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Deutsche Zusammenfassung 

Im Laufe der letzten Jahrzehnte sind beeindruckende Fortschritte bei der selektiven 

Funktionalisierung von nicht aktivierten, aliphatischen C(sp3)-H Bindungen gemacht worden. 

In Anbetracht des inerten Charakters und der Allgegenwärtigkeit dieser Bindungen, gilt ihre 

selektive Umsetzung als eine der schwierigsten. Zur gleichen Zeit jedoch hat die selektive 

Umwandlung von C-H Bindungen, insbesondere im Falle von Late-Stage-

Funktionalisierungen, großes Potenzial und ist aus wirtschaftlicher Sichtweise sehr attraktiv. 

Um eine gute Aktivität und Selektivität bei C-H Oxidationen zu erreichen, haben 

Synthesechemiker verschiedene Ansätze entwickelt, einschließlich gerichteter, ungerichteter 

und supramolekularer Strategien. Für uns war besonders der supramolekulare Ansatz von 

Interesse, bei dem die Bindung zwischen Katalysator und Substrat über mehrere schwache 

Kräfte erfolgt. 

Im ersten Teil dieser Arbeit wurden supramolekulare Katalysatoren hergestellt, die aus einer 

Glycoluril-basierten, molekularen Pinzette und den gut etablierten M(pdp)- oder M(mcp)-

Katalysatoren bestehen. Insgesamt wurden fünf verschiedene Versionen in jeweils zehn 

Schritten synthetisiert. In allen Fällen wurde eine bevorzugte Oxidation von Decylammonium 

an den intrinsisch deaktivierten Positionen in der Nähe des Ammoniumsalzes beobachtet 

(C3/C4). Je nach verwendetem Katalysator wurden allerdings leicht unterschiedliche 

Ergebnisse beobachtet. Die besten Ergebnisse hinsichtlich der Selektivität für die deaktivierten 

Positionen C3/C4 wurden mit Fe(pdp)Twe erzielt. Außer Decylammonium wurden auch eine 

Reihe anderer linearer aliphatischer Ammoniumsalze, zwei Ammoniumsubstrate mit einem 

Terpensubstitutionsmuster und zwei Cyclohexanderivate in der Oxidation mit Fe(pdp)Twe 

studiert. Schließlich untersuchten wir auch noch das Oxidationsverhalten unseres Katalysators 

in verschiedenen Lösungsmitteln (MeCN, TFE, HFIP). 

Im zweiten Teil wurde der Nicht-Häm Mn(mcp)-Katalysator mit zwei verschiedenen 

Cyclophaneinheiten funktionalisiert, was zu Mn(mcp)CY3 und Mn(mcp)CY5 führte. Die 

Katalysatoren wurden beide in einer sieben-stufigen Synthese hergestellt. Wir vermuteten, dass 

aufgrund eines solvophoben Effekts selektive Oxidationen von aliphatischen Substraten ohne 

jegliche funktionelle Griffe in TFE und HFIP möglich sein könnten. Leider beobachteten wir 

bei allen untersuchten Substraten mit unseren supramolekularen Katalysatoren das gleiche 

Oxidationsmuster wie mit dem unfunktionalisierten Mn(mcp). Es sollte jedoch erwähnt 

werden, dass die Arbeit an diesem Konzept weitergeht und dass erste, vielversprechende 

Ergebnisse von einem anderen Gruppenmitglied mit anderen Makrocyclen beobachtet wurden.  
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English Abstract 

Over recent decades, impressive progress was achieved in the selective functionalization of 

unactivated aliphatic C(sp3)-H bonds. Considering the inert character and ubiquity of these 

bonds, they are considered among the most challenging ones to selectively convert. However, 

at the same time, the selective reaction of C-H bonds, especially in the form of late-stage 

functionalizations, has great potential and is very attractive from an economic point of view. 

Synthetic chemists have established different approaches to achieve good activity and 

selectivity in C-H oxidations, including directed, undirected, and supramolecular strategies. To 

us, the supramolecular approach, in which binding between the catalyst and the substrate is 

achieved via multiple weak forces, was of great interest in particular. 

In the first part of this thesis, supramolecular catalysts consisting of a glycoluril-based 

molecular tweezer and well-established M(pdp) or M(mcp) catalysts were prepared. In total, 

five different versions were synthesized in ten steps each. In all cases, preferential oxidation of 

decylammonium at the intrinsically deactivated positions close to the ammonium salt was 

observed (C3/C4). However, slightly different results were obtained depending on the catalyst 

used. The best results regarding the selectivity for the deactivated positions C3/C4 were 

achieved with Fe(pdp)Twe. Other than decylammonium, a handful of other linear aliphatic 

ammonium salts, two ammonium substrates possessing a terpene substitution pattern, and two 

cyclohexane derivatives were investigated in the oxidation with Fe(pdp)Twe. Finally, we also 

studied the oxidation behavior of our catalyst in different solvents (MeCN, TFE, HFIP).  

In the second part, the non-heme Mn(mcp) catalyst was functionalized with two distinct 

cyclophane moieties, leading to Mn(mcp)CY3 and Mn(mcp)CY5. The catalysts were both 

made in a seven-step synthesis. We hypothesized that selective oxidations of aliphatic 

substrates lacking any functional handle might be possible in TFE and HFIP, due to a 

solvophobic effect. Unfortunately, we observed the same oxidation pattern with our 

supramolecular catalysts as with the unfunctionalized Mn(mcp) for all investigated substrates. 

However, it should be noted that the work on this concept is ongoing and that promising first 

results have been observed by another group member with different macrocycles.  
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1 Introduction 

The elegance and efficiency of biochemical machinery have always been a great source of 

inspiration for synthetic chemists.[1] Especially when it comes to the synthesis of complex 

oxygenated hydrocarbon frameworks, performance in nature remains unmatched by artificial 

approaches. For instance, the biochemical synthesis of complex terpenes can usually be divided 

into two phases.[2] In the “cyclase phase”, enzymes stitch together C-C bonds and construct the 

hydrocarbon framework from only a few small precursors. Subsequently, in an “oxidation 

phase”, a second class of enzymes introduces C-O bonds into the structure, which are often 

crucial for biological activity.[3] Despite the beauty and near-to-perfect redox economy of this 

approach, synthetic chemists have only recently started to mimic it in total synthesis 

strategies.[4-6] This is due to the relatively inert character of C-H bonds and the similar reactivity 

between different C(sp3)-H bonds of the same degree of substitution (e.g. secondary).[7] An 

even greater challenge is the oxidation of deactivated positions in the presence of more activated 

positions. To achieve site-selectivity in C-H bond functionalizations, chemists have developed 

different approaches which can be divided into three groups (Scheme 1).[8-10] Firstly, in a 

directed strategy, C-H bonds are oxidized in intramolecular reactions, either by applying 

directing groups or via the incorporation of the reactant into the substrate (Scheme 1A).[8-9] 

However, this approach usually is limited to proximal positions (β, γ, and δ) to the directing 

groups and their preinstallation is necessary.  

 

Scheme 1: Different approaches towards selective C(sp3)-H oxidations. A) Directed approach: selectivity for β, γ, or δ 

positions. B) Undirected approach: selectivity for the most reactive and/or accessible position. C) Supramolecular approach: 

selectivity for the positions closest to the active center.  
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In a second strategy, undirected C-H oxidation catalysts are used, which rely on the small 

electronic, steric, and stereoelectronic differences of C-H bonds (Scheme 1B).[8-9] Therefore, 

the most reactive, accessible positions will be oxidized. However, deactivated positions usually 

remain inaccessible. Finally, a supramolecular approach can be used (Scheme 1C).[10] The field 

of supramolecular chemistry is based on the concept of molecular recognition of two or more 

molecules via weak, non-covalent forces, such as dipole-dipole interactions, hydrogen bonding, 

dispersion forces, and different kinds of π-interactions. Applications of these intermolecular 

bonding forces include host-guest systems, molecular machines, and processes like self-

assembly.[11] Supramolecular chemistry is defined as the chemistry of the intermolecular bond 

and has been described as “chemistry beyond the molecule” by Lehn, one of its pioneering 

leaders.[12] Together with Pederson[13] and Cram,[14] he was awarded the Nobel Prize in 

Chemistry for the “syntheses of molecules that mimic important biological processes”, showing 

the close relationship between supramolecular chemistry and molecular biology. Using a 

supramolecular approach in C-H oxidations allows for the oxidation of positions closest to the 

active center, even if those are distant from the recognition site or intrinsically deactivated. 
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1.1  Reactivity of C(sp3)-H Bonds 

The inert character and ubiquity of C-H bonds render them the most challenging bonds to 

functionalize. A good first indication of the strength of C-H bonds in alkanes are their high pKa 

values (~ 50)[15] and bond dissociation energies (BDE ≈ 96 – 101 kcal/mol).[7] Benzylic and 

allylic positions, by comparison, are noticeably more reactive (BDE ≈ 83 – 90 kcal/mol) and 

can be targeted more easily.[7] In recent years, catalysts have been developed that are capable 

of distinguishing between the different aliphatic C(sp3)-H bond types. As a result, they can 

selectively oxidize primary C-H sites in the presence of secondary and tertiary sites (e.g. metal-

catalyzed C-H activation reactions) or, vice versa, oxidize tertiary sites in the presence of 

secondary and primary sites (e.g. radical promoted functionalizations).[8-10] However, if 

multiple C-H bonds of the same degree of substitution are present, selectivity usually is more 

difficult, with selective methylene oxidation being among the most challenging examples.[16] 

 

Figure 1: Bond dissociation energies of different aliphatic bond types. 

In the following section, an overview will be given of the different techniques used to achieve 

selectivity in C-H oxidations/functionalizations (C-H → C-X; X=O, N, C, halogen), with a 

slight focus on C-H oxygenations (C-O bond formation).  
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1.2  Directed C(sp3)-H Oxidation 

1.2.1  Non-Metal Directed C(sp3)-H Oxidation 

Possibly the oldest strategy in directed C(sp3)-H oxidations is based on radical-mediated 

selective hydrogen atom transfer (HAT) (Scheme 2).[17-18] Early results in these C(sp3)-H 

functionalizations were obtained almost 140 years ago by Hofmann, by taking advantage of the 

photolytic homolysis of cationic N-haloamines.[19] In these reactions (known today as 

Hofmann-Löffler-Freytag (HLF) reactions), an N-centered radical 3 undergoes a 1,5- 

regioselective HAT via a chair-like transition state.[20-21] The new δ C-centered radical 4 is 

subsequently trapped, generating the corresponding halide 5. Base-induced intramolecular 

cyclization gives access to the corresponding pyrrolidine 6. This formal C-H amination is, 

therefore, a C-H halogenation which leads only to a net amination.[22] Löffler and Freytag 

extended the substrate scope and successfully applied it to the synthesis of nicotine (7) (Scheme 

2B).[23-24] Later, Corey employed the strategy for aminated steroid substrates, furnishing 

dihydroconessine (8) (Scheme 2C).[25] Original drawbacks, such as the need to use strong acids 

and high temperatures to generate the N-radical, were later overcome due to further 

modification by Suárez and coworkers by employing molecular iodine and a hypervalent iodine 

oxidant (PhI(OAc)2).
[26]  

 

Scheme 2: Directed C(sp3)-H functionalizations via N-centered radicals.  

Although most work in this field has been carried out on N-centered radicals, C-centered and 

O-centered radicals have also been studied.[18] Due to their higher electronegativity, the open 

shell in O-centered radicals is less stable and therefore promotes the HAT step.[18] However, 

the formation of the O-radical is consequently more challenging compared to nitrogen. The 

earliest example of an alcohol-derived alkoxy radical was reported by Barton in 1960 via nitrite 

ester photolysis (Barton reaction, Scheme 3A).[27] Preparation of the nitrite can be achieved by 

the reaction of an alcohol 9 with nitrosyl chloride in dry pyridine. Homolysis of the nitrite ester 



Introduction 

5 

 

10 upon irradiation gives the highly reactive O-radical, which usually undergoes selective 1,5-

HAT. By means of recombination of the formed δ C-radical with •NO and subsequent 

tautomerization, a δ-aminated oxime product 11 is obtained. Barton and coworkers successfully 

applied this new method in the synthesis of aldosterone acetate (13), involving hydrolysis of 

the observed oxime 12 (Scheme 3B).[28] Only a few years later, Kalvoda and coworkers reported 

the direct generation of the alkoxy radical from an alcohol via in situ formation of the O-X bond 

with Pb(OAc)2 and I2 (Scheme 3C/D).
[29]

 In this way, it was possible to observe tetrahydrofuran 

16. Significant improvements in the reaction were achieved again by Suárez and coworkers, 

employing hypervalent PhI(OAc)2 and iodine instead of Pb reagents (Scheme 3E).[30-31] The 

versatility of these conditions was further demonstrated by employing a range of steroid and 

carbohydrate substrates. Once again, it should be noted that this method is only a net C-H 

oxygenation. It proceeds via a C-H halogenation step followed by intramolecular nucleophilic 

substitution, in a manner analogous to the HLF reaction. 

 

Scheme 3: Directed C(sp3)-H functionalizations via O-centered radicals.  

As previously mentioned, radical-mediated C-H oxidations usually react in a 1,5-HAT via a 

chair-like transition state. Both the 1,4- or 1,6- alternatives are typically higher in energy, due 

to enthalpic[32] and entropic[33] reasons, respectively. Only a few exceptions to this rule are 

known, for instance, if the δ C lacks an H-bond, or if other close C-H bonds are significantly 

more reactive (benzylic > tert. > sec. > prim. C-H bond).[34] Some examples for 1,n-HAT 

reactions other than n = 5 are depicted in Figure 2. Baran and coworkers for instance reported 

the 1,6-HAT in trifluoroethyl carbamate substrates to give, for example, ε-brominated 

carbamate 19 via a modified HLF reaction (Figure 2A).[35] After subsequent cyclization and 

hydrolysis, 1,3-diol 20 could be obtained in 69% yield. Good 1,6-selectivity could only be 
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obtained with the use of these special trifluoroethyl carbamates and for substrates in which the 

δ C-H bond was less reactive than the ε C-H bond (e.g., secondary vs. tertiary; tertiary vs. 

benzylic). Another example of selective 1,n-HAT with n ≠ 5 was provided by Griesbeck (Figure 

2B).[36] In this case, product 21 was obtained via a Norrish type II reaction starting from the 

corresponding carbonyl compound. Photochemical activation of the carbonyl promotes 

intramolecular 1,7-HAT and the formation of a 1,6-biradical, which subsequently cyclizes to 

21 (90% yield). Another example of O-centered radical promoted HAT was given by Suárez in 

2002, reporting the selective 1,8-HAT of methyl β-D-maltoside (Figure 2C).[37] This occurs via 

activation of the primary alcohol with DIB and I2, leading to disaccharide 22 in 62% yield. 

Finally, two very early examples of remote intramolecular C-H functionalizations using HAT 

should be mentioned. In both examples, Breslow and coworkers employed rigid steroid 

scaffolds in remote HAT functionalizations. In 1973, they reported that irradiation of 

benzophenone-4-acidic ester of 3-α-cholestanol results in a selective 1,14-HAT reaction 

(Figure 2D).[38] The generated diradical 24 undergoes internal disproportionation giving alkene 

23 in 55% yield. Furthermore, in 1977, they achieved selective remote chlorination via 

irradiation of 3-α-cholestanol iodobenzoate and ArICl2 giving 25 in 81% yield (Figure 2E).[39] 

By switching the linker length, they also achieved other 1,n-HAT reactions (e.g. 1,14 and 1,19).  

 

Figure 2: Examples of directed C(sp3)-H functionalizations via radical mediated 1,n-HAT with n ≠ 5. 

Besides these very impressive examples, the general application of radical-mediated C-H 

functionalizations for positions other than δ C-H bonds remains limited. Similarly, the 
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functionalization of deactivated positions in the presence of more reactive ones is usually only 

possible in the case of 1,5-HAT reactions.[18]  

Besides radicals, nitrenes and carbenes can be used in C(sp3)-H oxidations.[22] Both nitrenes 

and carbenes are highly reactive and can therefore insert into a C-H bond, giving access to 28 

and 31, respectively (Scheme 4A/B). Early contributions were carried out by Cory and 

coworkers in 1977, by applying the C-H insertion strategy to the total synthesis of the tetracyclic 

sesquiterpene ishwarane (32) (Scheme 4C).[40] In this case, the crucial carbene was formed by 

treatment of the corresponding alkene with CBr4 to generate the dibromocyclopropane 

intermediate, which undergoes elimination upon addition of MeLi. In 1964, Masamune 

reported the total synthesis of garryine (34), by applying a nitrene insertion reaction to form 

lactame 33 from an unstable acyl azide starting material by irradiation with light (Scheme 

4D).[41]  

 

Scheme 4: Directed C(sp3)-H functionalizations via nitrene/carbene insertion.  

Since those early contributions, further examples involving metal-free directed nitrene or 

carbene insertion reactions have been reported.[22] In the case of carbene insertion, most work 

has been performed using alkylidene carbenes, which can be synthesized by several different 

methods, e.g. via a retro-1,2-shift from alkynes, base-induced α-elimination of terminal 1-

haloalkenes, or elimination of nitrogen from diazoalkenes.[42] However, analogous to the 

radical-promoted C-H functionalization, carbenes and nitrenes usually insert in a 

regiocontrolled fashion to form five-membered carbo- or heterocycles. For the functionalization 

of other positions, this approach is of limited usage.[22] 
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1.2.2  Metal-Catalyzed Directed C(sp3)-H Oxidation 

Transition metal-catalyzed C-H functionalizations (both directed and undirected) can be 

subdivided into two groups, depending on the mechanistic pathway they follow (Scheme 5).[43] 

Common terms used for the two distinct pathways are ‘organometallic’ and ‘coordination’ 

chemistry after Crabtree[43] or ‘inner-sphere’ and ‘outer-sphere’ mechanism after Sanford.[44] 

 

Scheme 5: Different mechanisms for metal-catalyzed C(sp3)-H functionalizations. 

In the organometallic/inner-sphere approach, the C-H functionalization begins by cleavage of 

a C-H bond to give a new C-M bond (C-H activation),[45] followed by functionalization 

(Scheme 5A).[43-44] The functionalization step can proceed either via a reductive process (e.g. 

reductive elimination), or by reaction with an electrophilic reagent (via direct electrophilic 

cleavage, one-electron oxidation, or two-electron oxidation).[46] 2nd and 3rd-row transition 

metals are typically used for this transformation, with Pd playing a dominant role.[46-48] Due to 

the lack of a radical or electrophilic intermediate, an inverted selectivity trend compared to the 

previously discussed approaches is observed (prim. > sec. > tert.), favoring the formation of the 

least sterically hindered C-M bond. In ligand-directed C(sp3)-H oxidations (Scheme 6A), the 

key cyclometalation intermediate 36 is formed, with a high preference observed for the 

formation of a 5-membered metallocycle.[46-47] The reactivity preferences can be demonstrated 

by the highly selective formation of 38 (>95% selectivity) in 75% yield, in the presence of other 

proximal primary and secondary positions (Scheme 6B).[49] In fact, the directed 

functionalization of secondary and tertiary bonds via C-H activation proved to be challenging 

even in the absence of proximal primary bonds, and can often only be achieved for positions 

adjacent to activating groups (e.g. oxygen).[46] 
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Scheme 6: Directed C(sp3)-H functionalizations via cyclometalation.  

Besides hypervalent iodine(III) reagents (PhI(OAc)2),
[49-50] iodine(I) oxidants (IOAc)[51] or 

inorganic peroxide oxidants (Oxone, K2S2O8)
[52-53] can also be utilized to achieve C-O bond 

formation.[46] For instance, Yu and coworkers reported the synthesis of 39 in 83% yield by the 

use of IOAc (Scheme 6C).[51] The proposed mechanism proceeds via a C-H halogenation (i.e. 

a C-I bond-forming reductive elimination) followed by a nucleophilic substitution with acetate 

to give 39. However, the direct C-OAc bond formation could not be excluded with certainty. 

Besides C-O bond formation, many other C-X bonds can also be obtained via this approach 

with the use of different reagents.[46-47]  

In the coordination/other-sphere mechanism, a high oxidation state metal complex with an 

activated ligand (X=[M]) is initially formed, which subsequently interacts with a C-H bond 

(Scheme 5B).[43-44] This second step can proceed either by direct insertion or by an H atom 

abstraction/radical rebound mechanism. In both pathways, preferential selectivity for weaker 

C-H bonds is observed (tert. > sec. > prim.). A frequently used directed outer-sphere approach 

involves the intramolecular insertion of metal carbenoids or nitrenoids into C-H bonds (Scheme 

7A).[22, 54-55] Common starting materials for the directed C-H insertion of carbenoids are diazo 

compounds such as 40.[54] Upon transition metal-catalyzed nitrogen extrusion, the metal 

carbenoid 41 is formed, which subsequently inserts into a nearby C-H bond affording the cyclic 

product 42 (mostly cyclopentanes and -hexanes). The most frequently used starting materials 

for C-H amination are carbamates and sulfamate esters of the general structure 43.[55] 

Pioneering work was done by Breslow, reporting the rhodium(II) catalyzed intramolecular 

C(sp3)-H amination of 2,5-diisopropylbenzenesulfonamide with PhI(OAc)2.
[56]  
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Scheme 7: Directed C(sp3)-H functionalizations via metal carbenoid/nitrenoid insertion. 

Later, Du Bois and coworkers showed that carbamates and sulfamate esters also react with 

PhI(OAc)2 in the presence of a Rh(II) catalyst to give the corresponding oxazolidinones and 

oxathiazinones 45, respectively.[57-58] A particularly remarkable application of this method is 

the total synthesis of (˗)-tetrodotoxin (49) by Du Bois.[59] He and his group achieved 49 in half 

as many steps as in the previous synthesis reported by Isobe (32 and 67 steps, respectively).[60] 

In their synthetic strategy, they employed both a C-H carbenoid insertion and a C-H nitrenoid 

insertion step (Scheme 7B). 

In summary, directed C(sp3)-H bond functionalizations have proved to be a very powerful tool 

for synthetic chemists. Very high selectivities can often be observed, however, the general 

usage is limited, due to the need for a directing group or the incorporation of the reactant into 

the substrate. And despite the reports of some beautiful examples of remote functionalizations, 

directed C(sp3)-H bond functionalizations are typically limited to proximal positions.  
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1.3  Undirected C(sp3)-H Oxidation 

For a long time, undirected aliphatic C-H oxidations were considered too unselective to be of 

general utility. Only in recent years have chemists started to achieve more and more selective 

undirected C-H oxidations, by employing catalysts that distinguish between the small 

electronic, steric, and stereoelectronic differences of those bonds in a molecule (Figure 3).[16, 

61-62] Since most C-H oxidation catalysts/reagents are electrophilic, the most electron-rich C-H 

bond is usually preferentially oxidized. Electronic effects due to bonding are evident in the 

commonly observed reactivity trend of C-H bond types (tert. > sec. > prim.). Furthermore, 

electron-withdrawing groups (EWGs) have a distinct impact on the reactivity of their proximal 

positions, by decreasing the electron density and deactivating them towards oxidation (Figure 

3A). Similarly, steric factors such as a bulky group can have a great impact on the oxidation 

rate, especially if the catalyst itself is sterically demanding (Figure 3B). Finally, stereoelectronic 

activation or deactivation influences the reactivity of C-H bonds (Figure 3C). This can, for 

example, be observed in the preferential oxidation of C-H bonds vicinal to some heteroatoms 

or cyclopropanes due to hyperconjugation. In this case, the non-bonding electrons of the 

heteroatom or the C-C σ bonding orbital of the cyclopropane overlap with the neighboring C-

H σ antibonding orbital, increasing the electron density and its reactivity.[61] 

 

Figure 3: C-H oxidation selectivity on basis of electronic, steric, and stereoelectronic differences.  

One frequently used class of non-metal oxidants is dioxiranes (Scheme 8).[16, 61, 63] Common 

representatives are dimethyldioxirane (DDO) and trifluoromethylmethyldioxirane (TFDO). 

These highly strained cyclic peroxides are very reactive and need to be handled carefully due 

to their instability towards various conditions (e.g. TFDO decomposes under visible light, at 

temperatures above ˗20 °C, or in the presence of trace metals).[16] Despite their delicate 

handling, dioxiranes oxidize unactivated C-H bonds under very mild conditions and have been 

widely applied. The precise mechanism has been the subject of longstanding debate, with 

evidence for both a concerted “oxenoid” insertion mechanism[64-68] as well as for a free radical 

mechanism.[69-70] However, the more recent publications by Bach[71] and Houk[72-73] support an 

H atom abstraction/oxygen rebound mechanism mostly based on computational results 

(Scheme 8A).  
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Scheme 8: Undirected C(sp3)-H oxygenation with dioxirane.  

And indeed, impressive selectivities can be observed in the oxidation with dioxiranes (Scheme 

8B).[16, 61] For instance, Asensio and coworkers applied TFDO to the oxidation of some aliphatic 

esters.[74] Due to the strong deactivation of the proximal positions, 50 was formed exclusively. 

However, it should be noted that the deactivating effect and selectivity are rapidly lost with 

longer aliphatic chains. Extensive work has also been carried out by Curci and coworkers, who 

studied the oxidation of some cyclopropyl-bearing substrates and the effect of 

hyperconjugation.[75-77] One example is the oxidation of spiro[2.5]octane to 51 with 90% 

selectivity.[75] In another report from this group, good selectivity for the unhindered C25 

positions of 3β-acetoxy-5α-cholestane was observed to produce 52.[76] However, in the 

oxidation of simple n-alkanes such as heptane, almost statistical product distribution of the 

possible ketone products 53 is observed.[77] This is due to the lack of any strong electronic, 

steric, or stereoelectronic differences, other than the less reactive primary C-H bonds.  

