 

 
Scheme 14: Enantioselective hydroxylation of 43 and 28 to alcohol 44 and 29 by the Mn-salen complex 20c and 20d.139 

 

Chiral Aminopyridine Complexes 

Unlike porphyrin and salen ligands, aminopyridine complexes 21 and its closely related 

congeners, have only recently started to attract attention for oxygenation reactions.140 
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molecules.141-145 While it was beyond the scope of these studies to facilitate an 
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and utilizes hydrogen peroxide as an environmentally benign oxidant.153 Along these lines, 

the oxygenation of indanone 45 to diketone 47 catalyzed by the modified 

aminobenzimidazole complex 46 proceeded in exceptionally high enantioselectivity (98% 
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Scheme 15: Spirocyclic oxygenation of 45 and 48 to diketone 47 and 49 catalyzed by manganese complex 46.153 

Within this context, it was previously reported that the corresponding carboxylic acid 

additive has a substantial effect on the oxygenation reaction, probably due to formation of 

a metal peroxy acid complex.154-158 While the reaction turned out to tolerate a variety of 

simple functional groups (11 examples, 51-94% yield, 68-98% ee), the scope was 

eventually expanded to the oxygenation of tetralone derivatives (9 examples, 57-80% yield, 

77-94% ee). In this case, the best result was obtained when tetralone 48 was converted to 

diketone 49 in outstanding enantioselectivity (94% ee) and high yield. 

A closely related study was reported by the same group on the oxygenation of N-tert-

butyloxycarbonyl (Boc) protected oxindoles (12 examples, 42-67% yield, 55-91% ee) and 

the hydroxylation of 4-quinolones (9 examples, 22-41% yield, 41-63% conversion, 70-

99% ee) (Scheme 16).159 A representative example illustrates the oxygenation of an 

unsubstituted oxindole 50 to yield ketone 51 in very high enantiomeric excess (91% ee). 

The same complex 46 was applied to perform an enantioselective hydroxylation of 4-

quinolone 52 providing the secondary alcohol 53 in remarkable enantioselectivity (98% 

ee). Although the yield for the oxygenation of 4-quinolones was lower, the fact that an 

enantioselective hydroxylation was feasible is by itself an interesting observation. By 

contrast, previous efforts on enantioselective hydroxylation reactions catalyzed by 

aminopyridine ligands by the group of Bryliakov did not lead to any substantial advances 

compared to the previously described studies involving porphyrin and salen ligands.160 

 
Scheme 16: Spirocyclic oxygenation of oxindole 50 and 4-quinolone 52 to ketone 51 and alcohol 53 catalyzed by 46.159 
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Although there have been numerous well executed studies on enantioselective C–H 

oxygenation reactions, all of the above described examples exhibit a slightly activating 

group adjacent to the oxygenation site. Particularly, an aromatic substituent or a heteroatom 

appear to be inevitable to stabilize the transient carbon centered radical and provide 

sufficient reactivity. To fill this gap, the group of Costas reported the first highly 

enantioselective non-enzymatic oxidation of non-activated methylene sites. 

The substrates engaged in this process are bulky cyclohexyl amides, whereupon a highly 

site- and enantioselective oxygenation at the C-3 position of the cyclohexyl carboskeleton 

was realized (12 examples, 8-85% yield, 62-96% ee) (Scheme 17). Along these lines, 54 

(R = 2-methylbut-2-yl) can be converted into the almost enantiomerically pure (94% ee) 

ketone 56 in high yield.161 Closely related to their initial findings, the same group recently 

discovered that the enantioselective oxygenation of 4-trans-subtituted N-cyclohexyl 

amides is feasible using the same catalyst 55 (TIPS = triisopropylsilyl), however using 

acetic acid instead of cyclopropane-carboxylic acid (CPCA).162 

 
Scheme 17: Oxygenation of lactam 54 to ketone 56 catalyzed by the manganese complex 55.161 

In the light of aliphatic oxygenations, Costas and co-workers very recently disclosed an 

intriguing enantioselective lactonization reaction. Specifically, adamantylacetic acid (57) 

was found to undergo a site-selective reaction to yield highly enantiomerically enriched 

lactons 58-60 (Scheme 18, TFE = trifluoroethanol).163 The transformation turned out to be 

highly dependent on the choice of the aminopyridine complex and the substituent at the C-

3’ position of the adamantyl carboskeleton. Substrates containing an oxygen, nitrogen or 

chloro substituent (such as 57a, R = NHCOt-Bu) underwent lactonization to the proximal 

position (58a = 96% ee) when catalyzed by the bulky complex 21a (TIBS = triisobutylsilyl) 

(6 examples, 28-57% yield, 88-99% ee). In stark contrast, when the less rigid catalyst 21b 

was employed for the same series of substrate, the strained lacton 59a (94% ee) was formed 

as the major product (6 examples, 23-39% yield, 88-94% ee). As soon as alkyl or aryl 

substituents were introduced (57b, R = Ph), the reactive site relocated to furnish lacton 60b 

(95% ee), preferably by using manganese complex 21b [10 examples, 46-73% yield, 95-
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Scheme 18: Enantioselective lactonization of adamantylacetic acid (57) to lactons 58-60 catalyzed by 21a and 21b.163 

The lesson learnt from this chapter is that the catalytic oxidative desymmetrization as well 

as enantioselective hydroxylation reactions are generally feasible to yield optically 

enriched material. For this purpose, a variety of different porphyrin, salen and 

aminopyridine derivatives have been employed. Regarding the former transformation, the 

perhaps most efficient methodology was developed by the group of Wei Sun, who was able 

to provide dense, highly enantiomerically enriched spirocycles.115, 153, 159 Furthermore, 

Costas has provided an enantioselective protocol for the synthesis of cyclohexanones 

carrying a bulky amide at the C-3 position.161 As for the hydroxylation of benzylic 
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of the alcohol the formation of the ketone becomes predominant.164 Therefore, a high 

substrate turnover is sometimes not even desirable given that re-isolation of unreacted 

starting material is commonly preferred over formation of an overoxidized side product. 

To circumvent overoxidation, adding excess of the substrate and using one equivalent of 

the oxidant turned out to be a reliable strategy. Stated another way, the reaction is 

terminated due to the lack of oxidant before larger amounts of ketone can be formed. 
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Site-selective Oxygenation Reactions Directed by Molecular Recognition 

Although the outstanding enantioselectivity belongs to the most admired features of 

enzymatic reactions, it is often the site-selectivity that turns out to be the most useful 

catalytic property. Even if a chemical reaction is not highly enantioselective, there are often 

opportunities to increase the enantiomeric excess of the desired product a posteriori 

(Scheme 19a).165 Common techniques involve co-crystallization with a chiral additive, 

chiral resolution (either kinetically or induced via chemical derivatization) or simply 

preparative column chromatography on a chiral stationary phase. The differentiation 

between reactive sites, however, appears to determine the general utility of a chemical 

transformation. Specifically, if the reaction does not proceed at the desired position, the 

undesired constitutional isomer is often useless due to its significantly altered physical or 

chemical properties (Scheme 19b). Furthermore, possibilities to convert the side product 

into the desired compound will involve - if at all feasible - additional synthetic steps. 