Organometallic/inner-sphere chemistry can also be applied to undirected C-H oxidations.[16, 43, 

62] Perhaps the earliest report of transition-metal catalyzed undirected C(sp3)-H oxidations dates 

back to 1972 by Shilov, who reported the C-H oxygenation and halogenation of alkanes in water 

via high-valent Pt catalysis (Scheme 9A).[78-79] Back then, it was a remarkable result that a 

preference for the oxidation of primary C-H bonds was observed. However, only modest rates 

and conversions were obtained. Further improvements in the reactions were achieved by 

Periana utilizing a bipyrimidine Pt catalysts, enabling impressive yields based on the starting 

material at relatively low catalyst loading (5 mol%) and good turnover numbers (Scheme 

9B).[80] Almost two decades later, Sanford and coworkers reported good selectivities in the 

oxidation of the terminal CH3 groups in tertiary ammonium substrates such as 54, increasing 

the selectivity by further deactivating the proximal methylene bonds (Scheme 9C).[81] 
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Scheme 9: Undirected C(sp3)-H oxidation with organometallic/inner-sphere catalysts. 

Extensive research has also been conducted on metalloporphyrin catalysts, inspired by the 

exceptional efficiency of cytochrome P450.[82-87] The first generation of catalysts was 

developed by Groves and coworkers, who reported the Fe(TPP)Cl 

(iron(III)tetraphenylporphyrin chloride) catalyst, which is capable of the hydroxylation of 

simple alkanes with PhIO acting as an oxidant (Scheme 10A).[88-89] For example, cyclohexane 

(56) was oxidized to cyclohexanol (57) in 8% yield. It should be noted that the phenyl groups 

in meso- positions are crucial features to obtain reactivity. Planar metalloporphyrins lacking 

substituents at these positions quickly decompose due to oxidative degradation.[90] In a second 

generation of catalysts, the porphyrin ligands were further derivatized to yield the more 

electron-deficient catalysts (e.g. Fe(TMP)Cl,[91] Fe(TDCPP)Cl,[92] Fe(TPFPP)Cl),[93] 

resulting in higher activities (up to 45% yield with Fe(TDCPP)Cl) (Scheme 10B). However, 

in all these cases an excess of starting material was needed, and the yields were usually reported 

with respect to the oxidant. Later, a third generation of even more electron-deficient catalysts 

was synthesized (e.g. F8TPFPP, Scheme 10C).[94-97] Regarding the mechanism, Groves 

proposed an oxygen rebound mechanism via an active FeV=O species for the P450 

hydroxylation.[98] The mechanism has been extensively studied ever since, both for P450 and 

artificial analogs.[84-86, 99-101] The current assumption is that the electronic structure of the 

reactive intermediate is best described as an oxo-iron(IV) porphyrin radical [FeIV(O)(Porph+•)] 

performing a HAT followed by a hydroxyl rebound (Scheme 10D).[101] Furthermore, it was 

shown that the reactivity of artificial metalloporphyrin catalysts can be highly dependent on the 

nature of the axial ligand.[102-103] Among other things, the axial ligand can influence the O-O 

bond cleavage process, giving access to either [FeIV(O)(Porph+•)] via heterolysis or 

[FeIV(O)(Porph)] via homolysis. Ligands mediating the former were much more reactive both 

in epoxidations as well as hydroxylations.[102] 
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Scheme 10: Undirected C(sp3)-H functionalization with Fe and Mn porphyrins. [a] Yield is based on oxidant. 

Groves and coworkers also applied Mn porphyrin catalysts to the halogenation of aliphatic C-

H bonds (Scheme 10F).[104] The formation of chlorocyclohexane (58) and bromocyclohexane 

(59) from cyclohexane were achieved by the use of NaOCl and NaOBr as oxidants, in 57% and 

49% yield, respectively.[105] However, an excess of starting material was again used (3:1, 

substrate:oxidant). Impressively, even the fluorination of cyclohexane with Mn(TMP)Cl and 

a mixture of PhIO, AgF, and TBAF resulted in fluorocyclohexane (60) in 49% yield based on 

substrate.[106] These conditions were also applied in some late-stage functionalization of more 

complex hydrocarbon motifs with usable selectivities and yields. Furthermore, 

metalloporphyrins have also been utilized in C-H amination and alkylation reactions.[87] 

Since the oxidations with metalloporphyrins proceed via an electrophilic species, the typical 

reactivity trend is observed (tert. > sec. > prim.). An impressive example of shape-selective 

reactivity was reported by Suslick in 1986 (Scheme 11).[107] Oxidation with the sterically 

demanding Mn(TTPPP)OAc catalyst resulted in the preferential oxidation of primary C-H 

bonds in the presence of more reactive methylene groups. Thus, in the oxidation of 2,2-
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dimethylbutane (61) the selectivity for primary alcohol 64 increased from less than 1% to a 

remarkable 69% due to the poor steric accessibility of the other positions. For less sterically 

demanding n-alkanes, for instance, n-heptane (65), the selectivity for primary alcohol 67 still 

increased from 2% to 26%. 

 

Scheme 11: Shape-selective undirected C(sp3)-H oxygenation with Mn(TTPPP)=O. 

Finally, enantioselective C(sp3)-H oxidations of benzylic positions have also been reported by 

utilizing metalloporphyrin as well as -salen catalysts (Scheme 12).[108-110] Again, pioneering 

work was conducted by Groves and coworkers, reporting 68 as capable of enabling the 

asymmetric oxygenation of benzylic positions. For instance, ethylbenzene (71) was oxidized to 

(R)-72 in 40% yield (based on oxidant) and 40% ee.[108]  

 

Scheme 12: Undirected enantioselective C(sp3)-H oxygenation with Fe and Mn porphyrins/salen. [a] Yield is based on oxidant. 

[b] Yield is based on the converted starting material. [c] Yield is based on staring material. 
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With the more recent chiral catalysts 69[109] and 70,[110] even higher enantioselectivities could 

be achieved (for ethylbenzene, 72% and 78% ee, respectively).  

A wider scope of reagents and catalysts for aliphatic C-H bond functionalizations, apart from 

oxygenations, has been explored in recent years (Figure 4).[62] For example, Alexanian and 

coworkers reported the application of N-bromoamide 73 in the selective radical-mediated C-H 

bromination of stoichiometric amounts of starting material under visible light irradiation 

(Figure 4A).[111] Reasonably good yields (e.g. 70% of bromocyclohexane (59)) were achieved, 

with no formation of dibromo products (due to deactivation by the newly installed bromide). 

Furthermore, 73 selectively brominates secondary C(sp3)-H bonds in the presence of tertiary 

ones, due to the bulky tert-butyl residue. Two years later, the same group reported the chloro-

derivative 74. A notable example of its application is in the selective oxidation of (+)-

sclareolide to 75 in 82% yield.[112] Furthermore, a few undirected versions of nitrenoid and 

carbenoid insertions using rhodium catalysts were established. Du Bois and coworkers reported 

the selective intermolecular C-H amination of tertiary bonds with a dirhodium catalyst, 

DfsNH2, an oxidant, and an acid additive (Figure 4B).[113] Thereby, they selectively aminated 

the less sterically hindered tertiary position of a menthol derivative to give 76 in 68% isolated 

yield. In contrast, Hartwig and coworkers reported a method for C(sp3)-H amination utilizing a 

radical-promoted azidation reaction, which showed a preference for the most electron-rich C-

H bonds (benzylic, tertiary) (Figure 4C).[114] Steric factors seemed to play a minor role, as the 

alternative selectivity in the amination of menthol acetate to 78 was observed in 35% yield 

(Note: for other substrates yields up to 75% were achieved). Undirected carbenoid insertion 

reaction into C(sp3)-H bonds has also experienced great interest and progress in the last decades 

(Figure 4D).[54, 115]  

 

Figure 4: Examples of undirected C(sp3)-H oxidations other than C-H oxygenations. 
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In particular, the functionalization of activated positions, such as allylic or benzylic positions 

and those adjacent to heteroatoms were explored, and asymmetric C-H functionalization 

methods were established. An example of the latter is the functionalization of tetrahydrofuran, 

by applying a chiral dirhodium catalyst together with 79 at ̠ 50 °C to afford 80 in 67% combined 

yield of the two diastereomers (d.r. = 2.8) in 97% ee for the major diastereomer.[116]  

Finally, non-heme Fe and Mn catalysts shall be discussed in more depth. Again, nature acted 

as a major role model with very active oxidase enzymes (e.g. α-ketoglutarate dependent 

hydroxylases,[117] methane monooxygenase),[118-120] suggesting the potential of artificial non-

heme catalysts.[121] Mononuclear non-heme Fe oxygenases are a very versatile class of 

enzymes, in which the active center often consists of an FeII surrounded by two histidines, a 

carboxylate, and three labile ligands (e.g. water).[121-123] One of the earliest artificial non-heme 

Fe complexes capable of mimicking the reactivity of such enzymes was Fe(tpa) (tpa = tris(2-

pyridylmethyl)amine).[124-126] This catalyst only approximately represents the active binding 

site of non-heme oxygenases, with one aliphatic amine and three pyridine donors. Impressively, 

this catalyst and its relatives are nevertheless capable of performing most reactions mediated 

by non-heme Fe oxygenases, including C(sp3)-H oxidations.[127-129] Since this discovery, a 

range of different tetraazadentate ligands have been synthesized with different amine/pyridine 

(or similar N-heterocycles) ratios from N4 to Py4.
[124, 130-133] Here, the focus will be set on the 

N2Py2 versions, which emerged as the most effective derivatives (Figure 5).[16, 134] In particular, 

the well-explored, chiral N,N'-bis(2-pyridylmethyl)-2,2'-bipyrrolidine (pdp)[135-136] and N1,N2-

dimethyl-N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-diamine (mcp)[137-138] -based 

catalysts are presented. Besides several other backbones,[139-141] different modifications of the 

pyridine were explored, which enable the tuning of the electronic and steric properties of the 

final catalysts.[134] For instance, electron-donating groups have been attached at R4 to 

manipulate the electronic properties of the pyridine (e.g. NMe2
[142]

, OMe[143]) without having a 

large steric impact on the reaction outcome. In epoxidation reactions, this strongly influences 

the reactivity, but displays only a minor impact on C(sp3)-H oxidations.[134] Another important 

modification is the introduction of bulky groups at R3 (e.g., TIPS,[144] C5H3(CF3)2),
[145] which 

gives access to preferential oxidation of secondary over tertiary C-H bonds. Furthermore, it 

should be noted that the two labile sites (X) in the cis positions of the catalyst are crucial for 

reactivity in general.[133-134] They act as the binding site for the oxidant (often environmentally 

friendly H2O2 can be used) and an additive (water or carboxylic acid, with the latter usually 

being more effective). Regarding the topology of the N2Py2 ligand, two different types of cis-

labile coordination complexes can be formed.[146] In the first case, the two pyridine groups are 
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trans to each other (cis-α, depicted in Figure 5), and in the second case, they are cis to each 

other (cis-β, not shown). The former is by far more active and therefore the topology referred 

to in all the following work.  

 

Figure 5: Undirected C(sp3)-H oxygenation with non-heme Fe and Mn catalysts.  

The proposed mechanistic cycle for the carboxylic acid-assisted pathway is depicted 

schematically in Scheme 13B.[127, 147-149] The cycle begins with the oxidation of the MII 

precatalyst to form the MIII complex I. By coordination of H2O2, intermediate II is formed, 

which subsequently undergoes heterolytic O-O bond cleavage to form a high-valent MV=O 

carboxylate species III. This highly reactive MV=O species then reacts in a HAT step to form 

a short-lived carbon-centered radical and IV. The carbon-centered radical is quickly trapped 

via hydroxyl rebound under retention of the configuration.  

Although Fe(tpa) was reported as early as the 1990s,[124-125] the synthetic potential of these non-

heme Fe and Mn complexes in C(sp3)-H oxidation was particularly highlighted in 2007 by 

White and Chen.[135] For the first time, preparatively useful conversions and yields with this 

catalyst class could be observed in C(sp3)-H oxidations. This was enabled by using the more 

rigid and stronger σ-donating amine backbone pdp instead of mep and by utilizing AcOH as 

an additive. Furthermore, the electrophilic nature of the catalysts and their sensitivity to the 

electronic and steric differences of C(sp3)-H bonds were highlighted.[135] For example, this was 

illustrated in the oxidation of 2,6-dimethylheptyl acetate to 81 in 49% yield and with very good 

selectivities for the more electron-rich tertiary C-H bond distal from the EWG (Scheme 13C). 

Another example is the previously discussed oxidation of menthol acetate to 82. Although two 

tertiary C(sp3)-H bonds equidistant from the EWG are present, good selectivity for product 82 

was observed, presumably due to better accessibility. Fe(pdp) was also applied to the oxidation 

of spiro[2.5]octane to 51.[136] Analogous to TFDO, preferential oxidation of the methylene 
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groups adjacent to the cyclopropane was observed due to hyperconjugation, however, the effect 

was less pronounced (84% selectivity with Fe(pdp)[136] vs 90% with TFDO).[75] This may be 

due to the steric and electronic sensitivity of Fe(pdp), whereas the reactivity of less steric TFDO 

is mostly dependent on the electronic properties.[16]  

 

Scheme 13: Mechanism and examples of undirected C(sp3)-H oxygenations with non-heme Fe and Mn catalysts. 

As previously mentioned, the N2Py2-type catalysts can be easily modified to be more sterically 

demanding by introducing bulky substituents on the pyridines. Two examples are depicted in 

Scheme 13D and E. With Fe(pdp), the preferential oxidation of trans-4-methylcyclohexyl 

acetate to the tertiary alcohol 83 is observed.[145] However, with the sterically demanding 

Fe(CF3pdp), the selectivity is inverted to give 84 as the major product (in 2:1 vs 1:2 ratio, 

respectively). A similar trend was observed in the oxidation of trans-1,2-

dimethylcyclohexane.[144] With both catalysts, Fe(mcp) and Fe(TIPSmcp), alcohol 85 is the 

minor product compared to the possible ketone products K1 and K2. However, the ratio of 

85:86 is significantly increased from 1:3 for Fe(mcp) to 1:13 for Fe(TIPSmcp) due to the bulky 

TIPS groups.  
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Furthermore, it has been shown that the selectivity in C(sp3)-H oxidations following HAT 

mechanisms can be influenced by applying polyfluorinated H-bond donor solvents like 

trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP).[150-153] As discussed before, 

methylene oxidation reactions with an electrophilic catalyst like Fe(pdp) in MeCN usually 

result in overoxidized ketone products. This can be explained by the activation of the α C-H 

bonds of the intermediate alcohols towards HAT due to stereoelectronic effects (Scheme 14A). 

In contrast, solvents like TFE and HFIP, which act as H-bond donors, deactivate the α C-H 

bonds of the intermediate alcohols (=H-bond acceptors) towards HAT by decreasing the 

electron density of the α C-H bond. This effect is also observed in the case of other electron-

donating groups such as amines,[154] amides,[155] and ethers.[156] Two examples of this changed 

selectivity are depicted in Scheme 14B.[153]  

 

Scheme 14: Solvent-dependent reactivity and selectivity of HATs. [a] Total yield refers to the combined yield of both products 

based on oxidant. 

The oxidation of cyclohexane with Mn(TIPSmcp), H2O2, and AcOH in MeCN affords 

cyclohexanone (87) as the major product (74% selectivity, 50% yield based on H2O2).
[153] In 

contrast, the same reaction in TFE or HFIP affords cyclohexanol (86) as the major product in 

68% yield, with 96% and 94% selectivity, respectively. Starting from cyclohexanol as substrate, 

the corresponding ketone 87 was exclusively observed in 80% yield in MeCN. However, in 

HFIP, the corresponding ketone and 1,4-cyclohexanol (88, 1:1, cis:trans-mixture) were 

obtained in a 1:1.2 ratio. 

Finally, some cases of undirected, enantioselective oxidations using these non-heme catalysts 

shall also be discussed. Analogously to the heme and salen catalysts discussed before, most 

examples reported so far are oxidations of activated benzylic positions (Scheme 15). Bryliakov 
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and coworkers, for instance, published the enantioselective oxidation of ethylbenzene (71) with 

Mn(CH3, OCH2CH3pdp) and various acid additives (Scheme 15A).[157-158] With 2-ethylhexanoic 

acid (2-eha) as an additive and R,R-Mn catalyst, alcohol (R)-72 was observed in 15% and 34% 

ee (with respect to H2O2). The reactions were performed in MeCN, therefore H2O2 had to be 

used as the limiting factor in order to decrease the amount of overoxidized ketone 89 (24% 

yield). With (tert-butoxycarbonyl)-L-proline (Boc-L-Pro) as the acid, the enantiomeric excess 

of (R)-72 could be further increased to 76% ee in 10% yield (and 12% ketone 89). In the same 

year, Company, Bietti, Costas, and coworkers reported comparable reactions, however, with 

TFE as solvent (Scheme 15B).[153] By virtue of this, a lower excess of starting material was 

needed and the alcohol:ketone ratio improved considerably. However, H2O2 was still used as 

the limiting factor. More precisely, oxidation of propylbenzene (90) afforded alcohol 91 in 25% 

yield and 66% ee with Mn(dMMpdp) and 2-eha as the acid. Only 2% of ketone product 92 was 

formed. With Mn(NMe2pdp), alcohol 91 was obtained in higher yields (44%) albeit with slightly 

worse enantioselectivity (60% ee). 

 

Scheme 15: Undirected enantioselective C(sp3)-H oxygenation of benzylic positions with non-heme Mn catalysts. [a] Yield is 

based on hydrogen peroxide.  

In the same year, Bietti, Costas, and coworkers also reported the first example of undirected, 

enantioselective oxidation of unactivated methylene positions using an artificial non-heme 
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catalyst (Scheme 16).[159] By exploring the oxidation of several monosubstituted cyclohexanes, 

they found that particularly good results were obtained with cyclohexane substrates possessing 

bulky amide groups. For example, amide 93 gave ketone 94 in 90% yield and 76% ee with 

acetic acid as the additive. Only 1% of the K4 oxidation product was formed. Screening of 

different acids showed that with cyclopropanecarboxylic acid the enantioselectivity could be 

further improved to a remarkable 94% ee in 84% yield. The observed excellent regioselectivity 

can be explained by several previously established reactivity observations. First, the primary 

and axial tertiary C-H bonds are not very reactive towards HAT. The former can be attributed 

to the high BDE,[7] and the latter to sterics and an increase in torsional strain in the HAT 

transition state (due to planarization effects of the C-centered radical, which forces the t-Bu 

residue into disadvantageous eclipsed interactions).[160] The observed C3/C4 selectivity 

depends mostly on the electronic effect of the substituent (electron donating groups (EDGs) 

favor C3, EWGs C4 oxidation),[161] however, other factors may play a role as well.[159] For 

instance, the oxidation of cyclohexanes with EWGs such as cyclohexyl methyl ketone (95) 

increased the amount of K4 oxidation product significantly (19% yield). However, the K3 

oxidation product 96 remained the major product (47% yield). Furthermore, the 

enantioselectivity for K3 decreased to 8% ee. The excellent results for 94 indicate strong 

interactions between the substrate and the Mn catalyst. Consequently, both the bulkiness of the 

amide group as well as the Lewis basic character can be said to play a crucial role.[159]  

 

Scheme 16: Undirected enantioselective C(sp3)-H oxygenation of unactivated positions with a non-heme Mn catalyst.  

In summary, impressive progress has been achieved in the field of undirected C(sp3)-H 

oxidations throughout the years. This even enables differentiation between C-H bonds of the 

same degree of substitution, if they possess large enough electronic, steric, or stereoelectronic 

differences. However, the reaction of intrinsically deactivated positions in the presence of more 

reactive ones (if both are accessible) remains beyond reach with this strategy.  
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1.4  Supramolecular C(sp3)-H Oxidation 

In contrast to the two previous strategies, supramolecular chemistry could enable the selective 

functionalization of any C-H bond that is accessible to the active site - even if it is intrinsically 

deactivated and/or remote from functional groups in the substrate.[11-12] To accomplish this, 

substrate recognition is necessary, which is usually achieved by multiple non-covalent 

interactions.[162-163] Furthermore, the size and shape of the cavity/binding site of the host should be 

approximately complementary to the guest. For catalysis, weak interactions such as hydrogen 

bonding,[164-165] different kinds of π–interactions[166-168] as well as dispersion forces.[169] 

between catalyst and substrate can be advantageous over stronger bonding interactions (such as 

ligand-to-metal bonding[170-171] or dynamic covalent chemistry),[172-173] since they have more 

often been reported to entail better turnover numbers.[174] More generally, the binding rate of 

the substrate and catalyst should exceed or at least match the oxidation rate to prevent product 

inhibition and low turnover. Naturally, substrate binding should also be stronger than product 

binding. Regarding the host structure/receptor, several different supramolecular structures have 

been established and reported over the last decades. This includes, for example, a variety of 

different macrocycles, like cyclodextrins (CDs),[175-178] crown ethers (CRs),[13] cucurbit[n]urils 

(CB[n]),[179] cyclophanes,[180-181] and cryptophanes.[182] Besides macrocycles, also self-

assembled supramolecular capsules[183-185] and noncyclic molecular clips and tweezers[186-187] 

have been reported.  

In the following, examples of recognition-driven, aliphatic C(sp3)-H oxidation are presented. 

There are also many supramolecular catalysts for selective aromatic (e.g. borylations)[188-191] 

and olefinic (e.g. hydroformylation,[192-193] epoxidation,[194-196] oxidative cleavage)[197] 

functionalizations,[198] however, they are not discussed in more detail in this manuscript. In the 

last part, a very brief introduction to the supramolecular structures of interest for this thesis is 

given. 

1.4.1 Binding via Lipophilic Interactions and the Hydrophobic Effect 

Regarding the concept of undertaking a supramolecular approach towards selective C-H 

functionalization, one can differentiate between two strategies.[174] In a usually simpler strategy, 

the supramolecular host molecule and the active catalysts are not linked. An example of such a 

system was reported by Wong and coworkers, who conducted oxidation of aliphatic esters with 

in-situ formed dioxirane in the presence of β-cyclodextrins (β-CDs) (Scheme 17).[199] Without 

β-CD, the oxidation of 97 with TFDO resulted in a 1:7 mixture of the two tertiary oxidation 

products 98 and 99. (As before, the terminal tertiary C-H bond is favored due to the electron-
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withdrawing effect of the ester group.) When β-CD was added, the reaction selectivity was 

enhanced to a 1:20 ratio in water, however, it stayed the same in a water/MeCN solvent mixture. 

This can be explained by the binding properties of the substrate in CD. The well-studied 

cyclodextrins are water-soluble due to their hydrophilic surface, additionally, they possess a 

hydrophobic cavity that can bind apolar guests.[175] The main reason for substrate binding is 

therefore the hydrophobic effect,[200-201] which usually diminishes quickly in solvent mixtures 

containing organic solvents. In addition, α- and γ-CDs were tested in the oxidation of 97. Both 

resulted in no selectivity enhancement, showing the size sensitivity of host-guest binding.  

 

Scheme 17: Supramolecular C(sp3)-H oxygenation via host:guest adducts and discrete TFDO.  

Other than 97, other ester groups were also studied, however, the effect was less distinct. Lower 

selectivity enhancement was observed with simple alkyl groups (Me, tBu) due to weaker 

binding, and with larger aromatic systems (p-(tBu)Ph) due to the less efficient steric shielding 

of the proximal tertiary C-H bond after binding. Furthermore, it was necessary to use 

stoichiometric amounts of β-CD to exclude background reactions with unbound starting 

material and TFDO.  

To us, the second strategy, in which the supramolecular moiety and the active center are linked, 

is of greater interest. Although such systems are consequently more challenging to synthesize, 

they also resemble enzymes to a greater extent.[174] One example of shape-selective C-H 

oxidation using a functionalized Mn porphyrin catalyst was reported by Groves and coworkers 
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in 1988 (Scheme 18, note: stereoconfiguration of cholesterol was corrected)[16, 202] By attaching 

four steroid units to the catalyst they formed Mn(ChP)Cl. The catalyst was then positioned in 

a synthetic bilayer to achieve a highly ordered receptor, with the alcohol groups of the four 

steroids pointing towards the polar groups of the bilayer (presumably also preventing 

intramolecular oxidation of the catalyst). That way, a membrane-spanning Mn porphyrin 

catalyst was obtained possesing a hydrophobic pocket capable of binding apolar substrates in 

water. This catalyst was applied in the hydroxylation of simple alkanes as well as to the 

oxidation of cholesterol (100). Impressively, the C25 oxidation product 101 was formed 

exclusively without any attack of the more reactive double bond. This presice selectivity can 

be explained by the very specific conformation of the bound substrate, due to the bilayer. 

However, the catalyst suffers from product inhibition and achieves less than one turnover 

(TON = 0.8), due to the strong binding of the product.  
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Scheme 18: Supramolecular C(sp3)-H oxygenation via lipophilic Interactions. 

Nevertheless, it is an inspiring early example of how lipophilic interaction can be used to 

achieve good molecular recognition and precise orientation in a hydrophobic pocket, enabling 

site-selectivity in unactivated C(sp3)-H bond oxidation. 

Extensive work in the field has also been carried out by Breslow and coworkers.[178, 203] They 

studied the use of cyclodextrins as supramolecular receptors and applied them to selective 

C(sp3)-H oxidation reactions by merging an Mn porphyrin catalyst with different numbers of 

β-cyclodextrins (for three illustrative examples, see Scheme 19A). Firstly, they studied the 

oxidation of a dihydrostilbene derivative possessing two tert-butylphenyl residues (Scheme 

19B/C).[204-205] In water, these groups bind to two opposite cyclodextrins of e.g 

Mn(CD4Porph)Cl due to the hydrophobic effect. This gives access to oxidation product 102 

with very high catalytic activity (up to 650 turnovers). Iodosobenzene was used as an oxidant, 
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since neither the more environmentally friendly H2O2 nor NaOCl were sufficient for the 

reaction. When a substrate analog lacking the two tert-butylphenyl groups was used, no 

formation of the analogous product was observed. Furthermore, only catalysts with at least two 

trans-CDs moieties gave good selectivities. Catalysts with only one CD, or two CDs cis to each 

other were not sufficient to achieve precise binding and orientation of the substrate. Breslow 

and coworkers also applied the catalysts to the oxidation of an androstanediol derivative.[204-205] 

Again, tert-butylphenyl moieties were installed for binding, and additionally, two sulfonate 

residues were introduced to achieve water-solubility. Impressively, oxidation with 

Mn(CD4Porph)Cl resulted in the selective hydroxylation of carbon C6 to give compound 103 

in 40% conversion and yield. However, the catalyst activity was much lower than before, with 

only up to 4 turnovers. This was attributed to the sensitivity of the Mn(CD4Porph)Cl towards 

oxidation, and could be improved by using more electron-deficient aromatic groups on the 

porphyrins, such as the polyfluorinated catalyst Mn(F-CD4Porph)Cl.[206] With this catalyst, the 

turnover number could be increased distinctly to 96 TONs, achieving a remarkable 95% yield 

with 1 mol% catalyst.  