 
Scheme 19: Challenges and opportunities in enantioselective (a) and site-selective (b) C–H functionalization. 

Within this context, natural enzymes possess the unique ability to elegantly overcome site-

selectivity problems by precoordination of a given substrate. Such a scenario constitutes 

the precise exposure of a single C–H bond towards its catalytically active site, while an 

undesired oxidation is prevented by spatial distance.38, 166-168 The structural complexity of 

these biocatalysts introduces a series of attractive and repulsive non-covalent interactions 

of weak nature, therefore allowing catalytic turnovers via a reversible association. The 

major caveat, however, is manifested by a typically very narrow substrate scope, 

sometimes limited to a single compound providing the required shape to squeeze into the 

catalytic cleft of a particular enzyme. 

As previously stated, establishing high site-selectivity in C–H activation chemistry remains 

a fundamental challenge.76-77, 169 In order to be able to direct or even predict site-selectivity 

in non-enzymatic reactions, the key question that needs to be pointed out carefully is: What 

are the main objectives that drive selectivity in an organic transformation?36, 78-79, 170 
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The arguably most commonly used and perhaps even most intuitive aspect is the influence 

of sterics (Scheme 20). Similar to conventional organic transformations, if a potential 

electrophilic site exhibits a sterically demanding chemical environment, it will become 

exceedingly difficult for any appropriate nucleophile to attack. The same holds true for C–

H oxygenation chemistry and as a result, particularly in the case of bulky transition metal 

complexes, the most accessible C–H bond will be functionalized (FG = bulky, 

electronically innocent substituent).143, 171-172 Secondly, electronic factors play a crucial 

role, especially in C–H oxygenation reactions.173-174 As part of the Curtin-Hammett 

principle the outcome of a chemical reaction is not obligatorily driven by the stability of 

reactive conformations assuming they interconvert rapidly.175 Instead, the generated 

product is a reflection of the rate-limiting transition state, which exhibits the lowest energy 

and is therefore most accessible. In the case of oxygenation reactions, several experimental 

studies have provided evidence for a rate-limiting initial hydrogen abstraction.51, 53, 56-60 

Therefore, the most-stabilized carbon centered radical will determine the reactive site due 

to its lowest bond dissociation energy (BDE) (FG = heteroatom or aryl substituent).  

 
Scheme 20: Selectivity aspects in the functionalization of unactivated C–H bonds. FG = functional group 
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coordinating groups, which stabilize the adjacent metal insertion intermediate in a 5- or 6-
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developed in the field of photoredox chemistry, where a 1,5-HAT generates a highly 

reactive carbon centered radical thus introducing interesting possibilities to access 1,4-
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Although many of the directed oxygenation approaches have demonstrated a remarkable 

synthetic potential,186 their applications are limited to a 1,3-functionalization. In order to 

imitate biological systems more appropriately, the utility of non-covalent interactions 

provides an attractive opportunity to selectively functionalize C–H bonds.187-191 Despite 

the fact that many of these interactions have been extensively studied for enantioselective 

catalysis,192 e.g. chiral Brønsted or Lewis acids,193-195 hydrogen bonding196-200 or ion 

pairing,201-204 examples remain scarce where regio- and site-selectivity issues were 

sufficiently addressed.188 While it is beyond the scope of this work to review all the 

numerous well-executed efforts, this thesis aims to highlight milestones in oxygenation 

reactions directed by supramolecular recognition.205 

The general prerequisite for supramolecular communication is a preinstalled recognition 

group at a given substrate 61 to invite an attractive interaction (Scheme 21). Regardless of 

the nature of this interaction, the counterpart can either be attached to a stoichiometric 

complexing reagent or covalently linked to the catalyst. In the former case, the substrate-

catalyst complex 62 establishes steric shielding of a designated area whereupon a chemical 

reaction is prevented. However, in order to ensure complete deactivation, it will most likely 

be necessary to add a superstoichiometric amount. 

 
Scheme 21: Site-selective C–H functionalization directed by supramolecular recognition. 

The more elegant operation is realized by a bifunctional metal complex exhibiting a 

catalytically active center, as well as a remote molecular recognition device. Along these 

lines, a suitable substrate will be anchored via non-covalent interactions forming complex 

63, whereupon the substrate is aligned in a position, where only a very limited number of 

C–H bonds are exposed towards the catalytically active metal center. The major caveat, 

however, often lies in the complex synthesis of these catalysts. 
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Hydrophobic Interactions 

Preliminary studies involving non-covalent interactions for site-selective hydroxylation 

reactions were disclosed by the group of Groves. A manganese porphyrin complex was 

decorated with four linear cholic amides and subsequently incorporated into a lipid 

bilayer.206-207 Due to the high organization of hydrophilic and lipophilic residues in aqueous 

solution, the hydroxylation of cholesterol proceeded exclusively at the hydrophobic 

terminal alkyl chain pointing directly to the catalytically active center. Unfortunately, 

owing to the very strong binding affinity of the substrate-catalyst-complex, dissociation of 

the product was inhibited and therefore prevented a catalytic turnover. Along these lines, 

Grieco and co-workers investigated the site-selective hydroxylation of steroids that were 

covalently linked to a porphyrin catalyst. Although the selectivity during this 

transformation was remarkable, it resembles an intramolecular reaction and accordingly 

failed to provide a catalytic approach.208-210 

 

Figure 3: General model structure of cyclodextrin and chemical structure of cyclohexaamylose (α-CD). 

The arguably most-commonly pursued strategy to introduce non-covalent interactions in 

supramolecular catalysis involves the use of cyclodextrins. Their wide-spread availability 

as well as well-established procedures for further derivatization have made them a 

powerful tool for biomimetic catalysis.211-215 Cyclodextrins are a class of cyclic 

oligosaccharides composed of glucose monomers, which exhibit a hydrophobic cavity 

surrounded by polar hydroxyl groups (Figure 3). In aqueous solution the hydroxyl groups 

are orientated to the outside and can either react with an eligible substrate or be used to 

attach catalytic functional groups. Interestingly, the hydrophobic cleft in the inside of the 

cyclodextrin provides a high amplification affinity to non-polar organic molecules.216 The 

most commonly used isomers consist of 6 (α-CD), 7 (β-CD) or 8 (γ-CD) glucose subunits 

and vary in size thus offering different binding properties depending on the geometry of 

the substrate. 
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As an undisputable pioneer within the field of biomimetic catalysis Breslow and co-

workers extensively studied the catalytic properties of porphyrin complexes attached to 

cyclodextrins.215, 217 In their seminal report on selective epoxidation reactions,218 

geometrical effects of the substrate-catalyst-complex were carefully examined, which 

comprehensively illuminated the unique binding mode. Specifically, the oxidation rate of 

the trans-stilbene derivative 64a relative to its closely related congener 64b was studied, 

whereas the only difference between these substrates lays in the para-nitrophenyl 

substituent of 64a (Figure 4). The porphyrin catalysts engaged in these reactions were 

flanked by aryl substituents, which are covalently linked to a β-cyclodextrin moiety. In 

particular, a tetra-substituted porphyrin 65, as well as the di-trans-substituted and the di-

cis-substituted porphyrins 66 and 67 were probed. 

 
Figure 4: Structure of the stilbene derivative 64 engaged in selective epoxidation catalyzed by 65a, 66 and 67.218 

Remarkably, the para-nitrophenyl group revealed an exceptional binding affinity towards 

β-cyclodextrin. A relative rate of k64a/k64b = 50 was observed for the epoxidation catalyzed 

by complex 65a exhibiting a simple 1,4-phenyl linker between the porphyrin scaffold and 

the cyclodextrin. Addition of 2.5 equivalents of adamantyl carboxylic acid was found to be 

essential to ensure selectivity, probably due to coordination to the axial position of the 

reactive oxo manganese(V) species, which in turn prevents an unselective epoxidation.219 

Interestingly, when the di-trans-substituted porphyrin 66 was employed, the relative rate 

remained unaffected. However, as soon as the di-cis-substituted complex 67 was subjected 

under otherwise identical conditions, the relative rate decreased by a factor of four clearly 

suggesting that the substrate is preferably aligned in a linear shape. 

Encouraged by these results, Breslow and co-workers started to investigate the site-

selective hydroxylation of the andostrane-3,17-diol carboskeleton 68 (Scheme 22). The 

two hydroxyl groups were functionalized with a linear ester carrying a tert-butylphenyl 

recognition group, which was envisioned to fit into the hydrophobic cavity of β-CD, as 

well as a sulfonate chain to warrant solubility in water. 
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In their initial studies, the prefunctionalized substrate 68a was subjected to a hydroxylation 

reaction catalyzed by 65a (10 mol%) and the products were carefully examined after a 

subsequent hydrolysis step.220-221 In this context, it was an intriguing observation, that the 

C-6 oxygenated triol 69 was identified as the only product in a total yield of 40% along 

with 60% of recovered starting material 68b. If one of the two recognition groups was 

omitted (R = H) or the geometry was altered (i.e. elongation via incorporation of additional 

methylene groups), the selectivity of this transformation deteriorated dramatically to yield 

a complex mixture of several oxygenated products. 

 
Scheme 22: C-6 site-selective hydroxylation of andostrane-3,17-diol 68a catalyzed by complexes 65a and 65b.220-222 

The relatively low activity of only four catalytic turnovers was attributed to an oxidative 

degradation of the catalyst and accordingly, the group of Breslow sought for possibilities 

to increase the stability of the catalyst. Along these lines, the perfluorinated porphyrin 

complex 65b turned out to be substantially more robust63 and with only 1.0 mol% under 
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note, the turn over number (TON) could be further increased to up to 187 by lowering the 

catalyst loading to 0.1 mol%, albeit at only 19% conversion. The significant effect of the 

aryl linker at the porphyrin catalyst 65 was later further investigated by introducing an 

ortho-nitrophenyl substituent as well as an intramolecularly coordinating pyridine group, 
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hypochlorite or hydrogen peroxide with TONs of up to 15.224 
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poor solubility in water. Either way, the lack of reactivity of the unbound substrate 68b is 

crucial in order to eliminate any background reactions that would lead to a diminished 

selectivity. Most importantly, the oxidation of steroidal alcohols with high concentration 

of related metalloporphyrins results in predominant formation of the corresponding ketone. 

Indeed, the reaction proceeds without any notable ketone formation, suggesting that the 

axial 6β-hydrogen atom points away from the active center, whereupon a consecutive 

hydrogen abstraction becomes unlikely. 

 
Figure 5: Proposed transition state for the site-selective hydroxylation of 68a catalyzed by 65a. 

While the high selectivity observed in this transformation is impressive, the hydroxylation 

at the C-6 carbon center was of no substantial synthetic value. Based on molecular 

modeling, it seemed possible to relocate the hydroxylation to the C-9 carbon center. This 

would be highly interesting, given that the dehydrated 9,11-unsaturaed steroid is a key 

precursor for the synthesis of 9-fluorocorticosteroids,225-228 however the at this point only 

method to access the C-9 carbon center was via biological fermentation.229-230 

 
Scheme 23: Site-selective hydroxylation of triester 70 to tetraol 71 catalyzed by the perfluorinated catalyst 65b.231 

In a remarkable follow-up approach, the consecutive hydroxylation of triol 69 was 

investigated.232 As soon as 69 was tagged with a third recognition group, the corresponding 

triester 70 was selectively converted into tetraol 71 if 1.0 mol% of the perfluorinated 

catalyst 65b were employed (Scheme 23).231 As opposed to previous studies, it was 

envisioned that rotation of the linear bound complex 68a·65a was now prevented as soon 

as a third anchor was installed. Along these lines, the axial 9β-hydrogen atom is perfectly 

exposed towards the catalytically active center.  
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The observed highly selective consecutive reaction raised the question, whether a selective 

9β-hydroxylation is feasible by changing the geometry of the binding mode. It was 

anticipated that by omitting the C-17 ester, 3,6-functionalization of 6-hydroxyandrosterone 

(72b) will induce an angular binding mode that prevents any rotation. Preliminary 

experiments with substrate 72a and 65b as the catalyst exhibiting the established 1,4-

tetrafluorophenyl linker indeed delivered triol 73, however, with almost equal amounts of 

the C-15 hydroxylated product.233 The authors suggested a notable change in geometry was 

necessary in order to bring the catalytically active metal center closer to ring B of the 

steroid scaffold. The first effort involved the meta-functionalized porphyrin complex 65c 

(1,3-phenyl linker), whereupon 73 was obtained as an exclusive regioisomer, albeit with 

less than 3 turnovers, before the catalyst was destroyed (Scheme 24). Having in mind that 

electron withdrawing aryl substituents can significantly increase catalytic turnovers, the 

modified, electron-poor catalyst 65d was probed under otherwise identical conditions, 

eventually increasing the TON to up to 90. 

 
Scheme 24: Selective hydroxylation of the 6-hydroxyandrosterone 72a to triol 73 catalyzed by 65c and 65d.233 

In a final report by the group of Breslow, further experiments were devoted to study the 

geometrical influence of the aromatic binding groups to direct the hydroxylation to other 

positions within the steroidal carboskeleton. The initial idea was to truncate the tert-butyl 

phenyl group of the C-3 ester to a simple tert-butyl moiety (R1 = t-Bu), while concomitantly 

inserting an additional phenyl linker at the C-17 ester (Figure 6).231 When substrate 74a 

was subjected to the established oxygenation protocol using catalyst 65b, the major product 

was the 7β-alcohol 75 accompanied by minor amounts of the previously obtained triol 69 

as well as the 15α-hydroxylated product 76 (69/75/76 = 20/60/20). The lack of selectivity 

was rationalized by a too flexible diphenyl group, potentially rotating while binding to β-

cyclodextrin. Accordingly, a 1,4-xylyl linker was incorporated into substrate 74b. Indeed, 

the outcome changed drastically, as formation of 75 was entirely suppressed instead a 1 to 
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1 mixture of 69 and 76 was obtained. A final attempt to increase the selectivity was pursued 

by changing the tert-butyl group to a bulkier adamantyl group (R1 = Ad), as they are known 

to bind more than 60 times stronger to β-cyclodextrin. Anticipating that a tighter binding 

might improve selectivity, 74c was probed in the hydroxylation reaction whereupon a 

preferred hydroxylation at C-15 was observed (69/75/76 = 33/-/67). 