If unfunctionalized androstanediol was used instead, no oxidation was observed at all 

(presumably due to the insolubility of the steroid in water). Compound 103 was subsequently 

functionalized with another binding/solubility group installed at the newly formed alcohol at 

C6.[207] Models indicated, that for binding of all three tert-butylphenyl groups to the CDs of 

Mn(F - CD4Porph)Cl, the substrate had to face the Mn porphyrin in a 180° rotated manner. That 

way, a new position was exposed to the active center. And indeed, the selective oxidation of 

the C9 position could be achieved to give 104 in 72% yield with 1 mol% catalyst. 

Unfortunately, the substrate scope remains limited and additional steps are necessary for the 

introduction and removal of the ester groups. Nevertheless, Breslow’s catalysts and their 

selectivities remain exceptional examples of how supramolecular control can be applied to 

achieve selective C-H bond oxidation with single hydroxylation products.  
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Scheme 19: Supramolecular C(sp3)-H oxygenation via the hydrophobic effect.  

 

1.4.2 Binding due to Metal Coordination 

Breslow and coworkers have also investigated ligand-to-metal coordination catalysts for C-H 

oxidations. As early as 1989, they reported salen- and porphyrin-based Mn catalysts decorated 

with metal coordinating groups (e.g. bipyridine).[208] In this way, substrates possessing 

coordination ligands were preferentially epoxidized in the presence of substrates lacking such 

ligands. Cu2+ was used as the metal for coordination between the substrate and catalyst, 

enabling the fast exchange of the ligands and preventing product inhibition. Then, two years 

later, they reported the Mn((bipy)4Porph)Cl catalyst and its application to C(sp3)-H oxygenation 

(Scheme 20A).[209] For instance, two different androsterone bipyridine derivates were 

investigated (Scheme 20B/C). When the bipyridine was attached to the C17-alcohol, oxidation 

products 105 at C15 (17%, ketone:alcohol = 1.0:1.4) were mainly observed alongside minor 

amounts of C16 alcohol (3%). In contrast, when substrates lacking the bipyridine motif were 
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used, C5 and C6 oxidation products were predominantly obtained. Despite the relatively good 

selectivity for C15 oxidation, the catalyst suffered from low activity (TON = 0.4). This was 

ascribed to several factors, including: pyridine oxidation; the possibility of trans configuration 

around the Cu2+ such that steroid and catalysts point in opposite directions; and the possible 

formation of substrate-substrate and porphyrin-porphyrin coordination species. In the second 

substrate, the binding site was attached at C3 leading to C6α alcohol 106 as the only product, 

however with only 3% conversion. Under more forcing conditions, (60 equiv. PhIO) the 

conversion could be increased to 41% (TON = 2) resulting in 106 as a C6α alcohol/ketone 

(1.0:1.7) mixture.  

 

Scheme 20: Supramolecular C(sp3)-H oxygenation via ligand-to-metal coordination. 

In 2006, they issued a follow-up report, utilizing phosphonates as coordination groups on the 

substrates instead of bipyridine to avoid undesired pyridine oxidation.[210] With 

Mn((bipy)4Porph)Cl, the C6 oxidation product was observed in a mixture including 5 side 

products and with only 10 turnovers. By using the perfluorinated version Mn(F-(bipy)2Porph)Cl 

instead, alcohol 107 was observed in 90% selectivity with an improved 32 turnovers.  
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1.4.3 Binding due to Hydrogen Bonding  

In recent years, several catalysts have been reported that enable selective C(sp3)-H oxidation 

via hydrogen bonding between substrate and catalyst.[174, 198, 211-212] One of the first examples 

was developed by Crabtree and Brudvig, who reported a di-μ-oxo dimanganese catalyst 

(Mn2(Terpy-COOH)) featuring two ligands based on terpyridine and a Kemp’s triacid 

motif.[211, 213-214] This motif possesses a U-shape and terminates with a -COOH group oriented 

towards the active catalytic Mn center, and enables molecular recognition of carboxylic acid-

containing substrates (Scheme 21A). For instance, 1 mol% of Mn2(Terpy-COOH) catalyzed 

the oxidation of ibuprofen (108) with TBAO to give 109 with 98% selectivity and 50% 

conversion (Scheme 21B).[213] Only very little formation of 110 was observed. In contrast, if 

Mn2(Terpy) (a catalyst lacking the COOH recognition groups) was used, both 109 and 110 

were formed (with 75% selectivity for 109). The reaction could be further improved regarding 

yield and catalyst turnover (71%, 710 TONs) by switching to CD3CN as the solvent and using 

only 0.1 mol% Mn2(Terpy-COOH). That way, only a slightly lower selectivity (97%) for 109 

was observed. In addition to ibuprofen, the oxidation of a mixture of cis/trans-2-(4-

methylcyclohexyl) acetic acid (111) was also investigated. Both catalysts (Mn2(Terpy) and 

Mn2(Terpy-COOH)) gave lower conversions in the oxidation of cis/trans-111 in contrast to 

ibuprofen, probably due to the lower reactivity of the C-H bonds (tert./sec. vs benzylic). 

However, very impressive regioselectivity was observed in the oxidation with Mn2(Terpy-

COOH), which oxidizes almost exclusively trans- and cis-111 to trans-112 (>99% selectivity). 

This was explained by a 180° rotation of the cis-111 derived C-centered radical intermediate to 

reduce steric hindrance prior to hydroxyl rebound. With (Mn2(Terpy) a mixture of trans-112, 

cis-112, and other products was formed (1:1:1.3). 
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Scheme 21: Supramolecular C(sp3)-H oxygenation via hydrogen bonding by Crabtree, Brudvig, and coworkers. 

Impressive examples of enantioselective C(sp3)-H oxidation reactions were reported by Bach 

and coworkers by using a similar approach.[212, 215-217] They synthesized different catalysts 

possessing a U-turning chiral lactam moiety capable of recognizing primary amides via 

hydrogen bonding ((Lactam)M(Porph), (Lactam)Ag(phen2) Scheme 22A). In their initial 

publication, they applied the Ru porphyrin version to the enantioselective, benzylic oxygenation 

of spirocyclic oxindoles (with nine examples, up to 94% ee).[215] In the case of model substrate 

113, oxidation with (Lactam)Ru(Porph) and 2,6-dichloropyridine-N-oxide gave product 115 

in 90% ee in 20% yield (Scheme 22B). The low yield was attributed to unconverted alcohol 

intermediates. Through subsequent oxidation of the crude material under Swern or PCC 

oxidation conditions, the yield could be increased to 70% leading to only slightly worse 

enantiomeric ratios (80% ee). The challenging aspect of this second oxidation was the 

possibility of competing retro-aldol reaction, eliminating any enantioselectivity. 
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Scheme 22: Supramolecular C(sp3)-H oxygenation via hydrogen bonding by Bach and coworkers. 

A few years later, the same group utilized the Mn version of the catalysts in the enantioselective 

oxidation of 116, with PhIO as the oxidant, to give 117 in 68% yield and 99% ee.[216] Up to 12 

examples were reported with different groups at C7 (halogen, triflate, alky) as well as at C3 

(cyclopropyl, -pentyl, -hexyl) in 19-68% yield and 97-99% ee. In 2020, they reported the same 

principle in the enantioselective C(sp3)-H amination using (Lactam)Ag(phen2) (Scheme 

22C).[217] The reaction of 114 with the Ag catalysts and PhI=NNs as nitrene precursor resulted 

in product 119 in 74% yield and 94% ee. Likewise, up to 14 different quinolones and pyridines 

have been oxidized with 29-88% yield and 83-97% ee. 

In 2017, Olivo, Di Stefano, Costas, and coworkers reported a supramolecular catalyst for the 

site-selective C(sp3)-H oxidation of linear aliphatic ammonium salts (Scheme 23A/B).[174, 218]  
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Scheme 23: Supramolecular C(sp3)-H oxygenation via hydrogen bonding by Olivo, Di Stefano, Costas, and coworkers.  

The system consists of the well-known M(pdp) catalysts linked with two 18-benzocrown-6-

ether (CR) motifs for substrate recognition via hydrogen bonding. Oxidation with 

unfunctionalized catalysts (e.g. Fe(pdp)) resulted predominantly in the formation of the ketone 

products distant from the ammonium group (K6 and higher), with minor amounts of K3-5. In 

contrast, in the presence of the supramolecular Fe(CRpdp) and Mn(CRpdp) catalysts, site-

selectivity for the remote C8 and C9 positions was observed. In particular, for decylammonium 

119 the selectivity for K8/K9 increased from 53% to a remarkable 81% from Mn(pdp) to 

Mn(CRpdp), respectively. Besides decylammonium, both longer and shorter aliphatic chains 

were oxidized, showing a preference for C8/C9 oxidation.[218] Upon oxidation of the 

dimethylated derivative of decylammonium (C10-NMe2H
+), the total yield of the reaction 

dropped to 3% with no evidence for increased C8/C9 selectivity (50%). The low yield was 

attributed to the oxidation of the unprotected crown ethers of the catalyst (due to the lack of a 

cationic binding partner).  
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In 2020, the same groups reported the application of the M(CRpdp) catalysts to the selective 

oxidation of some steroid substrates.[219] Furthermore, the group showed remarkable predictive 

power of which positions would be the favored ones and observed different products depending 

on the catalyst's chirality. For example, in the oxidation of 3α-ammonium-5α-cholestane, good 

selectivity for the formation of ketone 121-K15 was observed using (R,R)-Fe(CRpdp) as the 

catalyst (41% yield, 85% selectivity). Oxidation with (S,S)-Mn(CRpdp) on the other side 

resulted mainly in the formation of the 121-O16/K16 (25% yield, 87% selectivity). These 

positions are 8 and 9 carbons away from the ammonium binding side, respectively. This is in 

accord with the results from the decylammonium oxidation. In contrast, the unfunctionalized 

catalysts gave the C25 alcohol as the major product (up to 60% selectivity). Similar tunability 

of the oxidation positions depending on the chirality was observed with two other amino 

steroids. With (S,S)-Mn(CRpdp), acetylated alcohol 122 was mostly formed, whereas with 

(R,R)-Fe(CRpdp), ketone 123 was the major product. (57% and 70% selectivity, respectively). 

In both cases, oxidation with unfunctionalized catalysts resulted in a mixture of products (8-10 

products) in low yields (11-22% total yield). 

In summary, some impressive examples of selective C(sp3)-H oxidations using supramolecular 

catalysts have been reported. It has been shown that less reactive positions can be targeted in 

the presence of more reactive ones. Moreover, the functionalization of remote positions even 

in challenging linear substrates can be achieved with good selectivities. However, the examples 

have also shown that the choice of a suitable supramolecular host can be very challenging. In 

particular, low turnovers due to product inhibition and catalyst decomposition under oxidation 

conditions have to be taken into account. Nevertheless, to us, the approach of supramolecular 

chemistry enables selectivities that would not otherwise be accessible either with directed or 

undirected C(sp3)-H oxidations. Therefore, we aimed to synthesize new supramolecular 

catalysts capable of performing selective C(sp3)-H oxidations. 

1.4.4 Supramolecular Structures of Interest for this Work 

Regarding the recognition site, we were especially interested in the use of molecular tweezers 

and cyclophanes. The term “molecular tweezer” was introduced by Chen and Whitlock and 

describes receptors possessing two flat, typically aromatic and identical panels, which are 

connected by a more or less rigid linker (e.g. 124).[186] Furthermore, they defined that at least 

two out of three requirements had to be fulfilled to achieve binding of aromatic molecules in 

water: i) prevention of self-association of the panels, ii) a distance of approx. 7 Å between the 

panels (either plane to plane or centroid to centroid), and iii) a more or less rigid syn 

conformation of the two panels. Ever since the first molecular tweezer 124 was described by 
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Chen and Whitlock, many different versions have been reported (including di- to 

tetramethylene-bridged compounds,[220] porphyrin-based tweezers,[221] Kagan`s ethers[222] and 

glycoluril based structurs).[223] Depending on the properties of the spacer, tweezers can be more 

or less rigid. The use of a more rigid and preorganized tweezer can be advantageous regarding 

the thermodynamic stability of the host-guest complex (if they are well-fitting). However, at 

the same time, the substrate scope is usually limited, since badly fitting substrates will result in 

low binding or no binding at all.[221]  

The term “cyclophane” on the other side goes back to the synthesis of [2.2]paracyclophane 

(125) by Cram and Steinberg in 1951 (although this was not the first report of such cyclic 

structures).[224-225] Ever since, cyclophanes have been described as cyclic molecular receptors 

with at least one aromatic ring connected between two non-adjacent positions by at least one 

aliphatic bridge. Consequently, the number of different cyclophanes reported to date is 

huge.[225-226] Intensive work on cyclophanes, for instance, was carried out by Diederich and 

coworkers.[181, 201] They investigated cyclophanes (with additional polar groups for water 

solubility) and their guest-uptake properties of aromatic and neutral compounds in water. They 

also studied the influence of different solvents on the binding of a neutral aromatic guest in a 

cyclophane host.[227] Interestingly, they observed a linear free energy relationship between the 

solvent polarity parameter ET(30) and complex formation. For water, the most polar solvent 

investigated (𝐸𝑇(30) = 63.0 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1), a free energy of ∆𝐺° =  −9.4 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1 was 

observed for complexation. In contrast in carbon disulfide, the least polar solvent studied 

(𝐸𝑇(30) = 32.6 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1), the free energy of the formation of the complex decreased to 

∆𝐺° =  −1.3 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1. TFE was among the solvents tested and showed the second highest 

free energy ∆𝐺° =  −7.8 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1 for complex formation after water possessing the second 

highest polarity parameter (𝐸𝑇(30) = 63.0 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1).  

 

Figure 6: First molecular tweezer 124 and name-giving cyclophane 125.  

Both, molecular tweezers and cyclophanes gained our interest for their application in selective 

C(sp3)-H oxidation via substrate recognition. In the case of the first, we aimed for a tweezer 
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enabling binding via hydrogen bonding. In the case of the second, we envisioned that binding 

of neutral apolar guest might be possible due to a solvophobic effect in TFE and HFIP based 

on the studies reported by Diederich. Although HFIP was not included in this study, we 

expected molecular recognition might be feasible, since its solvent polarity parameter is even 

higher than the one of water (𝐸𝑇(30) = 65.3 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1).[228] 
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2 Objective of this Thesis 

The tetraazadentate non-heme Fe and Mn catalysts, especially the M(pdp)[135, 229] and 

M(mcp)[137, 146, 230] versions, have been proven to be very active C(sp3)-H oxidation catalysts.[16, 

134] Furthermore, they can be easily derivatized via their pyridine rings. To us, the application 

of these catalysts in a supramolecular approach was especially interesting. We envisioned that 

the addition of a recognition motif would enable new selectivities in C-H oxidations (Scheme 

24). In order to achieve this, we wanted to explore a glycoluril-based molecular tweezer, which 

has been previously shown to be able to bind ammonium salts via hydrogen bonding and ion-

dipole interactions and was first reported by Isaacs.[231-232] The first steps towards such a 

molecular tweezer catalyst were already achieved in the master`s thesis project prior to this 

work.[233] Therefore, the synthesis began from tweezer 125. We hypothesized that the final 

catalysts could be synthesized in only a few more steps via reductive amination of 125 and 127 

followed by alkylation with 126 and metal complexation. The supramolecular catalysts should 

then be explored in the methylene oxidation of aliphatic ammonium salts. From SPARTAN 

models, we expected preferential oxidation of the positions C6-C8. Furthermore, we hoped to 

observe better selectivities compared to the approach with CRs by Olivo, Di Stefano, Costas, 

and coworkers[218] due to the higher rigidity of the molecular tweezer. 

 

Scheme 24: Strategy towards a supramolecular C(sp3)-H oxygenation catalysts based on a molecular tweezer.  

In the second phase of this work, we wanted to explore macrocyclic catalysts derived from 

cyclophanes[181, 234] (Mn(mcp)CY3Br and Mn(mcp)CY5Br (Scheme 25)). We envisioned that 

the binding of apolar guests lacking any functional handles might be possible in HFIP and TFE 

due to a solvophobic effect. This assumption was based on host-guest studies by Diederich and 
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coworkers, which showed a distinct solvophobic effect of aromatic substrates depending on the 

polarity of the solvent.[227, 235] The synthetic strategy included monobromination of bisphenol 

A (128) followed by monoalkyation with 130/131 and subsequent macrocyclization with two 

equivalents of the substrate. Thereafter, macrocycle CY3Br /CY5Br should be attached to the 

catalyst pyridines via twofold Suzuki cross-coupling. In theory, the second unreacted bromide 

of the macrocycle could be later used to forge an additional macrocyclic connection between 

the two distinct CY3 or CY5 cycles in the catalyst, increasing the rigidity of the system. As 

substrates, simple n-alkanes should be applied for the smaller CY3 version. CY5 should then 

also enable the investigation of larger substrates.  

 

Scheme 25: Strategy towards a supramolecular C(sp3)-H oxygenation catalysts based on macrocycles.  
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3 Results and Discussion  

In the following, a short summary of the publications that were produced in the course of this 

dissertation is given (chapter 3.1, excluding the co-authored publication). Furthermore, the 

results of preliminary and unpublished work regarding macrocyclic C-H oxidation catalysts are 

discussed (chapter 3.2). 

3.1 Tweezer-Based C-H Oxidation Catalyst: Publication Summary 

3.1.1 Overriding Intrinsic Reactivity in Aliphatic C–H Oxidation: Preferential C3/C4 

Oxidation of Aliphatic Ammonium Substrates[236] 

Following the aim to synthesize Fe(pdp)Twe, we started with commercially available 

iododurene (133, Scheme 26). Introduction of TBS-acetylene via Sonogashira cross-coupling 

followed by benzylic bromination with NBS gave access to 134. In a literature-known 

procedure, 1,2,4,5-tetrakis(bromomethyl)benzene compounds can be reacted with two 

equivalents of 135 resulting in tweezer 136.[231] Deprotection followed by a second Sonogashira 

cross-coupling resulted in compound 125. Subsequently, the aldehyde was reduced to the 

alcohol, which was then converted with PBr3 to the benzylic bromide. Reaction with 193 

resulted in the formation of free ligand (pdp)Twe. Note, that we switch the substrates for the 

reductive amination and alkylation of 127 compared to our initial plan, due to better product 

separation and yields. In the last step, complexation with Fe(OTf)2(MeCN)2 gave the desired 

catalyst Fe(pdp)Twe. Originally we planned a more concerted approach, however, it was not 

possible to achieve direct cross-coupling between 137 and a free (pdp)Br ligand.[233]  

 

Scheme 26: Synthesis of the Fe(pdp)-functionalized tweezer Fe(pdp)Twe. a) TBS-acetylene, PdCl2(PPh3)2, CuI, Et2NH, 

50 °C, 16 h, 97%. b) NBS, AIBN, CCl4, 95 °C, 72 h, 58%. c) 7, KOtBu, 135, DMSO, rt, 16 h, 44%. d) TBAF, THF, 0 °C, 2 h, 
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80%. e) 137, 138, PdCl2(PPh3)2, CuI, PPh3, THF, µw, 120 °C, 90 min, 76%. f) NaCNBH3, TFA, MeOH, CH2Cl2, rt, 4 h, 96%. 

g) PBr3, CH2Cl2, 0 °C → rt, 16 h, 75%. h) 139, K2CO3, TBAB, MeCN, 90 °C, 16 h, 97%. i) Fe(OTf)2(MeCN)2, MeCN, rt, 

2.5 h, 58%. AIBN: azobis-iso-butyronitrile, TBS: (tert-butyldimethylsilyl), TBAB: tetra-n-butylammonium bromide, TBAF: 

tetra-n-butylammonium fluoride, TFA: trifluoroacetic acid, NBS: N-bromosuccinimide 

Next, we wanted to investigate the behavior of the catalyst with some substrates. We chose 

decylammonium tetrafluoroborate (119) as the model substrate and performed NMR titration 

experiments to determine the binding constant. Surprisingly, relatively weak binding was 

observed for decylammonium and Fe(pdp)Twe (Ka = 29.5 ± 1.9 M–1, Kd = 34.0 mM ± 2.2 mM), 

in contrast to unfunctionalized tweezer 136b (Ka = 210 ± 7.6 M–1, Kd = 4.77 mM ± 0.17 mM). 

Further dilution experiments showed that Fe(pdp)Twe possesses a distinct dimerization 

constant (Kdim = 160 ± 2.2 M–1), whereas 136b showed no aggregation. For the oxidation of 

decylammonium with Fe(pdp)Br, the expected reactivity trend for the formation of ketone 

products K4 to K9 was observed (Table 1, entry 1). The positions proximal to the ammonium 

salt were clearly deactivated and only minor amounts of K3 and K4 were formed. With 

Fe(pdp)Twe product mixtures were unfortunately also observed, however, with a remarkable 

selectivity change (Table 1, entry 2). The deactivated positions K3 and K4 proximal to the 

ammonium salt were now preferentially oxidized. In addition to decylammonium, shorter and 

longer linear ammonium salts were also investigated (entries 9-20). For all the substrates tested, 

the same selectivity trend was observed, with increased formation of intrinsically deactivated 

products K3/K4 (three examples depicted in Figure 7a). Subsequently, some control 

experiments were performed. First, Fe(pdp)Br and tweezer 136b were added as separate 

moieties. And indeed, with this combination, a similar reactivity as with Fe(pdp)Br alone was 

observed (Table 1, entry 3 vs. 4), showing the need for a linked supramolecular catalyst.  
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Table 1: C(sp3)-H oxygenation of different linear aliphatic ammonium salts with Fe(pdp)Br or Fe(pdp)Twe.[a]  

 

 
[a] General reaction conditions: substrate (18.5 µmol, 1.0 equiv.), catalyst (925 nmol, 5 mol%), AcOH (148 µmol, 8.0 equiv.), 

H2O2 (278 µmol, 15 equiv., addition via a syringe pump over 90 min), MeCN, 0 °C. After 15 min, internal standard (biphenyl, 

9.25 µmol, 0.5 equiv.), NEt3 (100 µL), Ac2O (150 µL), 0 °C. After 1 h, washing with H2O, 2 M H2SO4, NaHCO3, H2O, dried 

(Na2SO4) and analyzed by GC. [b] Total yield refers to mixture of all isomers. [c] Selectivity refers to yield of selected 

ketones/total yield. [d] 5 mol% of Tweezer 136b was added additionally. [e] Different work-up, see SI. 

 

Figure 7: a) Graphic depiction of the selectivities in the C-H oxidation of selected substrates. b) Binding models of 

decylammonium and Fe(pdp)Twe. 

Next, the binding of the substrate should be decreased by weakening the H-bonding ability 

through the addition of methyl groups to the ammonium salt (Table 1, entries 5-7). With C10-

NMeH2
+, lower amounts of K3/K4 were already observed compared to C10-NH3

+ (16% and 

28% selectivity, respectively). In the case of C10-NMe2H
+, the selectivity for K3/K4 was 
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almost completely lost (6.2% in contrast to 5.2% for Fe(pdp)Twe and Fe(pdp)Br, 

respectively). To explain the observed preference for the proximal positions, we performed 

molecular modeling. In theory, we envisioned two different binding modes (Figure 7b): one 

inside the tweezer (binding mode 1); and one outside of the tweezer (binding mode 2). Only in 

the case of the latter would one expect preferential oxidation of C3 and C4. And indeed, 

according to the calculations, the binding mode 2 (with an additional acetonitrile solvent in the 

cavity of the tweezer, not shown in Figure 7b) is approximately 5 kJ/mol lower in energy.  

In conclusion, we synthesized new supramolecular catalysts capable of the preferential C-H 

oxidation of intrinsically deactivated positions close to the ammonium (C3/C4) in aliphatic 

ammonium salts. For more general usability the selectivities need to be further improved, 

however, these results still highlight the possibility of a supramolecular approach in C-H 

oxidations.  



Results and Discussion 

43 

 

3.1.2 Tweezer-Based C-H Oxidation Catalysts Overriding the Intrinsic Reactivity in 

Aliphatic Ammonium Substrates[237] 

After our initial results with Fe(pdp)Twe, we wanted to explore such tweezer catalysts further, 

and investigate their ability to oxidize intrinsically deactivated positions. Firstly, we aimed for 

an increased catalyst scope. Therefore, we synthesized the twofold tweezer-functionalized 

catalyst Fe(pdp)Twe2, as well as the Fe(mcp)Twe and the two Mn versions (Mn(pdp)Twe 

and Mn(mcp)Twe) (Figure 8). For comparison, the unfunctionalized counterparts were 

prepared as well.[135, 137, 146, 229-230]  

 

Figure 8: Depiction of the functionalized and tweezer-based catalysts. 

In the case of the twofold functionalized Fe(pdp)Twe2, we hoped to achieve better selectivities 

for K3 and K4 in contrast to the monofunctionalized Fe(pdp)Twe. Unfortunately, the opposite 

was true, with slightly lower conversion and yields in the oxidation of decylammonium as well 

as worse selectivities for the proximal positions (Table 2). Therefore, we performed a NMR 

titration experiment to determine the binding constant between decylammonium and 

Fe(pdp)Twe2. Initially, we expected it to be higher, due to the additional tweezer binding side. 