 
Figure 6: Selective hydroxylation of triester 74 depending on the hydrophobic binding groups R1 and R2. 

In summary, Breslow’s studies serve as a compelling demonstration on how 

supramolecular catalysts can gain control over site-selectivity in the C–H hydroxylation of 

complex steroids. The highly selective 6α- and 9α-hydroxylation was accomplished by 

carefully adjusting the geometry of the substrate-catalyst-complex, as well as by increasing 

the rigidity of the proposed binding mode. The price to pay are elaborate and super-sized 

catalysts as well as sophisticated recognition groups. Moreover, some transformations 

provide vivid examples on how marginal changes can dramatically affect the binding mode 

in a sometimes unpredictable manner. 

 

Chelating and Complexing Interactions 

Apart from cyclodextrins, the group of Breslow explored the possibility to utilize metal 

coordination as a recognition element. In their seminal work on epoxidation reactions, the 

manganese salen complex 77 was prepared, which is decorated with two bipyridine 

moieties hence enabling the complexation of copper(II) ions (Figure 7).234-235 Along these 

lines, an olefin equipped with a suitable recognition group was preferentially oxidized over 

a non-binding substrate.236 As proposed by the authors, the fast ligand exchange of first-

row metal coordination complexes provided a high catalytic turnover. 
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Encouraged by these results and keeping in mind the outstanding selectivity that was 

accomplished with supramolecular porphyrin complexes exhibiting cyclodextrin 

recognition elements, the manganese porphyrin complex 78 as well as the fluorinated 

congener 79 were prepared.237-238  

 
Figure 7: Structure of the manganese salen complex 77 and the two manganese porphyrin catalysts 78 and 79. 

The search of an appropriate recognition group to be attached to the steroid scaffold led to 

a 2,2’-bipyridinyl-5-carboxylate, given that other metal coordinating groups such as 

picolinate, nicotinates as well as pyridinylhydrazones and hydroxyquinoline were not 

stable under the oxidizing conditions. When the C-17 ester 80a was probed in a first 

hydroxylation experiment, a geometrically controlled hydroxylation lead to the formation 

of the secondary alcohol 81a, the corresponding overoxidized ketone and the regioisomer 

82a in a 50/35/15 ratio (Scheme 25).237 Although the observed site-selectivity was 

relatively high, as much as 50 mol% of 78 were necessary to convert 20% of the substrate. 

A control experiment was performed, in which the bipyridinylcarboxylate 80a was 

replaced by benzoate 80b. Interestingly, without any possibility of metal coordination, the 

reactive site relocated from ring D to the C-5 and C-6 carbon center at ring B. It is therefore 

suggested that complexation of the copper ions by both the substrate and the catalyst, 

directs the oxygenation to a position in close proximity to the C-17 recognition ester.  

 
Scheme 25: Site-selective oxygenation of 2,2,-bipyridinyl-5-carboxylate 80a to alcohol 81a and 82a.237 

A different approach was conceived when the respective C-3 ester was employed in a 

slightly more concentrated reaction mixture. Substrate 83a appeared to be less reactive, 

whereupon the oxidant was added in six portions (10 equivalents every hour) until the 

conversion of 83a has entirely ceased.  
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Under these conditions, a site-selective transformation to the 6α-alcohol 84a was observed, 

albeit with significant amount of the ketone 85a, the product of over-oxidation (84a/85a = 

37/63) (Scheme 26). Once again, a control experiment in which the corresponding C-3 

benzoate 83b was employed under otherwise identical conditions, led to an unselective 

oxygenation at C-6, C-7, C-12 and C-14 at 27% conversion.  

 
Scheme 26: Site-selective oxygenation of 2,2,-bipyridinyl-5-carboxylate 83a to alcohol 84a and ketone 85a.237 

The relatively poor catalytic performance in this biomimetic study was attributed to two 

major restrains. On one hand, the nitrogen atoms of the 2,2’-bipyridinyl-5-carboxylates 

80a and 83a as well as those at catalyst 78 are easily oxidizable. Once the corresponding 

N-oxides are formed there will be a retarded coordination to the metal center, which will 

likely result in an unselective reaction. On the other hand, it seems safe to assume that the 

lack of catalytic turnovers is closely related to the general lability of catalyst 78, given that 

previous studies involving cyclodextrin recognition group revealed that incorporation of 

aryl fluorides can significantly increase the robustness of the catalyst.63-64, 222  

 
Scheme 27: Site-selective hydroxylation of diphosphate 68c by manganese porphyrin complex 79.238 

With this in mind, both aspects were successfully tackled in a follow-up approach by the 

same group.238 Andostrane-3,17-diol 68 was functionalized with two α-phosphonoacetyl 

recognition groups and subjected to a modified oxygenation procedure using the 

fluorinated manganese porphyrin 79 (Scheme 27). Besides the improved stability, it was 

envisioned that the two trans recognition groups in 68c can help to provide a more 

constrained linear binding mode, as opposed to four recognition groups potentially 

allowing angular binding via two cis bipyridine groups 
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Indeed, 79 catalyzed the hydroxylation of the steroidal carboskeleton 68c at a specific side. 

Similar to the cyclodextrin studies, triol 69 was isolated as the major product after a 

subsequent hydrolysis step in a relative selectivity of 90% over other, unidentified oxidized 

products. The TON increased to 32, which supported the hypothesis of 79 being a more 

robust catalyst. Nevertheless, both the selectivity as well as the catalytic activity were not 

quite as efficient as in the case of the cyclodextrin directed approach and accordingly no 

further efforts were made to improve the metal coordination directed strategy. 

As previously alluded to, the group of Costas is primarily interested in the oxygenation of 

unactivated C-H bonds.239 Their most commonly employed catalysts involve manganese 

aminopyridine complexes 21 which often carry a bulky substituent at the C-5 position of 

the pyridinyl moiety (Figure 8). As a recent supplement to this type of catalysts, the 

elaborate complex 21d was synthesized, carrying an 18-benzocrown-6 ether recognition 

device. The authors anticipated, that non-covalent binding to primary ammonium ions can 

induce a geometrically controlled oxygenation at a distinct remote position.77, 172, 240-241 

 
Figure 8: Structure of aminopyridine complexes 21. 21d carries a 18-benzocrown-6 ether recognition element.242 

At the outset, decylammonium tetrafluoroborate (86) was envisioned to be a suitable 

substrate for this approach. The non-directed oxygenation catalyzed by the simple 

manganese aminopyridine complex 21a (1.0 mol%) delivered a mixture of oxygenated 

products in 34% yield (C-3 to C-9 ketone). The carbon centers located close to the 

protonated amine turned out to be less reactive (<15% selectivity for the C-3, C-4 and C-5 

ketones), while the terminal, easier accessible carbon centers produced favorably the C-8 

ketone 87 and the C-9 ketone 88 (53% selectivity for 87 and 88) (Scheme 28). Introducing 

a bulky TIPS moiety at the catalyst 21c had no notable effect on the product distribution. 

When the crown ether 21d was employed under otherwise identical conditions, the 

selectivity for the distal ketones 87 and 88 increased (81% selectivity), suggesting that 

supramolecular recognition is responsible for the preferred oxygenation at the remote 

position. In order to examine this hypothesis more carefully, a set of control experiments 

were performed. 
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Scheme 28: Site-selective oxygenation of decylammonium ion (86) directed by molecular recognition.242 Et = ethyl 

Addition of dibenzo-18-crown-6 ether to the undirected reaction did not alter the 

selectivity, clearly suggesting that a simple binding of the substrate to the crown ether does 

not relocate reactive site. However, addition of Ba(ClO4)2 to the directed approach 

suppressed any selectivity effects due to saturation of the receptor binding group. Along a 

similar line, introducing N-methyl groups to the substrate prevented amplification to the 

catalyst 21d and resulted in a deteriorated selectivity. Finally, when prolonging the linear 

carbon chain of the substrate, the selectivity for the C-8 and C-9 position was maintained 

as long as 21d was utilized, while the oxygenation promoted by catalyst 21a continued to 

deliver the most accessible terminal ketones. Conclusively, it seems very likely that the 

protonated decylamine 86 is anchored by the remote crown ether of 21d whereupon carbon 

C-8 and C-9 are directly exposed towards the catalytically active metal center 89. A 

preferential oxidation of one of the two carbon centers was not observed, probably owing 

to the high flexibility of the linear catalyst substrate complex. Inspired by Breslow’s 

competing experiments,236 a follow up approach by the same group revealed that a very 

high substrate selectivity can be achieved. For example, menthyl acetate is preferentially 

oxidized by catalyst 21a (the ratio of the corresponding products was 80/20). In stark 

contrast, when 21d was employed the outcome changed dramatically and a reversed 

selectivity was observed  (product ratio = 2/98).243 

 

Hydrogen bonding 

Although hydrogen bonding has found numerous applications in catalytic reactions, they 

were predominantly implemented to control enantioselectivity.187, 197-199 For instance, our 

own group has a rich history in enantioselective photochemical reactions,244 which are 

controlled by two-point hydrogen bonding.200 Particularly, chiral lactams derived from 

Kemp’s triacid245 were extensively studied,246-251 which in turn were inspired by Rebek’s 

seminal molecular recognition studies.252-256 Following these pioneering studies, the group 

of Crabtree sought for a possibility to induce a site-selective oxygenation reaction 
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controlled by a structurally related non-covalent interaction. The respective carboxylate 

obtained from the same carbon scaffold was utilized as a hydrogen bonding motif,257-260 

and was eventually tethered to a catalytically active metal center. In this context, it was 

previously reported, that the di-µ-oxo dimanganese complex 90a features outstanding 

catalytic properties to oxidize C–H bonds using Oxone (peroxomonosulfate) as a 

stoichiometric oxidant (Figure 9).261-262 

The Rebek type imide 91 was eventually functionalized with a terpyridine ligand, spatially 

divided by a 1,4-phenyl linker. Metal insertion was performed by using manganese(II) 

chloride while a subsequent oxidation with Oxone furnished the active catalyst (91)Mn(µ-

O)2Mn(91) (90c).263 As opposed to 90b (R = Ph) being incapable of any supramolecular 

communication, it was envisioned that the carboxylate 90c (R = molecular recognition 

element derived from 91) can dock a suitable substrate via hydrogen bonding thus 

introducing a site-selective oxygenation at the di-µ-oxo dimanganese center. 

 
Figure 9: Structure of the highly oxidizing di-µ-oxo dimanganese complex 90 and the bifunctional ligand 91. 

Ibuprofen (92) was anticipated to be a promising substrate, given it is decorated with an 

eligible recognition group and exhibits two benzylic methylene sites. The undirected 

oxygenation catalyzed by complex 90b and tetrabutylammonium Oxone (TBAO) 

furnished ketone 93 in an already relatively selective transformation (93/94 = 78/22) at 

54% conversion (Scheme 29). The corresponding regioisomer was proposed to be 94, as 

hydroxylation adjacent to the carboxylate induced a spontaneous decarboxylation. When 

90c was employed, the observed selectivity increased drastically and virtually exclusive 

formation of 93 was observed (93/94 = 99/1, at 53% conversion). 

 
Scheme 29: Site-selective oxygenation of ibuprofen (92) by the di-µ-oxo dimanganese catalysts 90b and 90c.263 

In order to confirm whether indeed simple hydrogen bonding is responsible for the 

enhanced reactivity, further mechanistic studies were conducted involving acetic acid as a 

superstoichiometric additive (4.0 equivalents). Interestingly, protonation of the carboxylate 

prevented any hydrogen bonding, whereupon the selectivity was lost (93/94 = 75/25, 58% 
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conversion at 20 °C when catalyzed by 90c), clearly indicating that the carboxylate directs 

the oxygenation to a designated site. In this context, molecular modeling using the X-ray 

parameters derived from 91 were in line with the proposed transition state 95 (Figure 10), 

where indeed the isobutyl moiety is directly exposed to the active metal center.264 As a 

final remark, the TON of complex 90c can substantially be increased to up to 710 turnovers 

by lowering the catalyst loading (0.1 mol%) to circumvent any oxidative degradation as 

well as using deuterated acetonitrile as the solvent to prevail hydrogen abstraction of the 

solvent. 

 
Figure 10: Proposed transition state 95 for the hydrogen-bond-mediated oxygenation of ibuprofen (92). 

Encouraged by the remarkable selectivity in the oxygenation of ibuprofen (92) the authors 

studied the hydroxylation of (4-methylcyclohexyl)acetic acid (96). In a competing 

experiment, the 1,4-trans-isomer 96 and the 1,4-cis-isomer 96’ were subjected to a non-

directed oxygenation catalyzed by 90b. None of the two diastereoisomers seemed to show 

a higher reactivity towards the hydroxylation and equal amounts of 97 and 97’ were formed 

at 19% conversion (Scheme 30). As soon as a molecular recognition group was introduced 

by using catalyst 90c, the observed reactivity was significantly altered and the 

corresponding axial alcohol 97 was obtained almost exclusively (97/97’ = 99/1, 18% 

conversion). 

 
Scheme 30: Hydroxylation of cyclohexyl acetic acid 96 and its diasterisomer 96’ to secondary alcohols 97 and 97'. 