However, to our surprise, an even lower binding constant was observed compared to 

Fe(pdp)Twe (Ka = 19.7 ± 1.2 M-1 vs. Ka = 29.5 ± 1.9 M-1, respectively).  
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Table 2: Oxidation of decylammonium 119 with Fe(pdp)Twe and Fe(pdp)Twe2.[a] 

 

[a] General reaction conditions: substrate (9.25 µmol, 1.0 equiv.), Fe (463 nmol, 5 mol%), AcOH (74.0 µmol, 8.0 equiv.), H2O2 

(139 µmol, 15 equiv., addition via a syringe pump over 90 min), MeCN, 0 °C. After 15 min, internal standard (biphenyl, 

4.63 µmol, 0.5 equiv.), NEt3 (50 µL), Ac2O (75 µL), 0 °C. After 1 h, washing with H2O, 2 M H2SO4, NaHCO3, dried (Na2SO4) 

and analyzed by GC. [b] Total yield refers to the mixture of all isomers. [c] Selectivity refers to the yield of selected 

ketones/total yield. 

Next, we investigated the behavior of the different supramolecular tweezer catalysts (Table 3). 

As previously observed,[218-219] the two new Mn catalysts (Mn(mcp)Twe and Mn(pdp)Twe) 

both behaved as relatively active catalysts, enabling the use of 1 mol% catalyst loading 

compared to 3 mol% for the Fe versions. Furthermore, a significant increase in C3/C4 oxidation 

was observed compared to their unfunctionalized counterparts Mn(mcp) and Mn(pdp) (entries 

1-4). However, this increase was less distinct than with Fe(pdp)Twe. In addition to C3/C4, the 

C5 positions were also oxidized to a greater extent. In the case of Fe(mcp)Twe, however, only 

low activity in the oxidation of decylammonium was observed despite repeated attempts to 

synthesize it under various conditions (entry 6).[146, 159, 238] 

Table 3: Oxidation of decylammonium 119 with several catalysts and in different solvents.[a] 

 

 

[a] General reaction conditions: substrate (18.5 µmol, 1.0 equiv.), Fe (555 nmol, 3 mol%) or Mn catalyst (185 nmol, 1 mol%), 

AcOH (148 µmol, 8.0 equiv. or 407 μmol, 22 equiv., respectively), H2O2 (46.3 µmol, 2.5 equiv., addition via a syringe pump 

over 16 min), solvent, 0 °C. After 45 min, internal standard (biphenyl, 9.25 µmol, 0.5 equiv.), NEt3 (100 µL), Ac2O (150 µL), 

0 °C. After 1 h, washing with H2O, 2 m H2SO4, NaHCO3, dried (Na2SO4) and analyzed by GC. [b] Additional IBX oxidation 

of alcohol products, see SI p. S20. [c] Total yield refers to the mixture of all isomers. [d] Selectivity refers to the yield of 

selected ketones/total yield. 
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Next, we wanted to investigate the effect of H-bond donor solvents like TFE and HFIP. Both 

solvents are known to activate H2O2
[239-240] and to deactivate the α-CH bond of intermediate 

alcohol products.[150-151] Already in our first publication,[236] we performed a short screening of 

these solvents, however, since we were not aware of this strong deactivation effect, we 

misinterpreted the observed alcohol products as ketones (O3-O9 possess similar retention times 

on the GC as K8 and K9). Therefore, we concluded that no selectivity for C3 was observed in 

these solvents for proximal positions. Once we realized this mistake, we repeated the 

experiments and added a subsequent oxidation step with IBX to convert the alcohol products 

to ketones. And indeed, also in TFE and HFIP, selectivity for the proximal positions C3 and C4 

was observed. The best results were still obtained in MeCN, however, the relative 21-fold 

increase in K3/K4 selectivity in HFIP from Fe(pdp) to Fe(pdp)Twe was extraordinary (Table 

3, entries 11-12.). Furthermore, as expected, higher conversions and yields were observed in 

TFE and HFIP compared to MeCN.  

Finally, we investigated the oxidation of some new substrates (Table 4). In particular, we were 

interested in the oxidation of two substrates with a terpene substitution pattern, 140 and 141, as 

well as the two cyclohexyl substrates 142 and 143. In all four cases, a distinct increase in C3 or 

C4 selectivity was observed with Fe(pdp)Twe, compared to unfunctionalized Fe(pdp). For 

both catalysts (unfunctionalized and supramolecular), the oxidation of 140 results in the 

formation of the tertiary alcohols at C3 and C7. The amount of C3 alcohol, however, increased 

from Fe(pdp) to Fe(pdp)Twe from 11% to 41%, respectively. In the case of the substrate that 

is one carbon longer, 141, oxidation of the less deactivated C4 position increased from 25% to 

57% selectivity, respectively, making the proximal alcohol product the major one. In the case 

of substrates 142 and 143 a similar trend was observed, however, with generally lower amounts 

of C3 and C4, presumably due to the deactivation by the ammonium salt plus sterical hindrance 

and torsional effects in the HAT transition state.[160] In the case of 142, the main products were 

K5 and K6, with a selectivity increase in proximal O3 from 4.9% to 16% from Fe(pdp) to 

Fe(pdp)Twe. In the case of substrate 143 which is longer by one carbon, the selectivity for O4 

formation increased from 9% to 27%, respectively.  
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Table 4: Oxidation of new substrates with Fe(pdp) and Fe(pdp)Twe.[a] 

 

 

[a] General reaction conditions: substrate (18.5 µmol, 1.0 equiv.), Fe (3 mol%), AcOH (8.0 equiv.), H2O2 (2.5 equiv., addition 

via a syringe pump over 16 min), MeCN, 0 °C. After 45 min, internal standard (biphenyl, 0.5 equiv.), NEt3, Ac2O, 0 °C. After 

1 h, work up, see SI p. S19-S20. [b] Additional IBX oxidation of alcohol products, see SI p. S20. [c] Total yield refers to the 

mixture of all isomers. [d] Selectivity refers to the yield of selected ketones/total yield. 

In summary, we synthesized four new versions of our tweezer-based C-H oxidation catalyst 

and investigated their efficiency in the oxidation of decylammonium. The best-performing 

catalyst, Fe(pdp)Twe was applied in the hydroxylation of decyl ammonium in TFE and HFIP 

and in the oxidation of four new substrates in MeCN. In all cases, preferential oxidation of C3 

and/or C4 was observed.  
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3.2 Macrocyclic C-H Oxidation Catalyst: Preliminary Work 

3.2.1 Synthesis of Intrinsic and new Macrocyclic Catalysts 

In aiming for a macrocyclic C-H oxidation catalyst, the synthesis of Mn(mcp)CY3 was 

attempted. First, commercially available bisphenol A (BPA, 128) was brominated with NBS 

(Scheme 27), according to a previously reported method (Lit: 80% yield).[241] To achieve 

reasonable yields of the mono-brominated product 144, an excess of starting material is 

necessary. Since bisphenol A (128) is reasonably cheap and can be easily recovered after the 

reaction, this was accepted without trying to improve the reaction conditions further. In our 

case, slightly lower yields were obtained compared to the literature, which might be due to 

imperfect separation on the MPLC, resulting in minor amounts of mixed fractions of starting 

material and 144. 

 

Scheme 27: Monobromination of bisphenol A to obtain 144. 

Next, we aspired to synthesize macrocycle CY3Br2 in two steps (Scheme 28). In the first step, 

bisphenol 144 should be mono-alkylated. We assumed that the bromide ortho- to one of the two 

phenols might result in some reactivity difference in the alkylation. And indeed, it was possible 

to achieve 145 in up to 73% yield by using one equivalent of 1-bromo-3-chloropropane (130) 

and potassium carbonate as a base. The higher reactivity of the phenol ortho- to the bromide 

might be due to an inductive effect of Br, making the O-H bond more acidic compared to its 

non-brominated counterpart. The subsequent macrocyclization to CY3Br2 at low concentration 

was achieved in reasonably good yield (40%) by using caesium carbonate and potassium iodide.  

 

Scheme 28: Synthesis of macrocycle CY3Br2 via monoalkylation of 144 followed by cyclization of two parts of 145. 
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Unfortunately, upon scaling up the two reactions, we observed a distinct decrease in the yield 

of our desired monoalkylated product 144, with the worst result being 26% yield. Instead, 

higher amounts of unreacted starting material and the dialkylated product 146 were observed. 

Therefore, we decided to change the synthetic strategy and aim for the synthesis of macrocycle 

CY3Br possessing only one bromide (Scheme 29). For the non-macrocyclic catalyst, the 

second bromide would not be necessary, and by removing it, the subsequent cross-coupling 

reaction would also not suffer from selectivity issues. The alkylation was performed exactly as 

before, except using 2.1 equivalents of 1-bromo-3-chloropropane, resulting in 146 in 76% 

yield. For the macrocyclization, compound 146 was reacted with 1.0 equivalent of BPA (128) 

giving macrocycle CY3Br in 48% yield.  

 

Scheme 29: Synthesis of CY3Br via double alkylation of 144 followed by cyclization of 146 and BPA. 

Thereafter, macrocycle CY3Br should be converted with 147 in a Suzuki cross-coupling 

reaction (Scheme 30). To achieve this, 147 was synthesized from 5-bromopyridine-2-

carbaldehyde (129) and bis(pinacolato)diboron (B2pin2) in a Miyaura borylation, and was then 

directly submitted to the Suzuki cross-coupling without further purification. Among the 

conditions tested, the best results were observed with K3PO4 as the base and in a DMF/H2O 

(9/1) mixture. The cross-coupling also showed lower conversion and yields upon up-scaling. 

Under small-scale conditions (200 μmol), yields of up to 68% were achieved, however, at a 

1.00 mmol scale, the best yield observed was 49%. Higher yields in the Suzuki cross-coupling 

could be probably achieved by switching the boron and halogen functionalities in the reactants 

(most reactive partners in Suzuki reactions are usually unhindered, electron-deficient 

halides/triflates with electron-rich organoboranes).[242] However, this would result in an 

additional step in the longest synthetic route. 
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Scheme 30: Suzuki cross-coupling of CY3Br and 147 to obtain aldehyde 148. 

The final steps were all performed according to the previous tweezer project, except that in the 

reduction, NaBH4 and a CH2Cl2/MeOH mixture were used (Scheme 31). The former is due to 

lower toxicity compared to NaCNBH3 and the latter is due to the low solubility of 148 in pure 

MeOH. After bromination with PBr3, alkylation of (1S,2S)-N,N'-dimethyl-1,2-cyclohexane-

diamine (132), and complexation with Mn(OTf)2, the final complex Mn(mcp)CY3 was 

achieved in 27% yield over those four steps.  

 

Scheme 31: Final steps towards the formation of Mn(mcp)CY3 according to the previous strategy in the tweezer project.  

In addition to the CY3 macrocycle, an enlarged derivative, CY5, should also be synthesized, 

opening the investigation of larger hydrocarbon skeletons such as steroids. To achieve this, the 

whole synthesis was repeated accordingly, using 1-bromo-5-chloropentane (131) as the linkage 
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between the two bisphenol moieties (Scheme 32). All the reactions were conducted successfully 

in similar yields. For comparison, the unfunctionalized catalyst Mn(mcp)[137, 230] was used. 

 

Scheme 32: Analog synthesis of Mn(mcp)CY5 according to the previous strategy for Mn(mcp)CY3 using 1-bromo-5-

chloropentane (131) as linker instead of 1-bromo-3-chloropropane (130). 

3.2.2 Substrates and their C-H Oxidation 

We were especially interested in two kinds of substrates. First, we wanted to investigate n-

alkanes. Although those substrates appear very simple, the selective oxidation of a single 

methylene group remains an unsolved challenge. This is due to the lack of any functional handle 

or group which would either enable binding or have an impact on the electronic, steric, and 

stereo-electronic properties of CH2 groups in its proximity. However, we hypothesized that an 

enhancement of the medial methylene C-H oxidation might be observed if the substrate takes a 

linear conformation within the two macrocycles of Mn(mcp)CY3. For that reason, we decided 



Results and Discussion 

51 

 

to start with n-tetradecane (155), a relatively long substrate that could fill both macrocycles 

according to our SPARTAN model (Figure 9).  

 

Figure 9: SPARTAN model of the binding of n-tetradecane (155) in Mn(mcp)CY3. 

The oxidation reactions were performed according to the general oxidation conditions for n-

alkanes, using 4.0 equivalents of acetic acid and 4.0 equivalents of H2O2 in MeCN and 

1.0 equiv. of H2O2 in TFE and HFIP, respectively. Lower amounts of the peroxide were used 

in the latter solvent to minimize the formation of overoxidized diol products. The conversion 

and yield were calculated via GC utilizing biphenyl (BP) as an internal standard. As predicted, 

the supramolecular catalyst resulted in an active C-H oxidation catalyst (see Table 5). Although 

lower conversions and yields were observed compared to the unfunctionalized catalyst, the 

general catalytic activity was the first important result to us. The lower conversion could be due 

to the slow decomposition of Mn(mcp)CY3 under the oxidation conditions, which was also 

observed with our tweezer catalyst. However, it should be noted that the conversions and yields 

were also lower for the unfunctionalized catalysts. With Mn(mcp), we observed total yields of 

up to 55% in MeCN for the oxidation of decylammonium, but only 23% in the case of n-

tetradecane (155). An explanation for this marked decrease could be the different solubility of 

the substrates. Decylammonium is soluble in all free solvents, n-tetradecane in none, 

presumably making the substrate less accessible to the catalyst. Hence, higher yields might be 

also possible for Mn(mcp)CY3 in the oxidation of other substrates.  

Table 5: Oxidation of n-tetradecane (155) with Mn(mcp) and Mn(mcp)CY3 in several solvents.[a]  
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[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in MeCN or in 

TFE/HFIP, respectively (see Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and 

are based on an internal standard. [b] Total yield refers to the mixture of all products. 

To analyze whether some differences in the oxidation selectivity were observed, the GC spectra 

of the crude mixtures of the different reactions were compared (see Figure 10). To start with, a 

clear difference between the oxidation in MeCN and HFIP was visible. However, this was 

expected, since MeCN should mainly result in the ketone products, whereas reactions in HFIP 

should terminate at the alcohols. Looking at the oxidation of Mn(mcp) and Mn(mcp)CY3 in 

HFIP, three main peaks were observed on the GC, although in total 6 different alcohol 

constitution isomers of the oxidation of methylene C-H bonds are possible. Unfortunately, it 

was not possible to achieve better separation even under improved GC conditions. Regarding 

the isolated signals, unfortunately, almost no relative intensity change was observed with 

Mn(mcp) or Mn(mcp)CY3 in HFIP. In MeCN, it seems like there could be some selectivity 

change, however, the most likely explanation for the observation is a different alcohol-to-

ketone ratio for the two catalysts. It should be noted, that the assignment of ketone and alcohol 

products was not proven and represents only an assumption based on the observed signals and 

the expected reactivity of the HAT step in the different solvents used.[150-153] However, it was 

surprising to us to obtain such high amounts of alcohol products in MeCN. Presumably, this is 

also due to the low solubility of the substrates and low conversion of our catalysts. The results 

for the oxidation in TFE were intermediate between those in MeCN and HFIP. The yields were 

somewhat lower than in MeCN, and alcohol products were mainly observed, however, small 

amounts of ketones were also formed. In conclusion, we were not able to observe any distinct 

selectivity change with our supramolecular catalyst for the oxidation of C14. Nevertheless, we 

learned that our catalyst was generally active and gained first information about its oxidation 

behavior in the different solvents.  
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Figure 10: GC-spectra of the oxidation of 155 with Mn(mcp) and Mn(mcp)CY3 in several solvents. 

Next, we decided to look at shorter substrates, the oxidation products of which would still be 

separable on the GC. Furthermore, we focused on oxidations in HFIP and MeCN. The former, 

because they gave the best yields and resulted exclusively in alcohol products, and the latter, to 

have an additional comparison to our results in HFIP. The results of the oxidation of n-octane 

are shown in Table 6. Again, in MeCN, mixtures of ketone and alcohol products were observed 

and only very low yields were obtained for the oxidation with Mn(mcp)CY3 (see Figure 11). 

In HFIP, a 19% total yield was observed, with Mn(mcp)CY3 leading only to the alcohol 

products. The product assignment displayed was made according to a literature reference.[243-

244] For better comparison with the results in HFIP, we decided to further oxidize the observed 

alcohol products of the oxidation with Mn(mcp) using IBX. In this way, it was possible to 

compare the ratios of the three ketone products with the ratios of the alcohol products in HFIP. 

Unfortunately, the change in selectivity for the oxidation using Mn(mcp)CY3 was not 

significant enough to be interesting.  
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Table 6: Oxidation of n-octane with Mn(mcp) and Mn(mcp)CY3 in MeCN and HFIP.[a] 

 

 

[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in MeCN or in 

TFE/HFIP, respectively (see Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and 

are based on an internal standard. [b] Total yield refers to the mixture of all products. [c] Additional oxidation in a Second step 

for small-scale oxidation reactions (see Chapter 5.3). 

 

Figure 11: GC-spectra of the oxidation of 157 with Mn(mcp) and Mn(mcp)CY3 in MeCN and HFIP. 

Next, the oxidation of substrates with a bulkier group at one end was investigated. We 

envisioned that this could help due to decreased flexibility of the substrate within the 

macrocycles. In particular, we studied the oxidations of 1-bromododecane (159) and tridecan-

2-one (161). The results of the oxidation of 1-bromododecane (159) are depicted in Table 7 and 

Figure 12. It should be noted that for 159, higher yields were generally observed, (except for 

Mn(mcp)CY3 in MeCN) with a 39% total yield for our supramolecular catalyst in HFIP.  
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Table 7: Oxidation of 1-bromododecane (159) with Mn(mcp) and Mn(mcp)CY3 in MeCN and HFIP.[a] 

 

[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in MeCN or in 

TFE/HFIP, respectively (see Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and 

are based on an internal standard. [b] Total yield refers to the mixture of all products. [c] Additional oxidation in a Second step 

for small-scale oxidation reactions (see Chapter 5.3). 

 

 

Figure 12: GC-spectra of the oxidation of 159 with Mn(mcp) and Mn(mcp)CY3 in MeCN and HFIP. 

Two interesting patterns were observed in the GC spectra. Firstly, the ketone products are more 

separable than the alcohol products, and secondly, a small selectivity change was observed in 

the case of the oxidation in HFIP. Although this change was not large, we decided to investigate 

it in further detail. To be able to gain more information about the pattern, we oxidized the 

alcohol products from the reactions in HFIP in a subsequent step with IBX to observe the 

corresponding ketones (see Figure 13). The results could hint towards a slight enhancement of 

the proximal C-H oxidation products, but again, the effect was very small. The assumption of 
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which peak corresponds to which product was based on two factors. Firstly, we would expect 

a clear reactivity difference between the oxidation of the proximal and distal methylene groups 

in 1-bromododecane (159), due to the negative inductive effect of the bromide. And secondly, 

we assumed that the pattern observed on the GC would be comparable with those observed for 

the oxidation of decylammonium. One way to investigate this further would be via GC-MS, 

looking for the fragmentation patterns (e.g. McLafferty fragmentations) as was done for 

decylammonium. Alternatively, the products could be isolated, however, this is extremely 

challenging due to their high similarity. At this stage, we were more interested in the 

reproducibility of the selectivity pattern. Again, different ratios and therefore presumably 

different selectivities in HFIP were observed, however, the second time the observed selectivity 

difference decreased with a 59:41 ratio for Mn(mcp) and a 61:39 ratio for Mn(mcp)CY3, 

respectively. All in all, the selectivity change was too small and we did not further investigate 

this substrate. 

 

Figure 13: GC-spectra of the oxidation of 159 before and after additional IBX oxidation. 

Next, the oxidation of tridecan-2-one (161) was conducted (Table 8, Figure 14). Note that in 

the case of the oxidation with Mn(mcp)CY3 in HFIP no reliable conversions and yields were 

observed, due to an error during the addition of our internal standard. However, from the signal 

intensities, it can be stated that reasonable yields were observed. Furthermore, it was still 

possible to investigate the oxidation pattern, and again, in the case of the oxidation reactions in 

HFIP a slight selectivity change was observed. As before, we oxidized the alcohol products 

with IBX and looked at the pattern of the corresponding ketones. A good separation was 

observed on the GC, showing a distinct reactivity difference between the methylene groups. 
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But unfortunately, it was observed again that there was no conclusive selectivity change for the 

oxidation with our supramolecular catalysts compared to the unfunctionalized catalysts. 

Table 8: Oxidation of tridecan-2-one (161) with Mn(mcp) and Mn(mcp)CY3 in MeCN and HFIP.[a] 

 

[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in MeCN or in 

TFE/HFIP, respectively (see Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and 

are based on an internal standard. [b] Total yield refers to the mixture of all products. 

 

Figure 14: GC-spectra of the oxidation of 161 with Mn(mcp) and Mn(mcp)CY3 in MeCN and HFIP.. 

Finally, some non-linear substrates should be investigated. In particular, we were interested in 

the oxidation of menthol acetate 163 and menthol hexanoate 165. The former was also oxidized 
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by the group of White with Fe(pdp) in MeCN, leading to products 82 and 164 in an 11:1 ratio 

due to steric differences (the C-H bond in the isopropyl group is oriented towards the 

neighboring acetate, making it less accessible to the catalyst).[135] In our case, the oxidation with 

Mn(mcp) resulted in two signals on the GC in a 9:1 ratio (Table 9, Figure 15). The oxidation 

with Mn(mcp)CY3 resulted in the same two signals in a 10:1 ratio. Although the products were 

not isolated, it was assumed that they are the same as observed by White and coworkers. The 

two tertiary C-H bonds should be the most reactive ones independent of the different solvents 

used. As no significant change was observed, we did not investigate the substrate or its products 

further.  

Table 9: Oxidation of rac-163 with Mn(mcp) and Mn(mcp)CY3 in HFIP.[a] 

 

[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in TFE/HFIP (see 

p. Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and are based on an internal 

standard. [b] Total yield refers to the mixture of all products. 

 

Figure 15: GC-spectra of the oxidation of 163 with Mn(mcp) and Mn(mcp)CY3 in HFIP. 

In the case of the oxidation of menthol hexanoate, three main peaks were observed (Table 10, 

Figure 16). Note that, again, no reasonable conversion and yield was observed for the oxidation 

with Mn(mcp)CY3. Since once again no promising differences in the ratio of the peaks were 

observed on the GC for the different catalysts, the oxidation reaction with Mn(mcp)CY3 was 

not repeated. Regarding the signal at approx. 14.0 min, we assumed that this could be some 

overoxized diol product(s), however, we did not further investigate it. It could also just be an 

impurity.  
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Table 10: Oxidation of rac-165 with Mn(mcp) and Mn(mcp)CY3 in HFIP.[a] 

 

[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in TFE/HFIP (see 

Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and are based on an internal 

standard. [b] Total yield refers to the mixture of all products. 

 

 

Figure 16: GC-spectra of the oxidation of 165 with Mn(mcp) and Mn(mcp)CY3 in HFIP. 

Next, we focused on oxidation reactions with macrocyclic catalyst Mn(mcp)CY5 enabling the 

investigation of larger substrates. The first substrate studied was bicyclohexane 167. We 

performed the oxidation both in MeCN and HFIP, but the former gave very diminished 

conversion and yields (Table 11). However, the oxidation in HFIP showed conversion of the 

starting material and formation of products, both with the unfunctionalized as well as with the 

macrocyclic catalyst (Figure 17). Therefore, the synthesis of the second macrocycle also 

resulted in an active catalyst. On the GC spectra, six different product signal were detected, 

with four of them being the major products. From an electronic point of view, it would make 

sense that these are the oxidation products of the four tertiary C-H bonds. However, the peaks 

were not assigned to the corresponding products, and the possibility cannot be excluded that 

the observed peaks in fact consist of several overlapping products. The selectivity difference 

was not very distinct. The strongest reactivity change was observed for the least intense product 

peak in the Mn(mcp) oxidation. The selectivity for this first product peak increased from 3% 

to 8% with Mn(mcp) and Mn(mcp)CY5, respectively. But again, the differences were too 

small and we did not carry out further investigation. 



Results and Discussion 

60 

 

Table 11: Oxidation of 167 with Mn(mcp) and Mn(mcp)CY5 in MeCN and HFIP.[a] 

 

[a] Reactions were performed according to the General small-scale oxidation procedure with Mn catalysts in MeCN or in 

TFE/HFIP, respectively (see Chapter 5.3). Conversion and total yield were observed via GC analysis of the crude mixtures and 

are based on an internal standard. [b] Total yield refers to the mixture of all products. 

 

 

Figure 17: GC-spectra of the oxidation of 167 with Mn(mcp) and Mn(mcp)CY5 in HFIP. 

Finally, two steroid substrates (169 and 171) were oxidized. For their analysis, it was not 

possible to use GC due to their high molecular weights. Instead, the crude mixtures of the 

oxidation reactions were analyzed via NMR. Below the 13C NMR spectra are depicted, showing 

that only in the case of the oxidation with unfunctionalized Mn(mcp) in HFIP were reasonable 

conversions and yields obtained (Scheme 33, Scheme 34).  
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Scheme 33: Oxidation of 169 with Mn(mcp) and Mn(mcp)CY5 in MeCN and HFIP. Reactions were performed according 

the General small-scale oxidation procedure with Mn catalysts in MeCN or in TFE/HFIP, respectively (see Chapter 5.3). 

Instead of GC analysis NMR was used.  
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Scheme 34: Oxidation of 171 with Mn(mcp) and Mn(mcp)CY5 in MeCN and HFIP. Reactions were performed according 

the General small-scale oxidation procedure with Mn catalysts in MeCN or in TFE/HFIP, respectively (see Chapter 5.3). 

Instead of GC analysis NMR was used. 
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4 Summary and Outlook 

In recent years, the M(pdp) and M(mcp) catalysts have been shown to be very active C(sp3)-H 

oxidation catalysts. Furthermore, they can be easily derivatized via their pyridine rings. Over 

the course of this dissertation, several supramolecular catalysts were obtained based on these 

M(pdp) and M(mcp) scaffolds. In the first part, a handful of tweezer catalysts based on 

glycoluril were synthesized in 10 steps each (Figure 18). First, we applied Fe(pdp)Twe to the 

oxidation of linear aliphatic ammonium salts. Similarly to the unfunctionalized catalysts, we 

observed product mixtures, however, with an impressive change in selectivity. The oxidation 

of the intrinsically deactivated C3 and C4 positions increased distinctly. Of all catalyst versions 

synthesized, Fe(pdp)Twe gave the best selectivities for the oxidation of C3/C4. In contrast, the 

Mn versions, Mn(mcp)Twe and Mn(pdp)Twe, showed lower selectivities for C3. However, 

oxidation of the C5 positions increased and higher conversions and total yields were observed 

using lower amounts of catalyst. In addition to linear substrates, two ammonium substrates with 

terpene substitution patterns as well as two cyclohexane derivatives were investigated. In all 

cases, preferential oxidation of C3 or C4 was observed.  

 

Figure 18: Overview of the tweezer-based C-H oxidation catalysts achieved during this dissertation. 

In the second part, we aimed for the synthesis of supramolecular catalysts based on macrocyclic 

recognition sites (Figure 19). And indeed, both the Mn(mcp)CY3 and Mn(mcp)CY5 could be 

obtained in 7 steps each. We envisioned that binding might be possible in TFE and HFIP due 

to a solvophobic effect. Therefore, we investigated several apolar substrates lacking distinct 

functional handles. Unfortunately, in none of the cases was a change in selectivity observed 

compared to the unfunctionalized catalysts. This might be due to several reasons, including too 

much flexibility of the catalysts as well as of the substrates. Furthermore, the binding might be 
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too weak. However, due to the special solvents of interest (TFE and HFIP) and the low amount 

of available catalysts, we did not measure any binding constants.  

 

Figure 19: Overview of the macrocyclic C-H oxidation catalysts achieved during this dissertation. 

However, the work done with Mn(mcp)CY3 and Mn(mcp)CY5 proved to be helpful in a 

closely related project of our group. In the course of this dissertation, Yiheng Lu started his 

master`s thesis aiming for the synthesis of supramolecular catalysts analogous to 

Mn(mcp)CY3/CY5 but featuring different macrocycles. And indeed, the first promising results 

were observed, for example, in the oxidation of n-octane. These results present a first proof of 

concept of our initial assumption that selective C(sp3)-H oxidation could be achieved via 

binding in TFE and HFIP through a solvophobic effect. The work is now continued by Yiheng 

Lu in a Ph.D. program in the Tiefenbacher group. 
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5 Experimental Section 

This chapter contains only the experimental work concerning the unpublished macrocyclic 

project (Chapter 3.2). The supporting information on the published tweezer projects is depicted 

in the appendix (Chapter 10). 

5.1 General Information 

Experimental: Reactions were carried out under an atmosphere of argon in dried glassware 

unless otherwise indicated. Analytical thin-layer chromatography (TLC) was performed on 

Merck silica gel 60 F254 glass-backed plates, which were analyzed under UV light or after 

exposure to standard staining solution (basic KMnO4).
[245] Medium Pressure Liquid 

Chromatography (MPLC) was carried out with RediSep® Silica Gel Disposable Flash Columns 

SiO2 columns (particle size 40-63 μm) and Al2O3 basic columns (particle size 40-63 μm) on a 

CombiFlash NextGen 300+ version 5.0.55 by Teledyne ISCO with a fraction collector version 

00.92.00, detector version 11, and a pump version: 1.47. For all the runs the column type and 

size, flow rate [ml/min], solvent mixture, column volumes (CV) and run time [min] is given. 

All NMR experiments were performed on a Bruker Avance Neo and a Bruker Avance III HD 

NMR spectrometer operating at 500 MHz and 600 MHz proton frequency, respectively. The 

instruments were equipped with a direct observe 5-mm BBFO smart probe (500 MHz) or a five-

channel cryogenic 5 mm QCI probe (600 MHz). All probes were equipped with actively 

shielded z-gradients (10 A). The experiments were performed at 300 K. Chemical shifts of 1H 

NMR and 13C NMR are given in ppm. The following solvent residual signals of the deuterated 

solvents were used as reference: CDCl3: 7.26 ppm (δ1H), 77.16 ppm (δ13C).[246] Coupling 

constants (J) are reported in Hertz (Hz). Standard abbreviations indicating multiplicity were 

used as follows: br (broad), s (singlet), d (doublet), t (triplet), dd (doublet of doublets), etc., m 

(multiplet). Infrared spectra were measured on a Brucker Alpha IR spectrometer (ATR, 

attenuated total reflection). Abbreviations indicating intensity were used as follows: vs (very 

strong), s (strong), m (medium), w (weak), vw (very weak). Melting points were recorded on a 

Büchi Melting Point M-565 apparatus using open capillary tubes. GC analyses were carried out 

on a Shimadzu GC-2010 Plus instrument equipped with a FID (flame ionization detector) and 

an Rtx-5 capillary column (length = 30 m). Hydrogen was used as the carrier gas and the 

constant-flow mode was used (flow rate = 40 mL/min) with a split ratio of 1:20. The following 

temperature program was used: 60 °C for 3 min, 15 °C/min to 250 °C, and 250 °C for 5 min. 

The response factors of the analyzed compounds were calculated as previously reported.[236, 247] 

GC-MS analyses were performed on an AGLIENT 5977B GC/MSD instrument equipped with a 
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single quadrupole GC/MS and a HP-5MS UI capillary column (length = 30 m). Helium was 

used as the carrier gas and a constant-flow mode (flow rate = 1 mL/min) with a split ration of 

1:100. The following temperature-program was used: 50 °C for 2.25 min, +10 °C/min to 

300 °C, and 300 °C for 3 min. High-resolution mass spectra were obtained on a Thermo 

Scientific LTQ-FT Ultra via electrospray ionization (ESI) or a Finnigan MAT 8200 (EI) (ESI 

source parameters for positive polarity mode were: spray voltage, 4.0 kV; capillary temperature, 

275 °C; capillary voltage, 48 V; and tube lens, –120 V). 

Sources of chemicals: Anhydrous acetonitrile (MeCN), dichloromethane (CH2Cl2), diethyl 

ether (Et2O), dimethylformamide (DMF), 1,4-dioxane, methanol (MeOH), and tetrahydrofuran 

(THF) were purchased from Acros Organics. Deuterated chloroform (stabilized over silver foil) 

(CDCl3, 99.8%) was purchased from Cambridge Isotope Laboratories. Acetic acid, acetic 

anhydride, aluminum oxide (activated, basic, Brockmann I), biphenyl, 1-bromo-3-

chloropropane, 1-bromododecane, decylamine, dichlorobis-(triphenylphosphine)palladium 

(PdCl2(PPh3)2), rac-menthol, methanesulfonic acid (MsOH), n-octane, phosphorus tribromide, 

potassium acetate, sodium borohydride (NaBH4), hydrogen peroxide water solution (50% w/w), 

tetra-n-butylammonium bromide (TBAB), n-tetradecane, tetrafluoroboric acid diethyl ether 

complex, tetrakis(triphenylphosphine)palladium (Pd(PPh3)4), tridecan-2-one, triethylamine, 

and trifluoroethanol (TFE) were purchased from Sigma-Aldrich. Androsterone, bisphenol A, 

N-bromosuccinimide (NBS), potassium carbonate, and potassium phosphate, tribasic were 

purchased from Acros Organics. 5α-Cholestan-3β-ol and potassium iodide were purchased 

from Alfa Aesar. Bis(pinacolato)diboron (B2pin2), 1-bromo-5-chloropentane, 5-

bromopyridine-2-carbaldehyde, cesium carbonate, (1S,2S)-N,N'-dimethyl-1,2-cyclohexane-

diamine, 1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP), and (trans,trans)-4-pentyl-4'-propyl-

1,1'-bi(cyclohexane) were purchased from FluoroChem. Manganese 

bis(trifluoromethanesulphonate) was purchased from Apollo. Iron (II) bis 

(trifluoromethanesulfonate) bis (acetonitrile) was prepared according to a literature 

procedure.[248] Silica gel (0.040-0.063 mm, 230-400 mesh ASTM) and Celite 545 (0.02-

0.1 mm) were purchased from Merck KGaA.  
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5.2  Synthetic porcedure  

5.2.1 Ligand Synthesis 

2-Bromo-4-(2-(4-hydroxyphenyl)propan-2-yl)phenol (144)  

 

According to a previously reported method,[241] a one-neck 500 mL round-round bottom flask 

was charged with bisphenol A (128, 30.3 g, 133 mmol, 2.95 equiv.) and dissolved in anhydrous 

MeCN (115 mL). NBS (8.01 g, 45.0 mmol, 1.0 equiv.) and MeSO3H (2.83 mL, 4.20 g, 

43.6 mmol, 0.97 equiv.) were added and the mixture was stirred at room temperature for 22 h. 

After this time, water (150 mL) was added and the mixture was extracted with EtOAc 

(3 x 150 mL). The combined organic layers were washed with brine (100 mL), dried (Na2SO4), 

filtered, and concentrated under reduced pressure. The crude material was purified by MPLC 

(RediSep® Column: Silica 3 x 80 g; 80 ml/min; CH2Cl2/CH2Cl2:MeOH (9:1) 100:0 to 0:100, 

20.7 CV, 29.4 min) to obtain 144 (8.61 g, 28.0 mmol, 62%) as a colorless oil.  

TLC Rf = 0.18 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 7.31 (d, J = 2.3 Hz, 1H), 7.10 – 7.06 (m, 2H), 

7.04 (dd, J = 8.5, 2.3 Hz, 1H), 6.90 (d, J = 8.6 Hz, 1H), 6.76 – 6.71 (m, 2H), 5.35 (s, 1H), 4.57 

(s, 1H), 1.61 (s, 6H). 

The spectroscopic data matches the data reported in the literature.[241] 

4-(2-(3-Bromo-4-(3-chloropropoxy)phenyl)propan-2-yl)phenol (145) 

 

A one-neck 25 mL round-bottom flask was charged with 2-bromo-4-(2-(4-

hydroxyphenyl)propan-2-yl)phenol (144) (922 mg, 3.00 mmol, 1.0 equiv.) and 1-bromo-3-

chloropropane (130) (296 μL, 472 mg, 3.00 mmol, 1.0 equiv.). The starting materials were 

dissolved in anhydrous DMF (3 mL) followed by the addition of K2CO3 (456 mg, 3.30 mmol, 
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1.1 equiv.) at 0 °C. The mixture was allowed to reach room temperature and was stirred at this 

temperature for 16 h. Next, water (40 mL) and EtOAc (20 mL) were added, the two layers were 

separated, and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic 

layers were washed with brine (20 mL), dried (Na2SO4), filtered and the solvent removed under 

reduced pressure. The crude material was purified by MPLC (RediSep® Column: Silica 40 g; 

60 ml/min; CyHex/EtOAc 100:0 to 80:20 to 0:100, 14.2 CV, 13 min) to obtain 145 (856 mg, 

2.23 mmol, 74%) as a colorless oil. 

TLC Rf = 0.29 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

IR (ATR): ṽ (cm-1) = 3356 (brw), 3032 (vw), 2966 (m), 2872 (w), 1703 (w), 1610 (w), 1597 

(w), 1565 (m), 1509 (m), 1499 (m), 1488 (w), 1467 (w), 1442 (w), 1387 (w), 1362 (w), 1289 

(m), 1249 (s), 1177 (m), 1104 (w), 1087 (w) 1049 (m), 1015 (w), 950 (w), 882 (w), 830 (m) 

812 (m), 764 (w), 731 (w), 719 (w), 689 (w), 657 (w), 610 (w), 577 (m), 556 (w), 436 (w). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 7.41 (d, J = 2.3 Hz, 1H), 7.08 (dd, J = 8.7, 

2.4 Hz, 3H), 6.80 (d, J = 8.6 Hz, 1H), 6.77 – 6.68 (m, 2H), 4.69 (d, J = 1.7 Hz, 1H), 4.14 (t, 

J = 5.7 Hz, 2H), 3.81 (t, J = 6.3 Hz, 2H), 2.55 – 2.10 (m, 2H), 1.62 (s, 6H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 153.5 (s), 153.0 (s), 145.3 (s), 142.7 (s), 131.7 

(s), 128.0 (s), 127.0 (s), 115.0 (s), 112.9 (s), 112.0 (s), 65.6 (s), 41.9 (s), 41.7 (s), 32.4 (s), 31.1 

(s). 

HRMS (ESI):  C18H20BrClO2  calculated:   [(M – H) –]: 381.0262  

found:   [(M – H) –]: 381.0268. 

2-Bromo-1-(3-chloropropoxy)-4-(2-(4-(3-chloropropoxy)phenyl)propan-2-yl)benzene 

(146) 

 

A one-neck 25 mL round-bottom flask was charged with 2-bromo-4-(2-(4-

hydroxyphenyl)propan-2-yl)phenol (144) (2.70 g, 8.80 mmol, 1.0 equiv.) and 1-bromo-3-

chloropropane (130) (1.82 mL, 2.91 g, 18.5 mmol, 2.1 equiv.). The starting materials were 

dissolved in anhydrous DMF (8.8 mL) followed by the addition of K2CO3 (2.68 g, 19.4 mmol, 
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2.2 equiv.) at 0 °C. The mixture was allowed to reach room temperature and was stirred at this 

temperature for 16 h. Next, water (40 mL) and EtOAc (20 mL) were added, the two layers were 

separated, and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic 

layers were washed with brine (20 mL), dried (Na2SO4), filtered and the solvent removed under 

reduced pressure. The crude material was purified by MPLC (RediSep® Column: Silica 40 g; 

60 ml/min; CyHex/EtOAc 100:0 to 89:11, 7.7 CV, 7.1 min) to obtain 146 (2.98 g, 6.48 mmol, 

74%) as a colorless oil. 

TLC Rf = 0.57 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

IR (ATR): ṽ (cm-1) = 3036 (vw), 2965 (w), 2873 (w), 1736 (w), 1607 (w), 1581 (w), 1509 (s), 

1490 (s), 1468 (m), 1444 (m), 1421 (w), 1387 (m), 1362 (w), 1290 (m), 1245 (vs), 1182 (s), 

1142 (w), 1110 (w), 1089 (w), 1048 (s), 948 (m), 883 (w), 829 (s), 811 (m), 751 (w), 732 (w), 

720 (m), 694 (m), 652 (m), 589 (m), 562 (m), 513 (m), 464 (m), 437 (w). 

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 7.41 (d, J = 2.4 Hz, 1H), 7.14 – 7.10 (m, 2H), 

7.07 (dd, J = 8.6, 2.4 Hz, 1H), 6.81 (virt. dd, J = 8.8, 7.0 Hz, 3H), 4.14 (t, J = 5.7 Hz, 2H), 4.09 

(t, J = 5.8 Hz, 2H), 3.81 (t, J = 6.3 Hz, 2H), 3.74 (t, J = 6.3 Hz, 2H), 2.27 (p, J = 6.2 Hz, 2H) 

2.22 (p, J = 6.2 Hz, 2H), 1.62 (s, 6H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 156.8 (s), 152.9 (s), 145.2 (s), 142.7 (s), 131.7 

(s), 127.8 (s), 127.0 (s), 114.1 (s), 112.9 (s), 111.9 (s), 65.5 (s), 64.3 (s), 41.9 (s), 41.7 (s), 41.7 

(s), 32.5 (s), 32.3 (s), 31.1 (s). 

HRMS (ESI):   C21H25BrCl2O2  

calculated:   [(M + Ag)+]: 564.9460  

found:   [(M + Ag)+]: 564.9450. 

Macrocycle CY3Br2 

 

A one-neck 2 L round-bottom flask was charged with compound 145 (384 mg, 1.00 mmol, 

2.0 equiv.). The starting material was dissolved in anhydrous MeCN (200 mL), followed by the 

addition of Cs2CO3 (489 mg, 1.50 mmol, 3.0 equiv.) and KI (16.6 mg, 100 μmol, 0.2 equiv.). 
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The reaction mixture was then stirred at reflux for 2 d. After this time, the solvent was removed 

under reduced pressure, and water (100 mL) and EtOAc (60 mL) were added. The two layers 

were separated, and the aqueous layer was extracted with EtOAc (3 x 60 mL). The combined 

organic layers were washed with brine (100 mL), dried (Na2SO4), filtered and the solvent 

removed under reduced pressure. The crude material was purified by MPLC (RediSep® 

Column: Silica 12 g; 30 ml/min; CyHex/EtOAc 100:0 to 85:15 to 0:100, 23.5 CV, 13.9 min) to 

obtain CY3Br2 (138 mg, 199 μmol, 40%) as a white solid. 

TLC Rf = 0.50 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

M.P.: 202 - 204°C. 

IR (ATR): ṽ (cm-1) = 3031 (w), 2966 (w), 2930 (w), 2873 (w), 1738 (w), 1601 (w), 1566 (w), 

1507 (m), 1489 (m), 1460 (m), 1420 (w), 1393 (w), 11361 (w), 1291 (m), 1249 (s), 1222 (m), 

1213 (m), 1177 (m), 1113 (w), 1082 (w), 1056 (m), 1039 (m), 1012 (w), 985 (m), 967 (m), 923 

(w), 902 (w), 887 (w), 853 (m), 828 (m), 812 (w), 777 (w), 760 (w), 731 (w), 717 (w), 685 (w), 

654 (w), 613 (w), 601 (w), 590 (w), 524 (w), 498 (w), 438 (w). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 7.35 (d, J = 2.4 Hz, 2H), 7.10 – 7.02 (m, 4H), 

6.92 (dd, J = 8.6, 2.4 Hz, 2H), 6.80 – 6.73 (m, 4H), 6.70 (d, J = 8.6 Hz, 2H), 4.21 (t, J = 5.5 Hz, 

4H), 4.18 (t, J = 5.6 Hz, 4H), 2.21 (p, J = 5.5 Hz, 4H), 1.62 (s, 12H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.2 (s), 153.4 (s), 145.3 (s), 142.3 (s), 131.2 

(s), 127.5 (s), 126.8 (s), 114.8 (s), 114.3 (s), 112.4 (s), 76.9 (s), 65.9 (s), 64.2 (s), 41.5 (s), 30.4 

(s), 29.8 (s).  

HRMS (ESI):   C36H38Br2O4  calculated:  [(M + Na)+]: 715.1029 

found:  [(M + Na)+]: 715.1026. 

Macrocycle CY3Br 

 

A one-neck 2 L round-bottom flask was charged with compound 146 (1.38 g, 3.00 mmol, 

1.0 equiv.) and bisphenol A (128) (685 mg, 3.00 mmol, 1.0 equiv.). The starting materials were 

dissolved in anhydrous MeCN (600 mL), followed by the addition of Cs2CO3 (2.93 g, 
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9.00 mmol, 3.0 equiv.) and KI (99.6 mg, 600 μmol, 0.2 equiv.). The reaction mixture was then 

stirred at reflux for 2 d. After this time, the solvent was removed under reduced pressure, and 

water (150 mL) and EtOAc (150 mL) were added. The two layers were separated, and the 

aqueous layer was extracted with EtOAc (3 x 100 mL). The combined organic layers were 

washed with brine (100 mL), dried (Na2SO4), filtered and the solvent removed under reduced 

pressure. The crude material was purified by MPLC (RediSep® Column: Silica 40 g; 60 ml/min; 

CyHex/EtOAc 100:0 to 90:10, 17.8 CV, 16.3 min) to obtain CY3Br (795 mg, 1.29 mmol, 43%) 

as a white solid. 

TLC Rf = 0.51 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

M.P.: 164 – 166 °C. 

IR (ATR): ṽ (cm-1) = 3059 (vw), 3034 (vw), 2938 (w), 2931 (w), 2874 (w), 1606 (w), 1581 

(w), 1507 (s), 1489 (m), 1467 (m), 1420 (w), 1398 (w), 1380 (m), 1461 (w), 1297 (m), 1245 

(s), 1228 (vs), 1183 (s), 1111 (m), 1087 (m), 1065 (s), 1046 (m), 1010 (m), 988 (m), 968 (m), 

885 (w), 826 (vs), 808 (s), 769 (w), 735 (m), 692 (m) 666 (m), 653 (w), 617 (m), 601 (m), 577 

(s), 553 (m), 537 (m), 439 (w).  

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 7.38 (d, J = 2.4 Hz, 1H), 7.07 (virt. dd, J = 12.2, 

8.8 Hz, 6H), 6.92 (dd, J = 8.6, 2.4 Hz, 1H), 6.79 – 6.66 (m, 7H), 4.18 (q, J = 5.5 Hz, 4H), 4.13 

(q, J = 5.6 Hz, 4H), 2.20 (p, J = 5.5 Hz, 2H), 2.16 (p, J = 5.5 Hz, 2H), 1.64 (s, 6H), 1.62 (s, 6H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.2 (s), 157.0 (s), 157.0 (s), 153.4 (s), 145.2 

(s), 143.4 (s), 143.3 (s), 142.4 (s), 131.2 (s), 127.5 (s), 127.5 (s), 127.5 (s), 126.9 (s), 114.8 (s), 

114.7 (s), 114.7 (s), 114.1 (s), 112.3 (s), 65.9 (s), 64.6 (s), 64.5 (s), 64.4 (s), 41.5 (s), 41.4 (s), 

30.4 (s), 30.4 (s), 29.9 (s), 29.8 (s).  

HRMS (ESI):   C36H39BrO4  calculated:  [(M + Ag)+]: 721.1077.  

found:  [(M + Ag)+]: 721.1077. 
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Macrocycle 148 

 

Step A): 5-Bromopyridine-2-carbaldehyde (129, 558 mg, 3.00 mmol, 1.0 eq.), B2pin2 (838 mg, 

3.30 mmol, 1.1 eq.), PdCl2(PPh3)2 (105 mg, 150 μmol, 0.05 eq.) and KOAc (972 mg, 

9.90 mmol, 3.3 eq.) were dissolved in degassed, anhydrous 1,4-dioxane (10 mL). The reaction 

mixture was stirred at 80 °C overnight. After cooling down to room temperature, the mixture 

was filtered over Celite and washed with CH2Cl2 (50 mL). The filtrate was concentrated under 

reduced pressure to give a dark oil. The purity of the crude product 147 (53%) was determined 

via NMR using vinyltrimethylsilane as an external standard. The material was then submitted 

to the next reaction without further purification (Note: Purification from the byproduct via 

column chromatography was not successful.) 

Step B): A one-neck 25 mL round-bottom flask was charged with macrocycle CY3Br (246 mg, 

400 μmol, 1.0 equiv.), compound 147 (53%, 246 mg, 560 μmol, 1.4 equiv.), Pd(PPh3)4 (37 mg, 

32.0 μmol, 8 mol%) and K3PO4 (340 mg, 1.60 mmol, 4.0 equiv.). The compounds were 

dissolved in a mixture of degassed DMF/water (9/1) (8 mL) and stirred at 60 °C for 24 h. Next, 

the reaction mixture was filtered over Celite and washed with CH2Cl2 (20 mL). The solvents 

were removed under reduced pressure and the crude material was purified by MPLC (RediSep® 

Column: Silica 12 g; 30 ml/min; CyHex/EtOAc 100:0 to 80:20, 26.4 CV, 15.6 min) to obtain 

148 (109 mg, 170 μmol, 43%) as an off-white solid. 

TLC Rf = 0.37 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

M.P.: 94 – 95 °C. 

IR (ATR): ṽ (cm-1) = 3035 (vw), 2963 (w), 2933 (w), 2872 (w), 1708 (m), 1606 (m), 1581 (w), 

1507 (vs), 1468 (m), 1383 (w), 1362 (w), 1293 (m), 1246 (s), 1228 (s), 1180 (s), 1113 (w), 1084 

(w), 1051 (m), 1013 (m), 987 (m), 900 (vw), 828 (vs), 766 (w), 736 (m), 721 (m), 694 (w), 636 

(w), 622 (w), 578 (m), 555 (m), 519 (w), 456 (w), 417 (w).  
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1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 10.12 (d, J = 0.8 Hz, 1H), 8.80 (dd, J = 2.1, 

0.9 Hz, 1H), 7.84 (dd, J = 8.1, 0.9 Hz, 1H), 7.67 (ddd, J = 8.0, 2.1, 0.8 Hz, 1H), 7.15 (dd, 

J = 8.7, 2.5 Hz, 1H), 7.14 – 7.06 (m, 5H), 7.04 – 6.97 (m, 2H), 6.86 (d, J = 8.7 Hz, 1H), 

6.82 – 6.75 (m, 2H), 6.75 – 6.70 (m, 2H), 6.57 – 6.50 (m, 2H), 4.15 (td, J = 5.5, 2.6 Hz, 4H), 

4.12 (t, J = 5.6 Hz, 2H), 3.93 (t, J = 5.5 Hz, 2H), 2.17 (p, J = 5.5 Hz, 2H), 2.10 (p, J = 5.5 Hz, 

2H), 1.68 (s, 6H), 1.64 (s, 6H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 193.5 (s), 157.3 (s), 157.1 (s), 156.8 (s), 154.2 

(s), 150.9 (s), 150.8 (s), 144.3 (s), 143.4 (s), 143.2 (s), 142.5 (s), 139.3 (s), 137.6 (s), 129.0 (s), 

128.5 (s), 127.6 (s), 127.5 (s), 127.4 (s), 125.9 (s), 121.3 (s), 114.8 (s), 114.6 (s), 114.2 (s), 

113.3 (s), 65.2 (s), 64.7 (s), 64.4 (s), 64.0 (s), 41.6 (s), 41.3 (s), 30.4 (s), 30.3 (s), 29.9 (s), 29.4 

(s). 