Inspired by the work of Breslow236, 238 and Costas,242 the group of Higuchi very recently 

disclosed the preparation of the ruthenium porphyrin catalyst 98 (Figure 11). While 

equipped with two electron withdrawing pentafluorophenyl substituents to sustain 

oxidative degradation, two additional pyridinyl-2,6-diamide groups were installed in 98b 

to invite three-point hydrogen bonding.265 
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Figure 11: Structure of ruthenium porphyrin catalyst 98 and linear substrate 99.265i-Pr = isopropyl 

A suitable counterpart for their concept was envisioned to be the linear tetradecyl substrate 

99, which carries a molecular recognition group on each of its terminal ends. The major 

products in the directed oxygenation of 99 catalyzed by the ruthenium complex 98b (1.0 

mol%) and 2,6-dichloropyridine-N-oxide, were identified as the corresponding C-5, C-6 

and C-7 ketones in an overall yield of 55% (Scheme 31). Favorably, the C-7 ketone 100 

was formed in a relative selectivity of 74% over the C-5 and C-6 ketone (r.r. = 74/26). 

 
Scheme 31: Site-selective C-7 oxygenation of 99 catalyzed by ruthenium porphyrin 98.265DCE = 1,2-dichloroethane 

The undirected oxygenation with 98a as the catalyst lead to a sluggish reaction (11% yield) 

and failed to provide a notable selectivity as almost equal amounts of the three products 

were formed (r.r. = 45/55). It becomes apparent that hydrogen bonding not only influences 

selectivity, but also appears to have a rate acceleration effect. More specifically, the actual 

yield of 100 is 8-fold higher as soon as non-covalent interactions are involved to guide the 

reaction to a specific site (5% with 98a vs. 41% with 98b). The dramatic effect on the yield 

can be rationalized by a tightly bound quinozaline-2,4-dione to the pyridine diamide 

spanning the linear carbon chain over the ruthenium porphyrin, whereupon the C-7 carbon 

atom is precisely exposed towards the oxo ruthenium species266 (Figure 12). In line with 

the proposed model 101, detailed kinetic experiments revealed that the initial rate for a 

reaction catalyzed by 98b is more than 3-fold higher than for the undirected approach (3.9 

vs. 1.2 × 10-3 mmol L-1 min-1). 

As previously stated, our group has been involved in hydrogen-bond directed catalysis for 

more than two decades.200 Primarily focusing on photochemical reactions, the concept of 

supramolecular recognition commenced with the synthesis of the lactam 102.267 In these 
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systems, the chiral hydrogen bonding site was installed at the incipient imide group, while 

the carboxylate, later used by the group of Crabtree,263-264 was derivatized into a sterically 

demanding tetrahydronaphthalene unit (Figure 12). Along these lines, lactam 102 is a 

textbook example for a chiral complexing agent (cf. Scheme 21). Coordination to a suitable 

substrate, typically planar, prochiral amides, provides notable enantioface differentiation 

due to steric shielding by the rigid heteroaromatic tricycle.268-273 Specifically, the [2+2]-

photocycloaddition of 4-methoxyquinolone (103) and an appropriate olefin 104 proceeds 

almost exclusively at the more accessible re face (relative to carbon C-3).269 The intuitive 

drawback, however, correlates to the fact that significant amounts of 102 had to be added 

to the reaction mixture (typically around 2.5 equivalents), in order to achieve high 

enantioselectivity (>90% ee). 

 
Figure 12: Structure of the chiral lactam 102 coordinating to quinolone 103 and the Ru-porphyrin complex 105. 

Encouraged by our seminal work on enantioselective photocatalysis, we focused our 

attention on the development of chiral transition metal catalysts equipped with a 

comparable binding site. Similarly to the work of Rebek, the group of Deslongchamp 

explored elaborate imines in molecular recognition studies.274-276 The anticipated 

advantage of the slightly altered octahydro-1H-4,7-methanoisoindol-1-one skeleton 105 

was a less rigid structure compared to the previously used 1,5,7-trimethyl-3-

azabicyclo[3.3.1]nonan-2-one scaffold 102, which indeed has failed to provide a high 

enantioselectivity in preliminary sulfoxidation experiments.277 As opposed to the chiral 

complexing agent, where a constrained binding mode of the substrate is favorable, a 

catalytically active metal center demanded more spatial flexibility for a functional group 

to be transferred. The chiral ruthenium porphyrin complex 105a emerged from these ideas 

and conclusively demonstrated its remarkable potential for enantioselective catalysis in the 

epoxidation of 3-vinylquinolones.278-279 

Our initial discoveries, as well as related studies using a chiral rhodium catalyst with the 

same binding motif,280-281 prompted us to further investigate the direct oxygenation of 

methylene groups. In order to provide a more robust catalyst, the porphyrin substituents 
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were exchanged  by pentafluorophenyl groups.63 Spirocyclic oxindoles 106 appeared to be 

a valid starting point for the envisioned oxygenation, because of its structural similarities 

to the previously employed quinolones. Closely related to the later reported study by the 

group of Sun,159 we aimed for a desymmetrization via direct C–H oxygenation to ketone 

107.  

 
Scheme 32: Enantioselective oxygenation of spirocyclic oxindoles 106 by the ruthenium prophyrin catalyst 105b.152 

As anticipated, the oxygenation of 106 using the modified catalyst 105b and 2,6-pyridine-

N-oxide as the oxidant furnished the desired product 107 in exceptional enantioselectivity 

(94% ee) and a reasonable yield of 50% (Scheme 32).152 In some cases, overoxidation to 

the corresponding ketone was realized by a consecutive oxidation step using pyridinium 

chlorochromate282-283 or Swern conditions284-285 (9 examples, 48-70% yield, 38-94% ee). 

The proposed catalytic cycle for the enantioselective oxygenation is depicted in Figure 13. 

 
Figure 13: Proposed catalytic cycle for the enantioselective oxygenation of 111 catalyzed by 105b. 

It is generally accepted that the ruthenium carbonyl complex 105b is a valid precatalyst, 

which is subsequently oxidized by 2,6-dichloropyridine-N-oxide to the oxo ruthenium 

complex 110.286 Upon coordination of oxindole 111 to the active catalyst 110 via two-point 
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hydrogen bonding, the substrate is located at a position, where one of the two methylene 

sites in 108 is directly exposed to the active center thus inviting the initial hydrogen 

abstraction. At this stage, an experimentally derived kinetic isotope effect of 6.1 supported 

the hypothesis of a rate-limiting C–H scission. A consecutive rapid rebound mechanism is 

anticipated to eventually furnish the hydroxylated product 112, which is finally released to 

close the catalytic cycle. Mechanistically, it seems likely that the catalytic cycle is mediated 

by highly active ruthenium(III) 109 and oxo ruthenium(V) 110 species, instead of trans 

dioxo ruthenium(VI) and oxo ruthenium (IV) porphyrin complexes.266 Of note, 113 is not 

the final product and can undergo a second catalytic cycle to ultimately deliver the desired 

ketone. Although an enantiomerically enriched product 113 is a possible intermediate as 

later shown by our group on a geometrically very similar substrate,287 it was envisioned 

that 113 can undergo a retro-aldol cleavage whereupon the stereoinformation would be 

lost.288 

The presented overview aims to illustrate how the precise orientation of a distinct substrate 

towards the oxidizing species can dictate the selective oxygenation in an enzyme-like 

fashion. A constrained binding-mode gives the opportunity to override intrinsic reactivity 

pattern thus opening up new avenues for sophisticated reaction sequences. Especially 

seminal studies by the group of Breslow have provided intriguing compounds inaccessible 

by conventional methods, which in fact minimized unselective background reactions. As 

for most accomplishments in organic synthesis, prosperity comes with limitations that are 

yet to overcome. For instance, the development of simple, ubiquitous binding groups would 

be a major achievement to improve the general utility of supramolecular catalysis. 