HRMS (ESI):   C42H43NO5  calculated:  [(M + H)+]: 642.3214  

found:  [(M + H)+]: 642.3215. 

Macrocycle 149 

 

Compound 148 (257 mg, 400 µmol, 1.0 equiv.) was dissolved in a mixture of anhydrous MeOH 

and CH2Cl2 (1:1, 20 mL). Then, NaBH4 (15.1 mg, 37.8 μmol, 1.0 equiv.) was added at 0 °C 

and the mixture was stirred for 3 h at room temperature. The reaction mixture was diluted with 

CH2Cl2 (20 mL), neutralized by the addition of water (10 mL), and then extracted with CH2Cl2 

(3 × 15 mL). The combined organic layers were washed with brine (15 mL), dried (Na2SO4), 

filtered, and concentrated under reduced pressure and the crude material was purified by MPLC 

(RediSep® Column: Silica 12 g; 30 ml/min; CyHex/EtOAc 100:0 to 0:100, 12.3 CV, 7.3 min) 

to obtain 149 (240 mg, 373 μmol, 83%) as an off-white solid. 

TLC Rf = 0.25 (CyHex/EtOAc = 1/1) [UV, KMnO4].  

M.P.: 73 – 74 °C. 



Experimental Section 

74 

 

IR (ATR): ṽ (cm-1) = 3033 (vw), 2964 (w), 2933 (w), 2873 (w), 1734 (w), 1606 (w) 1580 (w), 

1506 (s), 1485 (m), 1468 (m), 1382 (w), 1362 (w), 1297 (m), 1245 (s), 1227 (s), 1180 (s), 1111 

(w), 1049 (s), 1013 (m), 987 (m), 967 (m), 896 (w), 828 (vs), 769 (w), 734 (w), 652 (w), 633 

(w), 574 (m), 553 (m), 484 (w), 465 (w), 407 (w).  

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.95 – 8.11 (m, 1H), 7.59 (dd, J = 8.0, 2.2 Hz, 

1H), 7.19 – 6.99 (m, 9H), 6.82 (d, J= 9.3 Hz, 1H), 6.77 (d, J = 8.8 Hz, 2H), 6.72 (d, J = 8.8 Hz, 

2H), 6.61 – 6.53 (m, 2H), 4.79 (d, J = 4.2 Hz, 2H), 4.28 – 4.06 (m, 7H), 3.96 (t, J = 5.5 Hz, 

2H), 3.72 (t, J = 5.1 Hz, 1H), 2.16 (p, J = 5.5 Hz, 2H), 2.09 (p, J = 5.5 Hz, 2H), 1.67 (s, 6H), 

1.64 (s, 6H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 157.3 (s), 157.1 (s), 157.0 (s), 156.8 (s), 154.1 

(s), 149.0 (s), 144.1 (s), 143.5 (s), 143.2 (s), 142.8 (s), 137.7 (s), 133.6 (s), 128.9 (s), 127.6 (s), 

127.6 (s), 127.5 (s), 127.4 (s), 126.8 (s), 119.6 (s), 114.8 (s), 114.7 (s), 114.4 (s), 113.2 (s), 65.2 

(s), 64.9 (s), 64.5 (s), 64.2 (s), 64.2 (s), 41.6 (s), 41.4 (s), 30.5 (s), 30.4 (s), 29.9 (s), 29.6 (s). 

HRMS (ESI):   C42H45NO5  calculated:  [(M + Na)+]: 666.3190 

found:  [(M + Na)+]: 666.3189. 

Macrocycle 150 

 

Compound 149 (235 mg, 365 µmol, 1.0 equiv.) was dissolved in anhydrous CH2Cl2 (4.6 mL) 

and cooled to 0 °C. After dropwise addition of PBr3 (34.3 µL, 98.8 mg, 365 µmol, 1.0 equiv.) 

and stirring for 1 h at 0 °C, the mixture was allowed to reach room temperature and was stirred 

for 16 h. Next, CH2Cl2 (20 mL) and saturated aqueous NaHCO3 solution (20 mL) were added, 

and the two layers were separated. The aqueous layer was extracted with CH2Cl2 (3 x 15 mL) 

and the combined organic layers were washed with brine (15 mL), dried (Na2SO4), filtered, and 

concentrated under reduced pressure. The crude material was purified by MPLC (RediSep® 

Column: Silica 4 g; 13 ml/min; CyHex/EtOAc 100:0 to 45:55, 15.9 CV, 7.5 min) to obtain 150 

(198 mg, 280 μmol, 77%) as a pinkish solid. 



Experimental Section 

75 

 

TLC Rf = 0.37 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

M.P.: 171 – 172 °C. 

IR (ATR): ṽ (cm-1) = 3034 (vw), 2962 (w), 2929 (w), 2872 (w), 1606 (w), 1579 (w), 1506 (s), 

1468 (m), 1383 (w), 1362 (w), 1297 (w), 1245 (s), 1227 (s), 1179 (s), 1108 (w), 1083 (w), 1050 

(m), 1012 (m), 986 (m), 827 (vs), 731 (m), 633 (w), 608 (w), 568 (m), 553 (m), 481 (w), 454 

(w), 407 (w).  

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 8.62 (d, J = 2.3 Hz, 1H), 7.56 (dd, J = 8.0, 

2.2 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.11 (d, J = 8.7 Hz, 2H), 7.10 – 7.06 (m, 4H), 7.04 (d, 

J = 8.7 Hz, 2H), 6.82 (d, J = 8.5 Hz, 1H), 6.77 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.7 Hz, 2H), 

6.57 (d, J = 8.7 Hz, 2H), 4.61 (s, 2H), 4.14 (virt. dq, J = 11.2, 5.6 Hz, 6H), 3.96 (t, J = 5.5 Hz, 

2H), 2.16 (p, J = 5.5 Hz, 2H), 2.10 (p, J = 5.5 Hz, 2H), 1.67 (s, 6H), 1.64 (s, 6H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.2 (s), 157.1 (s), 156.9 (s), 154.1 (s), 149.4 

(s), 144.2 (s), 143.4 (s), 143.2 (s), 142.6 (s), 138.5 (s), 134.6 (s), 128.8 (s), 128.0 (s), 127.6 (s), 

127.4 (s), 125.9 (s), 123.1 (s), 114.8 (s), 114.6 (s), 114.3 (s), 113.2 (s), 77.4 (s), 77.2 (s), 76.9 

(s), 65.2 (s), 64.8 (s), 64.4 (s), 64.0 (s), 41.6 (s), 41.3 (s), 33.2 (s), 30.4 (s), 30.3 (s), 29.9 (s), 

29.5 (s). 

HRMS (ESI):   C42H44BrNO4  calculated:  [(M + H)+]: 706.2526  

found:  [(M + H)+]: 706.2537.  

Ligand (mcp)CY3 

 

Benzyl bromide 150 (50.9 mg, 72.0 μmol, 2.05 equiv.) and (2S,2’S)-N1,N2-

dimethylcyclohexane-1,2-diamine (132, 4.99 mg, 35.1 μmol, 1.0 equiv.) were dissolved in 

anhydrous MeCN (1.8 mL). Then, K2CO3 (19.4 mg, 140 μmol, 4.0 equiv.) and TBAB 
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(0.57 mg, 1.76 μmol, 0.05 equiv.) were added and the reaction mixture was stirred at reflux for 

16 h. Thereafter, the mixture was cooled down to room temperature, filtered and the residue 

was washed with CH2Cl2 (10 mL). The filtrate was concentrated under reduced pressure, 1 m 

NaOH (10 mL) was added and the mixture was extracted with CH2Cl2 (3 ×10 mL). The 

combined organic layers were washed with brine (10 mL), dried (Na2SO4), filtered, and 

concentrated by rotatory evaporation. The crude compound was purified via flash column 

chromatography (10 g SiO2, CH2Cl2/MeOH/NH4OH = 93/5/2) to obtain the desired product 

(mcp)CY3 (35.0 mg, 25.1 μmol, 72%) as a yellow solid. 

TLC Rf = 0.22 (CH2Cl2/MeOH/NH4OH = 93/5/2) [UV, KMnO4]. 

M.P.: 114 – 116 °C. 

IR (ATR): ṽ (cm-1) = 3034 (vw), 2962 (w), 2928 (w), 2876 (w), 1607 (w), 1579 (w), 1507 (s), 

1468 (m), 1382 (w), 1362 (w), 1297 (w), 1246 (s), 1227 (s), 1180 (s), 1113 (w), 1083 (w), 1051 

(m), 1014 (w), 987 (m), 882 (w), 828 (vs), 766 (w), 734 (w), 640 (w), 554 (m), 521 (w), 471 

(w), 414 (w). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.57 (dd, J = 2.0, 1.0 Hz, 2H), 7.68 – 7.53 (m, 

4H), 7.18 (d, J = 2.5 Hz, 2H), 7.12 – 7.09 (m, 4H), 7.07 – 7.01 (m, 8H), 6.97 (dd, J = 8.7, 

2.5 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 6.78 – 6.72 (m, 4H), 6.73 – 6.69 (m, 4H), 6.62 – 6.58 (m, 

4H), 4.17 – 4.07 (m, 12H), 4.06 – 3.89 (m, 8H), 2.78 – 2.64 (m, 2H), 2.38 (s, 6H), 2.15 (p, 

J = 5.4 Hz, 4H), 2.10 – 1.97 (m, 6H), 1.82 – 1.76 (m, 2H), 1.66 (s, 12H), 1.62 (s, 12H), 

1.41 – 1.31 (m, 2H), 1.22 – 1.14 (m, 2H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 159.4 (s), 157.1 (s), 157.1 (s), 156.9 (s), 154.1 

(s), 149.3 (s), 144.0 (s), 143.3 (s), 143.2 (s), 142.8 (s), 137.4 (s), 132.7 (s), 128.5 (s), 127.8 (s), 

127.6 (s), 127.4 (s), 127.1 (s), 122.0 (s), 114.8 (s), 114.6 (s), 114.5 (s), 113.4 (s), 65.3 (s), 64.7 

(s), 64.3 (s), 64.2 (s), 61.1 (s), 41.5 (s), 41.4 (s), 36.9 (s), 30.5 (s), 30.3 (s), 29.9 (s), 29.7 (s), 

26.9 (s), 26.0 (s). 

HRMS (ESI):  C92H104N4O8  calculated: [(M + Na)+]: 1414.7746 

      found:  [(M + Na)+]: 1415.7750. 
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2-Bromo-1-(3-chloropropoxy)-4-(2-(4-(3-chloropropoxy)phenyl)propan-2-yl)benzene 

(151) 

 

A one-neck 50 mL round-bottom flask was charged with 2-bromo-4-(2-(4-

hydroxyphenyl)propan-2-yl)phenol (144) (3.99 g, 13.0 mmol, 1.0 equiv.) and 1-bromo-5-

chloropentane (131) (5.06 g, 27.3 mmol, 2.1 equiv.). The starting materials were dissolved in 

anhydrous DMF (13 mL) followed by the addition of K2CO3 (2.43 g, 28.6 mmol, 2.2 equiv.) at 

0 °C. The mixture was allowed to reach room temperature and was stirred at this temperature 

for 16 h. Next, water (150 mL) and EtOAc (50 mL) were added, the two layers were separated, 

and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic layers 

were washed with brine (50 mL), dried (Na2SO4), filtered and the solvent removed under 

reduced pressure. The crude material was purified by MPLC (RediSep® Column: Silica 40 g; 

60 ml/min; CyHex/EtOAc 100:0 to 90:10, 8.9 CV, 8.1 min) to obtain 151 (4.82 g, 9.33 mmol, 

72%) as a colorless oil which solidified to a white solid upon storage.  

TLC Rf = 0.59 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

IR (ATR): ṽ (cm-1) = 3036 (vw), 2941 (m), 2868 (m), 1737 (w), 1607 (m), 1580 (w), 1509 (s), 

1490 (s), 1470 (m), 1389 (m), 1362 (w), 1287 (s), 1246 (vs), 1182 (s), 1110 (w), 1046 (s), 1013 

(m), 919 (w), 882 (w). 829 (s), 810 (s), 732 (m), 719 (m), 692 (w), 650 (m), 614 (w), 591 (w), 

563 (w), 437 (w). 

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 7.40 (d, J = 2.3 Hz, 1H), 7.18 – 7.09 (m, 2H), 

7.06 (dd, J = 8.6, 2.4 Hz, 1H), 6.84 – 6.77 (m, 2H), 6.76 (d, J = 8.6 Hz, 1H), 4.00 (t, J = 6.2 Hz, 

2H), 3.95 (t, J = 6.3 Hz, 2H), 3.57 (virt. dt, J = 7.6, 6.7 Hz, 4H), 1.93 – 1.76 (m, 8H), 

1.70 – 1.63 (m, 4H), 1.62 (s, 6H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.1 (s), 153.2 (s), 144.9 (s), 142.4 (s), 131.7 

(s), 127.8 (s), 126.9 (s), 114.0 (s), 112.7 (s), 111.8 (s), 68.9 (s), 67.6 (s), 45.1 (s), 45.1 (s), 41.8 

(s), 32.5 (s), 32.4 (s), 31.1 (s), 28.8 (s), 28.5 (s), 23.7 (s), 23.7 (s). 

HRMS (ESI):   C25H33BrCl2O2  

       calculated:  [(M + Ag)+]: 621.0086  
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found:  [(M + Ag)+]: 621.0088. 

Macrocycle CY5Br 

 

A one-neck round-bottom flask was charged with compound 151 (2.06 g, 3.99 mmol, 

1.0 equiv.) and bisphenol A (128) (911 mg, 3.99 mmol, 1.0 equiv.). The starting materials were 

dissolved in anhydrous MeCN (800 mL), followed by the addition of Cs2CO3 (3.90 g, 

12.0 mmol, 3.0 equiv.) and KI (132 mg, 798 μmol, 0.2 equiv.). The reaction mixture was then 

stirred at reflux for 2 d. After this time, the solvent was removed under reduced pressure, and 

water (200 mL) and EtOAc (100 mL) were added. The two layers were separated, and the 

aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic layers were 

washed with brine (100 mL), dried (Na2SO4), filtered and the solvent removed under reduced 

pressure. The crude material was purified by MPLC (RediSep® Column: Silica 40 g; 60 ml/min; 

CyHex/EtOAc 100:0 to 92:8, 18.4 CV, 16.8 min) to obtain CY5Br (1.05 g, 1.56 mmol, 39%) 

as a white solid. 

TLC Rf = 0.57 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

M.P.: 181 – 182 °C. 

IR (ATR): ṽ (cm-1) = 3056 (vw), 2941 (m), 2920 (m), 2871 (m), 1608 (m), 1581 (w), 1508 (s), 

1490 (m), 1471 (m), 1413 (w), 1388 (m), 1359 (w), 1298 (m), 1247 (vs), 1181 (s), 1133 (w), 

1108 (w), 1087 (w), 1062 (m), 1046 (m), 1032 (m), 1010 (m), 988 (m), 924 (w), 888 (w), 829 

(s), 812 (s), 736 (m), 691 (m), 664 (w), 636 (w), 616 (w), 579 (m), 553 (m), 486 (w), 451 (w), 

427 (w), 416 (w). 

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 7.32 (d, J = 2.3 Hz, 1H), 7.10 – 7.02 (m, 7H), 

6.77 – 6.68 (m, 7H), 4.02 (t, J = 6.1 Hz, 2H), 3.96 (ddd, J = 8.2, 4.6, 1.9 Hz, 6H), 1.90 – 1.75 

(m, 8H), 1.71 – 1.59 (m, 16H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.1 (s), 156.9 (s), 156.9 (s), 153.3 (s), 144.9 

(s), 143.2 (s), 142.4 (s), 131.9 (s), 127.7 (s), 127.7 (s), 127.6 (s), 126.4 (s), 114.1 (s), 114.0 (s), 

114.0 (s), 112.6 (s), 112.0 (s), 69.2 (s), 67.9 (s), 67.9 (s), 67.8 (s), 41.6 (s), 41.5 (s), 30.7 (s), 

30.7 (s), 29.0 (s), 28.9 (s), 28.9 (s), 28.8 (s), 23.1 (s), 22.9 (s). 
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HRMS (ESI):   C40H47BrO4  calculated:  [(M + Ag)+]: 777.1703 

found:  [(M + Ag)+]: 777.1691. 

Macrocycle 152 

 

Step 1): 5-Bromopyridine-2-carbaldehyde (129, 558 mg, 3.00 mmol, 1.0 eq.), B2pin2 (838 mg, 

3.30 mmol, 1.1 eq.), PdCl2(PPh3)2 (105 mg, 150 μmol, 0.05 eq.) and KOAc (972 mg, 

9.90 mmol, 3.3 eq.) were dissolved in degassed, anhydrous 1,4-dioxane (10 mL). The reaction 

mixture was stirred at 80 °C overnight. After cooling down to room temperature, the mixture 

was filtered over Celite and washed with CH2Cl2 (50 mL). The filtrate was concentrated under 

reduced pressure to give a dark oil. The purity of the crude product 147 (58%) was determined 

via NMR using vinyltrimethylsilane as an external standard. The material was then submitted 

to the next reaction without further purification (Note: Purification from the byproduct via 

column chromatography was not successful.) 

Step 2): A one-neck round-bottom flask was charged with macrocycle CY5Br (672 mg, 

1.00 mmol, 1.0 equiv.), 147 (58%, 563 mg, 1.40 mmol, 1.4 equiv.), Pd(PPh3)4 (92.4 mg, 

80.0 μmol, 8 mol%) and K3PO4 (849 mg, 4.00 mmol, 4.0 equiv.). The solids were dissolved in 

a mixture of degassed DMF/water (9/1) (20 mL) and stirred at 65 °C for 24 h. Next, the reaction 

mixture was filtered over Celite and washed with CH2Cl2 (50 mL). The solvents were removed 

under reduced pressure and the crude material was purified by MPLC (RediSep® Column: 

Silica 12 g; 30 ml/min; CyHex/EtOAc 100:0 to 75:25 to 0:100, 24.6 CV, 14.5 min) to obtain 

152 (374 mg, 536 μmol, 54%) as an off-white solid. 

TLC Rf = 0.41 (CyHex/EtOAc = 4/1) [UV, KMnO4]. 

M.P.: 84 – 85 °C. 

IR (ATR): ṽ (cm-1) = 3049 (vw), 2936 (w), 2866 (w), 1708 (m), 1607 (w), 1580 (w), 1506 (s), 

1469 (m), 1413 (w), 1383 (w), 1361 (w), 1293 (w), 1241 (s), 1179 (s), 1107 (w), 1043 (m), 
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1012 (m), 943 (w), 910 (w), 826 (vs), 725 (m), 663 (w), 636 (w), 572 (m), 555 (s), 513 (w), 467 

(w), 454 (w), 415 (m).  

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 10.10 (d, J = 0.8 Hz, 1H), 8.90 – 8.84 (m, 1H), 

8.01 – 7.97 (m, 1H), 7.92 (dd, J = 8.0, 0.8 Hz, 1H), 7.23 (dd, J = 8.6, 2.5 Hz, 1H), 7.17 (d, 

J = 2.5 Hz, 1H), 7.12 (d, J = 8.8 Hz, 2H), 7.08 (virt. dd, J = 8.9, 3.1 Hz, 4H), 6.86 (d, 

J = 8.7 Hz, 1H), 6.76 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 8.8 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 

4.00 (t, J = 6.2 Hz, 2H), 3.96 (td, J = 6.1, 1.3 Hz, 4H), 3.91 (t, J = 6.1 Hz, 2H), 1.83 – 1.72 (m, 

8H), 1.70 (s, 6H), 1.66 – 1.60 (m, 8H), 1.58 – 1.49 (m, 2H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 193.4 (s), 157.1 (s), 156.9 (s), 156.8 (s), 154.1 

(s), 150.9 (s), 150.8 (s), 143.9 (s), 143.3 (s), 143.1 (s), 142.6 (s), 139.3 (s), 137.9 (s), 129.4 (s), 

128.4 (s), 127.7 (s), 127.6 (s), 127.6 (s), 125.3 (s), 121.2 (s), 114.1 (s), 113.9 (s), 113.8 (s), 

111.7 (s), 68.3 (s), 67.9 (s), 67.8 (s), 67.7 (s), 41.7 (s), 41.5 (s), 30.7 (s), 30.7 (s), 29.0 (s), 28.9 

(s), 28.7 (s), 28.7 (s), 23.1 (s), 23.1 (s). 

HRMS (ESI):   C46H51NO5  calculated:  [(M + Na)+]: 720.3659 

found:  [(M + Na)+]: 720.3666. 

Macrocycle 153 

 

Compound 152 (133 mg, 190 µmol, 1.0 equiv.) was dissolved in a mixture of anhydrous MeOH 

and CH2Cl2 (1:1) (10 mL). Then, NaBH4 (7.19 mg, 190 µmol, 1.0 equiv.) was added at 0 °C 

and the mixture was stirred for 3 h at room temperature. The reaction mixture was diluted with 

CH2Cl2 (10 mL), neutralized by the addition of water (10 mL), and was then extracted with 

CH2Cl2 (3 × 5 mL). The combined organic layers were washed with brine (10 mL), dried 

(Na2SO4), filtered, and concentrated under reduced pressure and the crude material was purified 

by MPLC (RediSep® Column: Silica 4 g; 13 ml/min; CyHex/EtOAc 100:0 to 37:63, 18.2 CV, 

8.6 min) to obtain 153 (112 mg, 160 μmol, 84%) as an off-white wax-like substance. 

TLC Rf = 0.35 (CyHex/EtOAc = 1/1) [UV, KMnO4].  
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IR (ATR): ṽ (cm-1) = 3035 (vw), 2938 (m), 2869 (m), 1607 (m), 1580 (w), 1507 (s), 1486 (w), 

1470 (m), 1384 (w), 1362 (w), 1299 (m), 1243 (s), 1180 (s), 1139 (w), 1109 (w), 1053 (m), 

1012 (m), 945 (w), 907 (s), 827 (s), 727 (vs), 648 (m), 575 (m), 555 (m), 455 (w), 411 (w). 

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 8.64 (d, J = 2.1 Hz, 1H), 7.83 (dd, J = 8.0, 

2.2 Hz, 1H), 7.17 (virt. dd, J = 8.5, 2.7 Hz, 2H), 7.12 (virt. dd, J = 8.6, 2.2 Hz, 3H), 7.08 (d, 

J = 8.7 Hz, 4H), 6.83 (d, J = 8.6 Hz, 1H), 6.80 – 6.63 (m, 6H), 4.77 (d, J = 2.5 Hz, 2H), 

4.02 – 3.93 (m, 6H), 3.91 (t, J = 6.1 Hz, 2H), 3.81 (br s, 1H), 1.86 – 1.71 (m, 8H), 1.69 (s, 6H), 

1.67 – 1.60 (m, 8H), 1.59 – 1.52 (m, 2H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.0 (s), 157.0 (s), 156.9 (s), 156.9 (s), 154.0 

(s), 149.0 (s), 143.6 (s), 143.3 (s), 143.1 (s), 142.8 (s), 137.9 (s), 133.5 (s), 129.4 (s), 127.7 (s), 

127.6 (s), 127.6 (s), 127.4 (s), 126.3 (s), 119.6 (s), 114.1 (s), 114.0 (s), 113.9 (s), 111.6 (s), 68.2 

(s), 67.9 (s), 67.8 (s), 64.2 (s), 41.6 (s), 41.6 (s), 30.7 (s), 29.0 (s), 29.0 (s), 28.8 (s), 28.7 (s), 

23.1 (s), 23.0 (s). 

HRMS (ESI):   C46H53NO5  calculated:  [(M + Na)+]: 722.3816  

found:  [(M + Na)+]: 722.3818. 

Macrocycle 154 

 

Compound 153 (385 mg, 550 µmol, 1.0 equiv.) was dissolved in anhydrous CH2Cl2 (7 mL) and 

cooled to 0 °C. After dropwise addition of PBr3 (51.7 µL, 149 mg, 550 µmol, 1.0 equiv.) and 

stirring for 1 h at 0 °C, the mixture was allowed to reach room temperature and was stirred for 

16 h. Next, CH2Cl2 (30 mL) and saturated aqueous NaHCO3 solution (20 mL) were added, and 

the two layers were separated. The aqueous layer was extracted with CH2Cl2 (3 x 10 mL) and 

the combined organic layers were washed with brine (20 mL), dried (Na2SO4), filtered, and 

concentrated under reduced pressure. The crude material was purified by MPLC (RediSep® 

Column: Silica 12 g; 30 ml/min; CyHex/EtOAc 100:0 to 60:40, 11.6 CV, 6.8 min) to obtain 

154 (353 mg, 463 μmol, 84%) as a pinkish solid. 
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TLC Rf = 0.46 (CyHex/EtOAc = 4/1) [UV, KMnO4].  

M.P.: 135 – 137 °C. 

IR (ATR): ṽ (cm-1) = 3032 (vw), 2924 (m), 2868 (m), 1710 (w), 1607 (m), 1579 (w), 1505 (s), 

1469 (m), 1383 (w), 1362 (w), 1299 (m), 1272 (w), 1241 (vs), 1179 (s), 1158 (w), 1114 (w), 

1075 (w), 1054 (w), 1014 (m), 1002 (m), 942 (w), 900 (w), 828 (vs), 813 (s), 731 (m), 717 (w), 

650 (w), 622 (w), 603 (w), 579 (m), 548 (s), 503 (w), 476 (w), 465 (w), 449 (w), 430 (w), 409 

(w).  

1H NMR (CDCl3, 600 MHz, 300 K) δ [ppm] = 8.65 (d, J = 2.2 Hz, 1H), 7.86 (dt, J = 8.0, 

2.0 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.19 (dd, J = 8.6, 2.5 Hz, 1H), 7.13 – 7.10 (m, 3H), 7.08 

(d, J = 8.7 Hz, 4H) 6.83 (d, J = 8.6 Hz, 1H), 6.76 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 8.8 Hz, 2H), 

6.71 (d, J = 8.8 Hz, 2H), 4.58 (s, 2H), 4.05 – 3.94 (m, 6H), 3.90 (t, J = 6.1 Hz, 2H), 1.88 – 1.72 

(m, 8H), 1.68 (s, 6H), 1.66 – 1.61 (m, 8H), 1.56 – 1.50 (m, 2H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 157.0 (s), 157.0 (s), 156.9 (s), 154.3 (s), 154.0 

(s), 149.8 (s), 143.7 (s), 143.3 (s), 143.1 (s), 142.7 (s), 138.5 (s), 134.4 (s), 129.4 (s), 127.7 (s), 

127.6 (s), 127.6 (s), 125.7 (s), 122.8 (s), 114.1 (s), 114.0 (s), 113.9 (s), 111.7 (s), 68.3 (s), 67.9 

(s), 67.8 (s), 67.8 (s), 41.6 (s), 41.6 (s), 30.7 (s), 30.7 (s), 29.0 (s), 29.0 (s), 28.7 (s), 23.2 (s), 

23.1 (s). 

HRMS (ESI):   C46H52BrNO4  calculated:  [(M + Na)+]: 784.2972  

found:  [(M + Na)+]: 784.2965. 

Ligand (mcp)CY5 
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Benzylic bromide 154 (156 mg, 205 μmol, 2.05 equiv.) and (2S,2’S)-N1,N2-

dimethylcyclohexane-1,2-diamine (132, 14.2 mg, 100 μmol, 1.0 equiv.) were dissolved in 

anhydrous MeCN (5.0 mL). Then, K2CO3 (55.2 mg, 400 μmol, 4.0 equiv.) and TBAB 

(1.61 mg, 5.00 μmol, 0.05 equiv.) were added and the reaction mixture was stirred at reflux for 

16 h. Thereafter, the mixture was cooled down to room temperature, filtered and the residue 

was washed with CH2Cl2 (40 mL). The filtrate was concentrated under reduced pressure, 1 m 

NaOH (20 mL) was added and the mixture was extracted with CH2Cl2 (3 × 20 mL). The 

combined organic layers were washed with brine (10 mL), dried (Na2SO4), filtered, and 

concentrated by rotatory evaporation. The crude compound was purified via MPLC (RediSep® 

Column: Alumina, Basic 8 g, 13 mL/min; CH2Cl2/CH2Cl2:MeOH (9:1) 100:0 to 0:100, 

27.1 CV, 12.8 min) to obtain the desired product (mcp)CY5 (122 mg, 81.0 μmol, 81%) as a 

yellow solid. 

TLC Rf = 0.25 (CH2Cl2/MeOH/NH4OH = 93/5/2) [UV, KMnO4]. 

M.P.: 118 – 119 °C. 

IR (ATR): ṽ (cm-1) = 3037 (vw), 2958 (m), 2928 (m), 2868 (m), 1709 (w), 1607 (m), 1580 (w), 

1506 (s), 1470 (m), 1383 (w), 1362 (w), 1299 (m), 1242 (vs), 1179 (s), 1159 (m), 1114 (w), 

1075 (w), 1048 (m), 1013 (s), 943 (w), 900 (w), 868 (w), 827 (vs), 761 (w), 730 (m), 682 (w), 

650 (w), 638 (w), 578 (m), 552 (s), 516 (w), 503 (w), 495 (w), 476 (w), 461 (w), 444 (w), 435 

(w), 415 (w). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.60 (d, J = 2.2 Hz, 2H), 7.80 (dd, J = 8.1, 

2.3 Hz, 2H), 7.61 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 2.5 Hz, 2H), 7.11 (d, J = 8.8 Hz, 4H), 

7.08 – 7.01 (m, 10H), 6.79 (d, J = 8.7 Hz, 2H), 6.74 (d, J = 8.8 Hz, 4H), 6.72 (d, J = 8.8 Hz, 

4H), 6.69 (d, J = 8.8 Hz, 4H), 3.99 – 3.83 (m, 20H), 2.72 – 2.65 (m, 2H), 2.33 (s, 6H), 

2.01 – 1.93 (m, 2H), 1.82 – 1.76 (m, 8H), 1.75 – 1.68 (m, 10H), 1.66 (s, 12H), 1.64 – 1.59 (m, 

16H), 1.53 – 1.47 (m, 4H), 1.38 – 1.26 (m, 2H), 1.20 – 1.11 (m, 2H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 159.4 (s), 157.0 (s), 157.0 (s), 156.8 (s), 154.0 

(s), 149.3 (s), 143.6 (s), 143.3 (s), 143.1 (s), 142.8 (s), 137.6 (s), 132.6 (s), 129.0 (s), 127.7 (s), 

127.7 (s), 127.6 (s), 126.7 (s), 121.9 (s), 114.0 (s), 114.0 (s), 113.9 (s), 111.9 (s), 68.4 (s), 67.9 

(s), 67.9 (s), 67.7 (s), 64.5 (s), 61.0 (s), 41.6 (s), 41.6 (s), 36.9 (s), 30.7 (s), 29.0 (s), 29.0 (s), 

28.7 (s), 26.7 (s), 26.0 (s), 23.2 (s), 22.8 (s). 

HRMS (ESI):  C100H120N4O8  calculated: [(M + Na)+]: 1527.8998 

      found:  [(M + Na)+]: 1527.8997.  
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5.2.2 Complex Synthesis  

All reactions were performed in a glove box and anhydrous and degassed (via freeze-pump-

thaw) solvents were used. 

Synthesis (S,S)-Mn(mcp) was carried out as previously described.[229-230] 

S,S-Mn(mcp)CY3 

 

Ligand (mcp)CY3 (41.1 mg, 30.0 µmol, 1.0 equiv.) and Mn(OTf)2 (10.6 mg, 30.0 µmol, 

1.0 equiv.) were dissolved in MeCN (0.2 mL) and stirred at room temperature for 2.5 h. 

Subsequently, diethyl ether (4 mL) was added which resulted in the precipitation of a yellow 

solid out of the solution. The supernatant was removed and the solid was washed two times 

with diethyl ether (2x2 mL) and dried under reduced pressure for 30 min resulting in the desired 

complex S,S-Mn(mcp)CY3 (30.0 mg, 17.4 µmol, 58%) as an off-white solid.  

M.P.: 186 – 188 °C. 

IR (ATR): ṽ (cm-1) = 3035 (vw), 2962 (m), 2931 (m), 2868 (w), 1711 (w), 1608 (w), 1581 (w), 

1508 (vs), 1473 (m), 1384 (w), 1363 (w), 1305 (w), 1246 (vs), 1181 (s), 1108 (w), 1084 (w), 

1051 (w), 1031 (m), 990 (w), 949 (w), 869 (w), 830 (s), 743 (w), 665 (w), 638 (s), 610 (w), 570 

(w), 560 (w), 514 (w), 493 (w), 486 (w), 452 (w), 439 (w), 421 (w).  

HRMS (ESI): C94H104F6MnN4O14S2   

calculated: [(M ˗ 2OTf + HCOO)+]: 1492.7206 

     found:  [(M ˗ 2OTf + HCOO)+]: 1492.7229. 
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S,S-Mn(mcp)CY5 

 

Ligand (mcp)CY5 (56.5 mg, 37.5 µmol, 1.0 equiv.) and Mn(OTf)2 (13.2 mg, 37.2 µmol, 

1.0 equiv.) were dissolved in THF (0.2 mL) and stirred at room temperature overnight. 

Subsequently, diethyl ether (4 mL) was added which resulted in the precipitation of a yellow 

solid out of the solution. The supernatant was removed and the solid was washed two times 

with diethyl ether (2x2 mL) and dried under reduced pressure for 30 min resulting in the desired 

complex Mn(mcp)CY5 (27.6 mg, 14.8 µmol, 40%) as an off-white solid.  

M.P.: 184 – 185 °C. 

IR (ATR): ṽ (cm-1) = 2935 (w), 2871 (w), 1607 (w), 1579 (w), 1507 (m), 1471 (w), 1383 (w), 

1362 (w), 1300 (w), 1240 (s), 1179 (s), 1106 (w), 1028 (s), 945 (w), 899 (w), 868 (w), 828 (s), 

760 (w), 731 (w), 695 (w), 662 (w), 636 (vs), 578 (m), 514 (m), 496 (w), 481 (w), 459 (w), 449 

(w), 437 (w), 417 (w), 405 (w). 

HRMS (ESI): C74H80F6MnN12O22S2  calculated: [(M − 2OTf)2+]: 712.2578 

      found:  [(M ˗ 2OTf)2+]: 712.2586. 
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5.2.3 Substrate Synthesis  

rac-(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl acetate (163) 

 

rac-Menthol (500 mg, 3.20 mmol, 1.0 equiv.) was suspended in acetic anhydride (1.66 mL, 

1.80 g, 17.6 mmol, 5.5 equiv.). MeSO3H (4.15 μL, 6.15 mg, 64.0 μmol, 0.02 equiv.) was added 

and the mixture was stirred at 30 °C overnight. The next day, the reaction was poured into an 

ice-cold saturated NaHCO3 solution (40 mL). The mixture was extracted with EtOAc 

(3 x 60 mL). The combined organic layers were washed with brine (40 mL), dried (Na2SO4), 

filtered, and carefully concentrated under reduced pressure to give rac-163 (472 mg, 

2.38 mmol, 74%) as a colorless liquid. 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 4.67 (td, J = 10.9, 4.4 Hz, 1H), 2.03 (s, 3H), 

1.99 (dddd, J = 12.1, 4.4, 3.5, 2.0 Hz, 1H), 1.86 (pd, J = 7.0, 2.7 Hz, 1H), 1.74 – 1.63 (m, 2H), 

1.48 (dddt, J = 15.3, 8.9, 6.7, 3.4 Hz, 1H), 1.36 (ddt, J = 12.6, 10.8, 3.2 Hz, 1H), 1.11 – 1.00 

(m, 1H), 0.96 (td, J = 12.2, 11.0 Hz, 1H), 0.91 – 0.84 (m, 7H), 0.76 (d, J = 7.0 Hz, 3H). 

The spectroscopic data matches the data reported in the literature.[249] 

rac-(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl hexanoate (165) 

 

rac-Menthol (200 mg, 1.28 mmol, 1.0 equiv.) was suspended in hexonic anhydride (296 μL, 

274 mg, 1.28 mmol, 1.0 equiv.). MeSO3H (1.66 μL, 2.46 mg, 25.6 μmol, 0.02 equiv.) was 

added and the mixture was stirred at 30 °C overnight. The next day, the reaction was poured 

into an ice-cold saturated NaHCO3 solution (20 mL). The mixture was extracted with EtOAc 

(3 x 30 mL). The combined organic layers were washed with brine (20 mL), dried (Na2SO4), 

filtered, and carefully concentrated under reduced pressure to give rac-165 (301 mg, 

1.18 mmol, 92%) as a white solid. 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 4.67 (td, J = 10.9, 4.4 Hz, 1H), 2.27 (td, J = 7.4, 

0.9 Hz, 2H), 1.98 (dddd, J = 12.0, 4.4, 3.5, 2.0 Hz, 1H), 1.87 (pd, J = 7.0, 2.8 Hz, 1H), 
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1.71 – 1.57 (m, 4H), 1.49 (dddt, J = 15.4, 8.9, 6.7, 3.4 Hz, 1H), 1.41 – 1.23 (m, 5H), 1.05 (qd, 

J = 13.4, 12.8, 3.7 Hz, 1H), 0.99 – 0.92 (m, 1H), 0.92 – 0.86 (m, 10H), 0.76 (d, J = 7.0 Hz, 3H). 

The spectroscopic data matches the data reported in the literature.[250] 

 (3R,8R,9S,10S,13S,14S)-10,13-Dimethyl-17-oxohexadecahydro-1H-

cyclopenta[a]phenanthren-3-yl acetate (169) 

 

Androsterone (145 mg, 500 μmol, 1.0 equiv.) was dissolved in anhydrous CH2Cl2 (0.5 mL). 

Acetic anhydride (260 μL, 281 mg, 2.75 mmol, 5.5 equiv.) and MeSO3H (1.0 μL, 1.48 mg, 

15.4 μmol, 0.03 equiv.) were added and the mixture was stirred at 30 °C overnight. The next 

day, the reaction was poured into an ice-cold saturated NaHCO3 solution (10 mL). The mixture 

was extracted with EtOAc (3 x 15 mL). The combined organic layers were washed with brine 

(10 mL), dried (Na2SO4), filtered, and carefully concentrated under reduced pressure to give 

169 (157 mg, 472 μmol, 94%) as a white solid. 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 5.02 (t, J = 2.8 Hz, 1H), 2.44 (ddd, J = 19.2, 

8.9, 1.1 Hz, 1H), 2.05 (s, 4H), 2.00 – 1.89 (m, 1H), 1.86 – 1.78 (m, 2H), 1.74 (dd, J = 14.0, 

3.2 Hz, 1H), 1.70 – 1.54 (m, 3H), 1.53 – 1.45 (m, 5H), 1.35 – 1.16 (m, 6H), 1.02 (qd, J = 12.6, 

4.8 Hz, 1H), 0.87 (s, 3H), 0.82 (d, J = 0.6 Hz, 4H). 

The spectroscopic data matches the data reported in the literature.[251-252] 

(3S,5S,8R,9S,10S,13R,14S,17R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-

yl)hexadecahydro-1H-cyclopenta[a]phenanthren-3-yl acetate (171) 

 

5α-Cholestan-3β-ol (194 mg, 500 μmol, 1.0 equiv.) was dissolved in anhydrous CH2Cl2 

(0.5 mL). Acetic anhydride (260 μL, 281 mg, 2.75 mmol, 5.5 equiv.) and MeSO3H (1.0 μL, 

1.48 mg, 15.4 μmol, 0.03 equiv.) were added and the mixture was stirred at 30 °C overnight. 

The next day, the reaction was poured into an ice-cold saturated NaHCO3 solution (10 mL). 
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The mixture was extracted with EtOAc (3 x 15 mL). The combined organic layers were washed 

with brine (10 mL), dried (Na2SO4), filtered, and carefully concentrated under reduced pressure 

to give 171 (175 mg, 406 μmol, 81%) as a white solid. 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 4.68 (tt, J = 11.4, 4.9 Hz, 1H), 2.02 (s, 3H), 1.96 

(dt, J = 12.7, 3.4 Hz, 1H), 1.85 – 1.76 (m, 2H), 1.72 (dt, J = 13.3, 3.7 Hz, 1H), 1.65 (dq, 

J = 12.9, 3.5 Hz, 1H), 1.61 – 0.93 (m, 25H), 0.90 (d, J = 6.6 Hz, 3H), 0.86 (dd, J = 6.6, 2.3 Hz, 

6H), 0.82 (d, J = 0.6 Hz, 3H), 0.64 (s, 4H). 

The spectroscopic data matches the data reported in the literature.[253] 

 

  



Experimental Section 

89 

 

5.3  Oxidation Conditions 

 

General small-scale oxidation procedure with Mn catalysts in MeCN  

Mn catalyst (185 nmol, 1 mol%) and substrate (18.5 µmol, 1.0 equiv.) were dissolved in 

200 µL MeCN in a 1 mL screw vial. After the addition of AcOH (2.12 μL, 37.0 µmol, 

2.0 equiv.), the mixture was cooled to 0 °C. Next, a solution of commercially available aq. H2O2 

(50% w/w, Sigma Aldrich, 51.4 μL, 46.2 μmol, 2.5 equiv.) diluted in MeCN (⁓ 0.9 M) was 

slowly added over 15 min by a syringe pump. After the addition, the mixture was left to stir for 

another 45 min. After the time indicated, biphenyl (internal standard, 9.25 µmol, 0.5 equiv.) 

was added and the reaction mixture was diluted with CH2Cl2, filtered over basic AlOx, and 

washed with CH2Cl2. The product mixture was analyzed via GC, GC-MS and/or NMR. 

General small-scale oxidation procedure with Mn catalysts in TFE/HFIP  

Mn catalyst (185 nmol, 1 mol%) and substrate (18.5 µmol, 1.0 equiv.) were dissolved in 

200 µL solvent in a 1 mL screw vial. After the addition of AcOH (2.12 μL, 37.0 µmol, 

2.0 equiv.), the mixture was cooled to 0 °C. Next, a solution of commercially available aq. H2O2 

(50% w/w, Sigma Aldrich, 20.6 μL, 18.5 μmol, 1.0 equiv.) diluted in solvent (⁓ 0.9 M) was 

slowly added over 6 min by a syringe pump. After the addition, the mixture was left to stir for 

another 45 min. After the time indicated, biphenyl (internal standard, 9.25 µmol, 0.5 equiv.) 

was added and the reaction mixture was diluted with CH2Cl2, filtered over basic AlOx, and 

washed with CH2Cl2. The product mixture was analyzed via GC, GC-MS and/or NMR. 

Second step for small-scale oxidation reactions 

The oxidation of the alcohol products obtained in MeCN/TFE/HFIP as solvents turned out to 

be advantageous due to better separation. Therefore, after removal of the solvents under reduced 

pressure, the crude material was dissolved in anhydrous EtOAc (0.5 mL) and IBX (10.4 mg, 

37 μmol, 2.00 equiv.) was added. The mixture was stirred at 70 °C overnight, cooled down to 

r.t., filtered over Celite, and analyzed via GC, GC-MS and/or NMR. 
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5.4  1H and 13C NMR Spectra  

145: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

145: 13C NMR (126 MHz, 300 K, CDCl3) 

 

 

 

  



Experimental Section 

91 

 

146: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

146: 13C NMR (126 MHz, 300 K, CDCl3) 
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CY3Br2: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

CY3Br2: 13C NMR (126 MHz, 300 K, CDCl3) 
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CY3Br: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

CY3Br: 13C NMR (126 MHz, 300 K, CDCl3) 
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148: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

148: 13C NMR (126 MHz, 300 K, CDCl3) 
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149: 1H NMR (500 MHz, 300 K, CDCl3) 

 

149: 13C NMR (126 MHz, 300 K, CDCl3) 

 

  



Experimental Section 

96 

 

150: 1H NMR (600 MHz, 300 K, CDCl3) 

 

150: 13C NMR (126 MHz, 300 K, CDCl3) 
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(mcp)CY3: 1H NMR (500 MHz, 300 K, CDCl3) 

 

 

(mcp)CY3: 13C NMR (126 MHz, 300 K, CDCl3) 
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151: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

151: 13C NMR (126 MHz, 300 K, CDCl3) 
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CY5Br: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

CY5Br: 13C NMR (126 MHz, 300 K, CDCl3) 
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152: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

152: 13C NMR (126 MHz, 300 K, CDCl3) 
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153: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

153: 13C NMR (126 MHz, 300 K, CDCl3) 
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154: 1H NMR (600 MHz, 300 K, CDCl3) 

 

 

154: 13C NMR (126 MHz, 300 K, CDCl3) 
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(mcp)CY5: 1H NMR (600 MHz, 300 K, CDCl3) 
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(mcp)CY5: 13C NMR (126 MHz, 300 K, CDCl3) 
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6 Index of Abbreviations 

Å   Ångström, 10−10 m 

Ac   acetyl 

Ar   aryl 

ATR   attenuated total reflection 

BDE   bond dissociation energie 

B2pin2   bis(pinacolato)diboron 

Bpin   pinacolatoboron 

BPA   bisphenol A 

BP   biphenyl 

Bu   butyl 

CD   cyclodextrin 

ChP   α,β,α,β-meso-tetrakis[o-(3β-hydroxy-5-cholenamido)phenyl]porphyrin 

CR   crown ether 

Cy   cyclohexyl 

CY3   cyclophane 3 

CY5   cyclophane 5 

dMM   3,5-dimethyl-4-methoxy 

DDO   dimethyldioxirane 

DMF   dimethylformamide 

DMPC   dimyristoylphosphocholine 

EDG   electron donating group 

equiv.   equivalents  

ESI   electrospray ionization 

et al.   et alii (and others) 
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Et   ethyl 

EWG   electron withdrawing group 

FID   flame ionization detector 

GC   gas chromatography 

GC-MS  gas chromatography-mass spectrometry 

HAT   hydrogen atom transfer 

Hex   hexane 

HFIP   1,1,1,3,3,3-hexafluoro-2-isopropanol  

HLF    Hofmann-Löffler-Freytag 

HRMS   high resolution mass spectrometry 

IBX   2-iodoxybenzoic acid 

IR   infrared 

mcp N1,N2-dimethyl-N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-

diamine 

Me methyl 

mep N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethylene-1,2-diamine 

Ms   methansulfonyl 

M.p.   melting point 

MPLC   medium pressure liquid chromatography 

NBS   N-bromosuccinimide 

NMR   nuclear magnetic resonance 

pdp   1,1'-bis(pyridin-2-ylmethyl)-2,2'-bipyrrolidine 

Ph   phenyl 

phen   1,10-phenanthroline 

Porph   porphyrine 
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ppm   parts per million 

prim.   primary 

Py   pyridine 

rt   room temperature 

resp.   respectively  

sec.   secondary 

TBAB   tetrabutylammonium bromide 

TBAF   tetrabutylammonium fluoride 

TDCPP  5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin 

Terpy   2,2';6',2"-terpyridine 

tert.   tertiary  

Tf   trifluoromethansulfonyl 

TFDO   trifluoromethylmethyldioxirane 

TFE   trifluoroethanol 

THF   tetrahydrofuran 

TIPS   triisopropylsilyl 

TLC   thin layer chromatography 

TMP   5,10,15,20-tetramesitylporphyrin 

TON   turnover number 

tpa   tris(2-pyridylmethyl)amine 

TPFPP   5,10,15,20-tetrakis(pentafluorophenyl)porphyrin 

TPP   5,10,15,20-tetraphenylporphyrin 

Twe   tweezer 

TTPPP   5,10,15,20-tetrakis(2',4,,6'-tri-methoxyphenyl)porphyrin  
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 General Information 

Experimental: All reactions with air- or moisture-sensitive substances were carried out under 
an atmosphere of argon (Ar 4.6). Microwave experiments were conducted using an ANTON 

PAAR Monowave 400 microwave synthesis reactor. 

Analytical methods and instruments: For analytical thin-layer chromatography (TLC), 
MERCK silica gel 60 F254 glass-baked plates were used and analyzed under UV light 
(λ = 254 nm [UV]) or by immersion in a potassium permanganate solution [KMnO4] (9 g 
KMnO4, 60 g K2CO3, 15 mL aqueous NaOH-solution (5%) in 900 mL H2O) and subsequent 
heat treatment. Column chromatography was carried out as flash chromatography using MERCK 
silica gel 60 (230 - 240 mesh ASTM, particle size: 40 - 63 µm) according to Still et al.[1] 

1H NMR spectra were recorded on a BRUKER UltraShield 500 at 500 mHz. 13C NMR spectra 
were recorded at 126 mHz or 151 mHz, using a BRUKER UltraShield 500 or a 600 MHz BRUKER 
Avance III NMR spectrometer equipped with a cryogenic QCI-F probe, respectively. Chemical 
shifts are reported in ppm at 298 K unless stated otherwise. The 1H spectra were calibrated on 
the signals of the residual protons of the respective solvents: CDCl3 δ(1H) = 7.26 ppm, CD3CN 
δ(1H) = 1.96 ppm, DMSO-d6 δ(1H) = 2.50 ppm. In 13C NMR spectra the signal of the 
deuterium coupled multiplets of the solvents are used as reference: CDCl3 δ(13C) = 77.16 ppm, 
CD3CN δ(1H) = 118.26 ppm, DMSO-d6 δ(13C) = 39.52 ppm.[2] The coupling constants J are 
reported in hertz (Hz). Multiplicity is described as: s (singlet), br s (broad singlet), d (doublet), 
dd (doublet of doublets) t (triplet), m (multiplet). Apparent multiplicity of magnetically non-
equivalent protons are marked as virtual (virt.). For characterization of compounds unknown in 
the literature, two-dimensional NMR experiments (HMQC, HMBC, COSY, NOESY) were 
conducted. 

GC analyses were performed on a SHIMADZU GC-2010 Plus instrument equipped with an FID 
detector and a HP-5 capillary column (length = 30 m). Hydrogen was used as the carrier gas 
and constant-flow mode (flow rate = 40 mL/min) with a split ratio of 1:20 was used. The 
following temperature-program was used: 60 °C for 3 min, +15 °C/min to 250 °C, and 250 °C 
for 5 min. 

GC-MS analyses were performed on an AGLIENT 5977B GC/MSD instrument equipped with a 
single quadrupole GC/MS and a HP-5MS UI capillary column (length = 30 m). Helium was 
used as the carrier gas and a constant-flow mode (flow rate = 1 mL/min) with a split ration of 
1:100. The following temperature-program was used: 50 °C for 2.25 min, +10 °C/min to 
300 °C, and 300 °C for 3 min. 

Infrared spectra were measured on a BRUKER ALPHA IR spectrometer (ATR, attenuated total 
reflection). Abbreviations indicating intensity were used as follows: vs (very strong), s (strong), 
m (medium), w (weak). 
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High-resolution mass spectra were obtained using the electrospray ionization (ESI) technique 
on a BRUKER maXis 4G mass spectrometer. 

Melting points were recorded on a BÜCHI Melting Point M-565 apparatus in open capillary 
tubes and are uncorrected. 

Solvents: Anhydrous carbon tetrachloride (CCl4), dichloroethane, toluene (PhMe), 
diethylamine (Et2NH) were purchased from SIGMA-ALDRICH. Anhydrous acetonitrile (MeCN), 
diethyl ether (Et2O), dichloromethane (CH2Cl2), DMSO, methanol (MeOH), tetrahydrofuran 
(THF) were purchased from ACROS ORGANICS. 

Solvents for extractions, flash chromatography, filtrations and reactions under non-anhydrous 
conditions were purchased from VWR (HPLC grade). 

Solvents for NMR spectroscopy [CDCl3 (99.8%), MeCN-d3 (99.8%), DMSO-d6 (99.9%)] 
were purchased from CAMBRIDGE ISOTOPE LABORATORIES. 