Nevertheless, the potential of using attractive interactions to lower transition states and 

provide enhanced reactivity or even facilitate an enantioselective reaction should not be 

overlooked as opposed to increasing the rigidity and steric bulk of a given transition metal 

complex.  
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Manganese Porphyrin Complex with a Remote Binding Site 
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catalysts, but the quest to achieve significant selectivity (>90% ee) at reasonable turnover 

(>50% conversion) had remained unsolved. In the presented work, selectivity and 

moreover reactivity issues were successfully overcome by a chiral manganese porphyrin 

complex equipped with a remote hydrogen bonding site. Along these lines, the 

hydroxylation of quinolone analogues proceeded in outstanding site- and enantioselectivity 

(up to 99% ee and 97% conversion), while strictly controlled by communication via two-

point hydrogen bonding to a chiral lactam entity. Further kinetic studies where devoted to 

shine light on the mode of action of the catalyst. 
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Lactam Hydrogen Bonds as Control Elements in Enantioselective 
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influence of two-point hydrogen bonding. In this perspective article, the numerous 

contributions to the field of enantioselective photocatalysis and transition metal catalysis 

by our own group are carefully reviewed and analyzed. The first chapter involves a detailed 

descripted on how a chiral complexing agent was developed and has found several 

applications as a superstoichiometric chirality transfer reagent in a variety of 

photochemically induced radical reactions. Related to these chiral lactams, the progression 

towards chiral catalysts exhibiting appropriate chromophores for harvesting photons in the 

UV and visible light region is elaborated. Finally, it is summarized how our group became 

interested in the design and synthesis of chiral transition metal catalyst that are decorated 

with a very similar binding motif. Within this context, the main objective was to illuminate 

our latest achievements in the field of epoxidation, sulfoxidation and oxygenation 

reactions, as well as aziridination and C–H aminations reactions.  
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which was connected to the designated structure of the engaged substrates. Accordingly, it 

was sought to expand the scope to a series of more flexible substrates, without suffering 
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Summary of the Experimental Work and Reference to Previous Studies 

The direct functionalization of prochiral methylene groups to its corresponding 

enantiomerically enriched secondary alcohols is a fundamental quest in organic synthesis. 

Inspired by the remarkable potential of the natural enzyme cytochrome P450 to catalyze 

selective oxygen insertions under mild conditions, numerous efforts were devoted to 

develop chiral oxygenation catalyst.86 Although in some hydroxylation reactions a very 

high enantioselectivity was accomplished (primarily by Katsuki and Murahashi),129, 131-

132, 138-139 very low substrate turnover or retarded chemoselectivity (i.e. predominant 

overoxidation to the ketone) appeared to be inevitable barriers. Encouraged by our seminal 

work on hydrogen-bond-mediated photocatalysis,200 our group started to explore 

metalloporphyrin complexes for the application in transition-metal-catalyzed 

reactions.152, 278-279 The presented Ph.D. work commenced with the synthesis of a chiral 

manganese porphyrin complex that was decorated with the established chiral hydrogen 

bonding site. Along these lines, it enables precise orientation of quinolone substrates thus 

overriding the intrinsic reactivity patterns aswell as inviting excellent enantioface 

differentiation (Figure 14). 

 
Figure 14: Site- and enantioselective hydroxylation of quinolone analogs directed by molecular recognition. 

It should be noted that prior to our first study involving 3,3-disubstituted-

dihdyroquinolones (12 examples, 29-97% conversion, 19-68% yield, 87-99% ee),289 there 

have been no reports on enantioselective hydroxylation reactions (>90% ee) that exceed a 

substrate conversion of 25%. Especially porphyrin complexes have failed to provide 

satisfactory enantioselectivity (>76% ee), as shown in previous studies by Groves,118 

Che125 and Simonneaux.127-128 As a final remark, several mechanistic experiments were 

conducted to support the hypothesis of a classical oxygen rebound mechanism51 initiated 

by a C–H abstraction at the incipient methylene site. 
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Despite the fact that the progress concerning enantioselective hydroxylation reactions was 

remarkable, the major drawback was that the substrates engaged in this chemistry were 

limited to a cyclic oxygenation of what appeared to be tailor-made substrates. With this in 

mind, it seemed desirable to expand the scope to a series of compounds, which represent a 

higher degree of flexibility. In an elaborate follow-up approach, we investigated the 

exocyclic hydroxylation of simple 3-substituted quinolones.290 To our delight, the 

hydroxylation continued to proceed in outstanding enantioselectivity (27 examples, 18-

64% yield, 80-99% ee), even for a small ethyl substituent at the C-3 position of the 

quinolone (R3 = Me). Unfortunately, the major caveat was that the substrate had to be added 

in excess relative to the oxidant (3.0 equivalents), in order to provide a high TON. 

Nevertheless, the unreacted starting material was re-isolated in an almost quantitative mass 

balance and only minor amounts of the overoxidized ketone were generated. 

Apart from the high enantioselectivity, the perhaps most fascinating feature of the 

performed hydroxylation was its extraordinary site-selectivity. Some quinolone substrates 

exhibit a second benzylic methylene group, which exposes an additional reactive site (such 

as R2 = Et, R3 = 4-ethylphenyl or R3 = –CH2CH2Ph). Similar to the observations made 

within Breslow’s cyclodextrin studies,218, 220-221, 232 when a non-directing fluorinated 

porphyrin complex was used for racemic reactions, a sluggish but site-selective reaction at 

the other reactive site occurred. The chiral manganese porphyrin complex, however, was 

able to guide the hydroxylation to its initial site while maintaining high enantioselectivity. 

In stark contrast, complementary work by Crabtree,263 Costas242 and Higuchi,265 already 

showed a preferred selectivity in the non-directed reaction, which was merely further 

improved. Remarkably, the presented work serves a compelling demonstration how 

hydrogen bonds direct the oxygenation event from an intrinsically more reactive site to a 

previously inactive site, which to the best of our knowledges has not been reported 

previously. 
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Zusammenfassung und Eingliederung in den Literaturkontext 

Die direkte Funktionalisierung von prochiralen Methylengruppen zu den entsprechenden 

enantiomerenangereicherten sekundären Alkoholen ist eine fundamentale Aufgabe der 

organischen Synthese. Inspiriert durch das bemerkenswerte Potenzial des in der Natur 

vorkommenden Enzyms Cytochrom P450 selektive Sauerstoffinsertionen unter milden 

Bedingungen zu katalysieren, wurden zahlreiche Versuche unternommen, um chirale 

Oxygenierungskatalysatoren zu entwickeln.86 Obwohl in einigen Hydroxylierungs-

reaktionen eine hohe Enantioselektivität erreicht werden konnte (primär von Katsuki und 

Murahashi),129, 131-132, 138-139 schien es, als wären der sehr niedrige Substratumsatz sowie 

die gestörte Chemoselektivität (d.h. dominierende Überoxidation zum Keton), 

unüberwindbare Barrieren. Ermutigt durch unsere bahnbrechenden Ergebnisse in 

Wasserstoffbrückenvermittelter Photokatalyse,200 begann unsere Gruppe Metallo-

porphyrinkomplexe für die Anwendung in übergangsmetallkatalysierten Reaktionen zu 

erforschen.152, 278-279 Die vorliegende Doktorarbeit begann mit der Synthese eines chiralen 

Manganporphyrinkomplexes, welcher mit dem etablierten chiralen Wasserstoffbrücken-

bindungsmotiv verziert wurde. In diesem Sinne ermöglichte er die präzise Orientierung 

von Chinolonanaloga, wodurch intrinsische Reaktionsmuster überwunden und eine 

exzellente Unterscheidung enantiotoper Halbräume ermöglicht wurde (Abbildung 14). 

 
Abbildung 15: Positions- und enantioselektive Hydroxylierung von Chinolonanaloga durch molekulare Erkennung.  

Es sollte bemerkt werden, dass vor unserer ersten Studie, in der 3,3-disubstiuierten 

Dihydrochinolone involviert waren (12 Beispiele, 19-97% Umsatz, 19-68% Ausbeute, 87-

99% ee),289 keine Berichte zu enantioselektiven Hydroxylierungsreaktionen vorlagen, die 

einen Substratumsatz von 25% überstiegen. Insbesondere  Porphyrinkomplexe scheiterten 

eine hohe Enantioselektivität zu überliefern (>76% ee), wie in vorherigen Studien von 

Groves,118 Che125 und Simonneaux gezeigt wurde.127-128 Zuletzt wurden mehrere 

mechanistische Experimente durchgeführt, die die Hypothese eines klassischen oxygen 

rebound Mechanismus51 unterstützen, welcher durch eine C–H Abstraktion an der 

vorherigen Methylposition initiiert wird. 
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Obgleich der Fortschritt bezüglich enantioselektiver Hydroxylierungsreaktionen 

beachtlich war, war es ein entscheidender Nachteil, dass die Substratklasse, die in diese 

Chemie verwickelt war, auf eine zyklische Oxygenierung an maßgeschneiderten 

Substraten limitiert zu sein schien. In Anbetracht dessen schien es wünschenswert, die 

Substratbreite zu einer Reihe von Verbindungen zu erweitern, die eine höhere Flexibilität 

aufweisen. In einem aufwändigen Nachfolgeansatz haben wir die exozyklische 

Hydroxylierung einfacher 3-substituierter Chinolone untersucht.290 Die Hydroxylierung 

verlief weiterhin in herausragender Enantioselektivität (27 Beispiele, 18-64% Ausbeute, 

80-99% ee), sogar für einen kleinen Ethylsubstituenten an der C-3 Position des Chinolons 

(R3 = Me). Leider war der große Nachteil, dass die Substrate im Überschuss relativ zum 

Oxidationsmittel zugesetzt werden mussten (3.0 Äquivalente), um eine hohe Umsatzzahl 

(TON) zu erreichen. Nichtsdestotrotz konnte das Edukt in fast quantitativer Massenbilanz 

reisoliert werden und es wurden nur kleine Mengen des überoxidierten Ketons generiert. 

Abgesehen von der hohen Enantioselektivität, war das möglicherweise faszinierendste 

Merkmal der durchgeführten Hydroxylierung die außergewöhnliche Positionsselektivität. 

Einige Chiniolonsubstrate besitzen eine zusätzliche benzylische Methyleneinheit, die eine 

weitere reaktive Position darlegt (z.B. R2 = Et, R3 = 4-Ethylphenyl oder R3 = –CH2CH2Ph). 

Ähnlich zu den Beobachtungen die bei Breslows Cyclodextrin Studien gemacht 

wurden,218, 220-221, 232 wenn ein nicht-dirigierender fluorierter Porphyrinkomplex für 

racemische Reaktionen verwendet wurde, fand eine träge, aber positions-selektive 

Reaktion an der zweiten Position statt. Der chirale Porphyrinkomplex war allerdings in der 

Lage die Hydroxylierung zu ihrer ursprünglichen Position zurückzuführen und gleichzeitig 

die hohe Enantioselektivität aufrechtzuerhalten. Im Gegensatz zu den ergänzenden 

Arbeiten von Crabtree,263Costas242 und Higuchi,265 zeigte sich dort bereits eine bevorzugte 

Selektivität im nicht dirigierten Ansatz, welche lediglich weiter verbessert wurde. 

Erstaunlicherweise dient die präsentierte Arbeit als eine überzeugende Demonstration, wie 

Wasserstoffbrückenbindungen das Oxygenierungsereignis von einer intrinsisch 

reaktiveren Stelle zu einer zuvor inaktiven Position führen, worüber nach unserem besten 

Wissen vorher noch nicht berichtet wurde. 
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Abbreviations 
Ac acetyl 

Ar aryl 

Bn benzyl 

Boc tert-butyloxycarbonyl 

Bu butyl 

Bz benzoyl 

CD cyclodextrin 

cf. confer/conferatur (compare) 

conv. conversion 

CPCA cyclopropanecarboxylic acid 

DCE dichloroethane 

DMBA 2,2-dimethylbutyric acid 

e.g. exampli gratia (for example) 

ee enantiomeric excess 

equiv. equivalents 

Et ethyl 

FG functional group 

HAT hydrogen atom transfer 

i.e. id est (that is) 

Im imidazole 

i iso 

L ligand 

M metal 

Me methyl 

Mes mesityl (2,4,6-trimethylphenyl) 

NADPH nicotinamide adenine dinucleotide phosphate 

OKR oxidative kinetic resolution 

Ph phenyl 

PP diphosphate 

Pr propyl 

py pyridine 

R residue (typically further clarified in a given scheme) 

RG recognition group 

r.r. regioisomeric ratio 

t tert 

TBAO tetrabutylammonium oxone 

Tf trifluoromethanesulfonyl 

TFE trifluoroethanol 

TBDPS tert-butyldiphenylsilyl 

TIBS triisobutyl 
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TIPS triisopropyl 

TON turn over number 

TPP tetraphenylporphine 

TPFPP tetrakis(pentafluorophenyl)-porphyrin 

TS taxadiene synthase 
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