Solutions of metalorganic reagents (e.g. n-BuLi, LiHMDS etc.) were titrated with 
menthol/1,10-phenanthroline prior to use.[3] 

Chemicals: Acetic anhydride, 2,2’-azobis(2-methylpropionitrile) (AIBN), biphenyl, (2S,2’S)-
bipyrrolidine, N-bromosuccinimide (NBS), n-BuLi 1.6 M in hexane, (tert-
butyldimethylsilyl)acetylene (TBS-acetylene), copper iodide, decylamine, L-(+)-
diethyltartrate, ethyl formate, formaldehyde, heptylamine, iron (II) chloride, lithium aluminium 
hydride (LiAlH4), methyl iodide, nonylamine, octylamine, phosphorus tribromide (PBr3), 
potassium tert-butoxide (KOtBu), pyridine-2-carboxaldehyde, sodium cyanoborohydride 
(NaCNBH3), sodium peroxide water solution (50% w/w), tetrabromodurene, tetra-n-
butylammonium bromide (TBAB), tetra-n-butylammonium fluoride (TBAF), tetradecylamine, 
tetrafluoroboric acid diethyl ether complex, triethylamine, trifluoroacetic acid (TFA), 
trimethylsilyl triflate, undecylamine, urea were purchased from SIGMA-ALDRICH. 

Bis(triphenylphosphine)palladium(II) dichloride, dodecylamine, formic acid, potassium 
carbonate were purchased from ACROS ORGANICS. 

2,3-Dimethylhydrochinone, 5-bromopyridine-2-carbaldehyde, 3-iodo-1,2,4,5-tetramethyl-
benzene and were purchased from FLUOROCHEM. 

Triphenylphosphine was purchased from ALFA AESAR. 

Chemicals were used without further purifications, unless stated otherwise. 

NBS used for benzylic bromination reactions was recrystallized from commercially available 
material according to a literature procedure and stored under an argon atmosphere at −20 °C.[4] 
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Employing commercially available material instead of recrystallized NBS led to aromatic 
bromination. 

Iron (II) bis (trifluoromethanesulfonate) bis (acetonitrile) was prepared according to a literature 
procedure.[5] 
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 Synthetic Procedures and Analytical Data 

2.1.Synthesis of the Catalysts 

(syn)-Diethyl-2,5-dioxotetrahydroimidazo[4,5-d]imidazole-3a,6a(1H,4H)-dicarboxylate 
(S1) 

HN NH

HN NH

O

O

EtOOC COOEt
C10H14N4O6

MW: 286.24 g/mol

 

Diethyl tartrate (41.2 g, 200 mmol, 1.0 equiv.) and NBS (107 g, 600 mmol, 3.0 equiv.) were 
dissolved in anhydrous 1,2-dichlorethane (150 mL) and stirred at reflux for 4 h. Afterwards, 
the reaction was quenched by addition of Na2SO3 (30 g) and EtOH (40 mL) followed by 
removal of the solvent under reduced pressure. The oily residue was then diluted in Et2O 
(100 mL), filtered and washed with Et2O (4 x 50 mL). After removal of the solvent by rotatory 
evaporation, urea (30.0 g, 500 mmol. 2.5 equiv.) was added followed by PhMe (200 mL) and 
TFA (61.6 mL, 91.2 g, 800 mmol, 4.0 equiv.). The flask was equipped with a DEAN-STARK trap 
to remove emerging reaction water and was then stirred at reflux for 24 h. After cooling to room 
temperature, the supernatant was removed, and the residue dried in vacuo. Water (200 mL) was 
added and the mixture was heated to 80 °C for 1 h. The mixture was stored at 4 °C for 16 h and 
then filtered and washed with water (30 mL). The residue was dried under reduced pressure 
resulting in S1 (27.0 g, 94.3 mmol, 47%) as a slightly beige solid.  

1H NMR (DMSO-d6, 300 K, 500 MHz) δ [ppm] = 8.00 (s, 4H), 4.09 (q, J = 7.1 Hz, 4H), 1.18 
(t, J = 7.1 Hz, 6H). 

13C NMR (DMSO-d6, 300 K, 126 MHz) δ [ppm] = 167.3 (s), 159.5 (s), 77.8 (s), 62.0 (s), 13.8 
(s).  

The analytical data match literature values.[6] 
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1,4-Dimethoxy-2,3-dimethylbenzene (S2) 

OMe

OMe

C10H14O2
MW: 166.22 g/mol

 

2,3-Dimethylhydroquinone (2.76 g, 20.0 mmol, 1.0 equiv.) and KOH (5.61 g, 100 mmol, 
5.0 equiv.) were dissolved in anhydrous DMSO (40 mL). Methyl iodide (2.74 mL, 6.25 g, 
44.0 mmol, 2.2 equiv.) was added dropwise at room temperature with the flask being put into 
a water bath. The mixture was then stirred at this temperature for 2 h. After that, triethylamine 
(8.43 mL, 6.07 g, 60.0 mmol, 3.0 equiv.) was added and the solution was stirred for an 
additional 30 min. Next, water (100 mL) and concentrated HCl (10 mL) were added and the 
mixture was extracted with EtOAc (3 x 100 mL). The combined organic layers were washed 
with water (150 mL) and brine (150 mL), dried (Na2SO4), filtered and concentrated in vacuo. 
Purification via flash column chromatography (⁓70 g silica, Pen/Et2O = 19/1) gave product S2 
(3.13 g, 18.8 mmol, 94%) as a white solid. 

TLC Rf = 0.62 (Pen/Et2O = 19/1) [UV, KMnO4]. 

Mp.: 81 °C. 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 6.66 (s, 6H), 3.78 (s, 6H), 2.16 (s, 2H). 

13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 152.1 (s), 126.9 (s), 108.0 (s), 56.2 (s), 12.2 
(s). 

All analytical data match literature values.[7] 

 

 

2,3-Bis(bromomethyl)-1,4-dimethoxybenzene (S3) 

OMe

OMe

Br
Br

C10H12Br2O2
MW: 324.01 g/mol

 

1,4-Dimethoxy-2,3-dimethylbenzene (S2 5.00 g, 30.1 mmol, 1.0 equiv.), previously 
recrystallized NBS (11.3 g, 63.2 mmol, 2.1 equiv.) and AIBN (247 mg, 1.51 mmol, 
0.05 equiv.) were dissolved in anhydrous CCl4 (60 mL) and stirred at reflux for 3 h. 
Subsequently, the mixture was cooled down to room temperature and the solvent was removed 
by rotatory evaporation. The residue was dissolved in CH2Cl2 (250 mL) and 1 M NaOH 
(250 mL) and the mixture was extracted with CH2Cl2 (2 x 250 mL). The combined organic 
layers were washed with brine (200 mL), dried (Na2SO4), filtered and concentrated under 
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reduced pressure. The crude product was purified via column chromatography (⁓300 g silica, 
Pen/CH2Cl2 = 1/1) to give product S3 as a white solid (9.36 g, 28.9 mmol, 96%). 

TLC Rf = 0.88 (Pen/CH2Cl2 = 1/1) [UV, KMnO4]. 

Mp.: 156–157 °C. 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 6.84 (s, 2H), 4.74 (s, 4H), 3.86 (s, 6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 152.0 (s), 126.6 (s), 112.4 (s), 56.4 (s), 24.0 
(s).  

All analytical data match literature values.[8] 

 

 

(syn)-Diethyl-6,9-dimethoxy-1,4-dioxo-1,2,3,4,5,10-hexahydro-2,3,4a,10a-tetraaza-
benzo[g]cyclopenta[cd]azulene-2a,2a1-dicarboxylate (7) 

N NH

N NH

O

O

R R

OMe

OMe

C20H24N4O8
MW: 448.43 g/mol

R = COOEt  

Compound S1 (3.44 g, 12.0 mmol, 2.0 equiv.) was dissolved in anhydrous DMSO (120 mL). 
After addition of KOt-Bu (2.96 g, 26.4 mmol, 4.4 equiv.), the mixture was stirred for 15 min at 
room temperature. Then, 2,3-bis(bromomethyl)-1,4-dimethoxybenzene (1.94 g, 6.00 mmol, 
1.0 equiv.) was added and the mixture was stirred for additional 4 h at room temperature. 
Afterwards, the reaction was poured into a mixture of 1 M HCl (200 mL), water (100 mL) and 
brine (100 mL) and was extracted with EtOAc (5 x 200 mL). The combined organic layers were 
washed with brine (2 x 300 mL), dried (Na2SO4), filtered and concentrated under reduced 
pressure to give the crude product. Purification via column chromatography (⁓60 g silica, 
CH2Cl2/MeCN = 3/2 → 1/3) gave product 7 (1.11 g, 2.48 mmol, 41%) as a white solid. 

TLC Rf = 0.43 (CH2Cl2/MeCN = 3/2) [KMnO4]. 

Mp.: 235–236 °C. 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 6.83 (s, 2H), 5.59 (d, J = 16.1 Hz, 2H), 5.44 (s, 
2H), 4.26 (virt. dq, J = 12.8, 7.1 Hz, 4H), 4.04 (d, J = 16.1 Hz, 2H), 3.84 (s, 6H), 1.31 (t, 
J = 7.2 Hz, 3H), 1.30 (t, J = 7.2 Hz, 3H). 

13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 166.4 (s), 166.0 (s), 157.2 (s), 151.5 (s), 127.1 
(s), 113.1 (s), 83.6 (s), 73.6 (s), 63.7 (s), 63.2 (s), 57.5 (s), 36.6 (s), 14.1 (s), 14.0 (s). 
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All analytical data match literature values.[9] 

 

 

tert-Butyldimethyl((2,3,5,6-tetramethylphenyl)ethynyl)silane (S4) 

Si

C18H28Si
MW: 272.51 g/mol

 

3-Iodo-1,2,4,5-tetramethyl-benzene (5, 2.60g, 10.0 mmol, 1.0 equiv.), PdCl2(PPh3)2 (140 mg, 
200 µmol, 0.02 equiv.) and CuI (76.2 mg, 400 µmol, 0.04 equiv.) were added to a flame-dried 
round-bottom flask and the flask was evacuated and refilled with argon three times. The 
material was then dissolved in Et2NH (28 mL) and the solution was degassed via sparging with 
Ar for 15 min. Then, TBS acetylene (2.05 mL, 1.54 g, 11.0 mmol, 1.1 equiv.) was added 
dropwise and the mixture was stirred at 50 °C for 16 h. After that, water (20 mL) and CH2Cl2 
(30 mL) were added and the separated aqueous layer was extracted with CH2Cl2 (2 × 20 mL). 
The combined organic layers were washed with brine (15 mL), dried (MgSO4), filtered and 
concentrated in vacuo. Purification via flash column chromatography (⁓50 g silica, Pen) gave 
the desired product S4 (2.64 g, 9.69 mmol, 97%) as a white solid. 

TLC Rf = 0.66 (Pen) [UV, KMnO4]. 

Mp.: 62–63 °C. 

IR (ATR): ṽ (cm-1) = 2950 (m), 2925 (m), 2853 (m), 2134 (s), 1710 (w), 1509 (w), 1461 (m), 
1360 (m), 1245 (s), 1176 (w), 1074 (m), 1006 (m), 938 (w), 910 (m), 822 (s) 808 (s), 770 (vs), 
698 (s), 676 (s), 647 (s), 457 (m), 423 (s). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 6.89 (s, 1H), 2.37 (s, 6H), 2.20 (s, 6H), 1.01 (s, 
9H), 0.20 (s, 6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 136.5 (s), 133.4 (s), 131.5 (s), 123.4 (s), 104.7 
(s), 100.2 (s), 26.3 (s), 20.0 (s), 17.8 (s), 16.8 (s), −4.2 (s).  
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tert-Butyldimethyl((2,3,5,6-tetrakis(bromomethyl)phenyl)ethynyl)silane (6) 

Br
Br Br

Br

TBS

C18H24Br4Si
MW: 588.09 g/mol

 

Compound S4 (2.18 g, 8.00 mmol, 1.0 equiv.), previously recrystallized NBS[3] (8.83 g, 
49.6 mmol, 6.2 equiv.) and AIBN (65.7 mg, 400 µmol, 0.05 equiv.) were dissolved in 
anhydrous CCl4 (32 mL) and stirred at reflux for 72 h. Subsequently, the solvent was removed 
by rotatory evaporation. The residue was dissolved in CH2Cl2 (50 mL) and 1 M NaOH (50 mL), 
and the mixture was extracted with CH2Cl2 (3 x 50 mL). The combined organic layers were 
washed with brine (80 mL), dried (Na2SO4), filtered and concentrated under reduced pressure. 
The crude product was purified via column chromatography (⁓200 g silica, Pen/PhMe = 49/1) 
to give product 6 (2.40 g, 4.08 mmol, 51%) as a white solid. 

Note: It was possible to isolate a mixture of twofold (Rf = 0.32) and threefold (Rf = 0.29) 
brominated byproducts (2.11 g), attempts to further convert those with another three 
equivalents of NBS under the same reaction conditions and work up as before resulted in more 
product 6 (32.7 mg, 55.6 µmol, 0.7%).  

TLC Rf = 0.26 (Pen/PhMe = 49/1) [UV, KMnO4]. 

Mp.: 120–121 °C. 

IR (ATR): ṽ (cm-1) = 2950 (w), 2925 (m), 2854 (m), 2151 (w), 1712 (w), 1461 (m), 1411 (m), 
1361 (w), 1302 (m), 1245 (s), 1207 (s), 1141 (m), 993 (s), 930 (m), 892 (w), 820 (s), 809 (s), 
772 (vs), 688 (s), 642 (s), 584 (s), 551 (s), 447 (m), 410 (s). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 7.32 (s, 1H), 4.86 (s, 4H), 4.57 (s, 4H), 1.06 (s, 
9H), 0.28 (s, 6H). 

13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 139.7 (s), 137.8 (s), 133.0 (s), 126.6 (s), 107.1 
(s), 99.1 (s), 29.0 (s), 27.3 (s), 26.3 (s), 17.0 (s), −4.6 (s).  
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Tweezer 8a 

N N

N N

O

O

R R

OMe

OMe

N N

N N

O

O

R R

OMe

OMe

R = COOEt

TBS

C58H68N8O16Si
MW: 1161.31 g/mol

 

Following a modified literature procedure,[10] compound 7 (1.52 g, 3.40 mmol, 2.0 equiv.) was 
dissolved in anhydrous DMSO (34 mL). After addition KOtBu (839 mg, 7.48 mmol, 
4.4 equiv.), the mixture was stirred for 15 min at room temperature. Then, compound 6 (1.00 g, 
1.70 mmol, 1.0 equiv.) was added and the mixture was stirred for additional 16 h. The reaction 
mixture was poured into a mixture of 1 M HCl (10 mL) and water (10 mL) and was then 
extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were washed with brine 
(10 mL), dried (Na2SO4), filtered and concentrated under reduced pressure. Purification via 
column chromatography (⁓50 g silica, CH2Cl2/MeCN = 3/1) gave product 8a (863 mg, 
743 µmol, 44%) as a off-white solid. 

TLC Rf = 0.30 (CH2Cl2/MeCN = 3/1) [UV, KMnO4]. 

IR (ATR): ṽ (cm-1) = 2932 (w), 2854 (w), 1721 (s), 1445 (m), 1421 (m), 1365 (w), 1304 (w), 
1248 (s), 1154 (m), 1076 (s), 1017 (m), 942 (m), 918 (m), 809 (m), 717 (m), 582 (w), 442 (w), 
406 (w). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 7.17 (s, 1H), 6.76 (s, 4H), 5.27 (virt. dd, 
J = 15.8, 4.0 Hz, 4H), 5.20 (d, J = 15.6 Hz, 2H), 4.62 (d, J = 15.6 Hz, 2H), 4.54 (d, J = 15.0 Hz, 
2H), 4.34 (d, J = 15.0 Hz, 2H), 4.21 (d, J = 15.9 Hz, 2H), 4.16 (d, J = 15.7 Hz, 2H), 4.10 (q, 
J = 7.2 Hz, 4H), 3.96 – 4.05 (m, 4H), 3.80 (s, 6H), 3.79 (s, 6H), 1.22 (t, J = 7.2 Hz, 6H), 1.18 
(t, J = 7.2 Hz, 6H), 1.03 (s, 9H), 0.26 (s, 6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 166.3 (s), 166.1 (s), 156.7 (s), 156.2 (s), 151.5 
(s), 151.3 (s), 138.1 (s), 135.6 (s), 131.8 (s), 126.8 (s), 126.6 (s), 124.5 (s), 112.7 (s), 112.5 (s), 
105.4, 100.2 (s), 80.8 (s), 79.8 (s), 63.2 (s), 63.2 (s), 57.2 (s), 57.1 (s), 46.0 (s), 43.6 (s), 37.6 
(s), 37.4 (s), 26.4 (s), 16.8 (s), 14.0 (s), 14.0 (s), −4.4 (s).   

HRMS (ESI):  C58H68N8O16Si calculated: [(M + Na)+]: 1183.4415 

      found:  [(M + Na)+]: 1183.4401. 
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Tweezer 8b 

N N

N N

O

O

R R

OMe

OMe

N N

N N

O

O

R R

OMe

OMe

R = COOEt

C50H54N8O16
MW: 1023.02 g/mol

 

Following a modified literature procedure,[10] compound 7 (897 mg, 2.00 mmol, 2.0 equiv.) 
was dissolved in anhydrous MeCN (20 mL). After addition KOtBu (494 mg, 4.40 mmol, 
4.4 equiv.), the mixture was stirred for 15 min at room temperature. Then, 1,2,4,5-
tetrakis(bromomethyl)benzene (450 mg, 1.00 mmol, 1.0 equiv.) was added and the mixture was 
stirred for additional 6 h. The reaction was poured into a mixture of 1 M HCl (10 mL) and water 
(10 mL) and was then extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were 
washed with brine (10 mL), dried (Na2SO4), filtered and concentrated under reduced pressure. 
Purification via column chromatography (60 g silica, CH2Cl2/MeCN = 3/1 → 2/1) gave product 
8b (288 mg, 282 µmol, 28%) as an off-white solid. 

TLC Rf = 0.24 (CH2Cl2/MeCN = 3/1) [UV, KMnO4]. 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 7.17 (s, 2H), 6.73 (s, 4H), 5.32 (d, J = 15.8 Hz, 
4 H), 4.63 (d, J = 15.3 Hz, 4H), 4.34 (d, J = 15.3 Hz, 4H), 4.18 – 4.09 (m, 8H), 4.03 (q, 
J = 7.1 Hz, 4H), 3.78 (s, 12H), 1.23 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.1 Hz, 3H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 166.2 (s), 166.0 (s), 156.4 (s), 151.4 (s), 135.8 
(s), 131.5 (s), 126.8 (s), 112.7 (s), 80.8 (s), 80.0 (s), 63.3 (s), 63.2 (s), 57.3 (s), 45.6 (s), 37.4 
(s), 14.1 (s), 14.0 (s). 

All analytical data match literature values.[10] 
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C52H54N8O16
MW: 1047.04 g/mol

 

Tweezer 8a (200 mg, 172 µmol, 1.0 equiv.) was dissolved in anhydrous THF (17 mL). The 
reaction flask was cooled down to 0 °C and a 1 M solution of TBAF in THF (206 µL, 53.9 mg, 
206 µmol, 1.2 equiv.) was added dropwise. The reaction was warmed up to room temperature 
and stirred for 2 h. The solvent was removed under reduced pressure and the resulting purple 
residue was purified via flash column chromatography (⁓7 g silica, CH2Cl2/acetone = 9/1) to 
give the desired product 9 (144 mg, 138 µmol, 80%) as a white solid.  

TLC Rf = 0.12 (CH2Cl2/acetone = 9/1) [UV, KMnO4]. 

IR (ATR): ṽ (cm-1) = 3264 (w), 2922 (w), 2852 (w), 1721 (vs), 1595 (w), 1457 (s), 1442 (s), 
1424 (s), 1365 (m), 1305 (m), 1252 (vs), 1198 (m), 1154 (m), 1079 (vs), 1015 (s), 941 (m), 918 
(s), 805 (m), 717 (m) 646 (m), 582 (w), 482 (w). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 7.20 (s, 1H), 6.75 (s, 4H), 5.33 (virt. dd, 
J = 15.9, 4.6 Hz, 4H), 5.13 (d, J = 15.5 Hz, 2H), 4.65 (d, J = 15.5 Hz, 2H), 4.58 (d, J = 15.1 Hz, 
2H), 4.36 (d, J = 15.0 Hz, 2H), 4.23 – 4.08 (m, 8H), 4.05 – 3.95 (m, 4H), 3.79 (s, 12H), 3.67 (s, 
1H), 1.23 (t, J = 7.1 Hz, 6H), 1.17 (t, J = 7.2 Hz, 6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 166.2 (s), 166.0 (s), 156.6 (s), 156.3 (s), 151.4 
(s), 151.3 (s), 138.3 (s), 135.8 (s), 132.1 (s), 126.8 (s), 126.7 (s), 123.7 (s), 112.5 (s), 112.5 (s), 
88.5 (s), 80.9 (s), 79.7 (s), 78.5 (s), 63.3 (s), 63.2 (s), 57.2 (s), 46.0 (s), 43.5 (s), 37.5 (s), 37.4 
(s), 14.0 (s), 14.0 (s). 

HRMS (ESI):  C52H54N8O16  calculated: [(M + Na)+]: 1069.3550 

      found:  [(M + Na)+]: 1069.3547.  
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C58H57N9O17
MW: 1152.14 g/mol

R = COOEt

 

In a flame-dried and argon flushed microwave tube, tweezer 9 (400 mg, 382 µmol, 1.0 equiv.), 
5-bromopyridine-2-carbaldehyde (10) (85.3 mg, 458 µmol, 1.2 equiv.), PdCl2(PPh3)2 (26.8 mg, 
38.2 µmol, 0.1 equiv.), PPh3 (20.0 mg, 76.4 µmol, 0.2 equiv.) and CuI (14.6 mg, 76.4 µmol, 
0.2 equiv.) were dissolved in anhydrous and degassed THF (7.6 mL). The degassing of the 
solvent was achieved via sparging with Ar for 15 min. Then, NEt3 (532 µL, 387 mg, 3.82 mol, 
10 equiv.) was added and the reaction mixture was heated to 120 °C in the microwave for 
90 min. Afterwards, the solvent was removed under reduced pressure and the residue was 
dissolved in CH2Cl2 (20 mL). 1 M HCl (10 mL) was added and the mixture was extracted with 
CH2Cl2 (3 × 10 mL). The combined organic layers were washed with brine (10 mL), dried 
(Na2SO4), filtered and concentrated under reduced pressure. Purification via column 
chromatography (⁓45 g silica, CH2Cl2/acetone = 14/1 → 9/1) gave product 11 (334 mg, 
290 µmol, 76%) as a slightly green solid. 

TLC Rf = 0.15 (CH2Cl2/acetone = 9/1) [UV, KMnO4]. 

IR (ATR) ṽ (cm-1) = 2981 (w), 2837 (w), 1719 (s), 1580 (w), 1447 (s), 1422 (s), 1365 (m), 
1304 (w), 1252 (s), 1210 (w), 1153 (m), 1076 (m), 1016 (m), 981 (w), 942 (m), 916 (s), 848 
(m), 801 (m), 772 (w), 745 (m), 718 (m), 663 (w), 582 (w), 520 (w), 475 (w), 414 (w). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 10.11 (d, J = 0.8 Hz, 1H), 9.04 (dd, J = 2.0, 
0.9 Hz, 1H), 8.16 (ddd, J = 8.0, 2.0, 0.8 Hz, 1H), 7.97 (dd, J = 8.0, 0.9 Hz, 1H), 7.25 (s, 1H), 
6.75 (s, 4H), 5.29 – 5.24 (m, 6H), 4.65 (virt. dd, J = 15.5, 4.2 Hz, 4H), 4.37 (d, J = 15.3 Hz, 
2H), 4.22 (virt. dd, J = 15.8, 2.9 Hz, 4H), 4.11 (q, J = 7.1 Hz, 4H), 4.05 (p, J = 7.0 Hz, 4H), 
3.79 (virt. d, J = 5.7 Hz, 12 H), 1.23 (t, J = 7.2 Hz, 6H), 1.19 (t, J = 7.1 Hz, 6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 193.0 (s), 166.2 (s), 166.0 (s), 156.5 (s), 156.4 
(s), 152.8 (s), 151.5 (s), 151.4 (s), 140.0 (s), 138.2 (s), 136.4 (s), 132.4 (s), 126.6 (s), 126.6 (s), 
124.3 (s), 123.5 (s), 121.1 (s), 112.7 (s), 112.6 (s), 95.7 (s), 91.2 (s), 80.8 (s), 79.8 (s), 63.4 (s), 
63.4 (s), 57.2 (s), 57.2 (s), 45.9 (s), 43.6 (s), 37.6 (s), 37.5 (s), 14.0   

HRMS (ESI):  C58H57N9O17  calculated: [(M + NH4)+]: 1169.4311 

      found:  [(M + NH4)+]: 1169.4232.  
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C58H59N9O17
MW: 1154.16 g/mol

R = COOEt

 

Compound 11 (1.00 g, 870 µmol, 1.0 equiv.) was dissolved in a mixture of anhydrous MeOH 
and CH2Cl2 (1:1, 44 mL). Then, NaCNBH3 (219 mg, 3.48 mmol, 4.0 equiv.) and trifluoroacetic 
acid (599 µL, 893 mg, 7.83 mmol, 9.0 equiv.) were added and the mixture was stirred for 4 h 
at room temperature. The reaction mixture was neutralized by addition of 4 M NaOH (8.7 mL) 
and was then extracted with CH2Cl2 (3 × 15 mL). The combined organic layers were washed 
with brine (15 mL), dried (Na2SO4), filtered and concentrated under reduced pressure to give 
the desired product S5 (964 mg, 835 µmol, 96%) as an off-white solid. The material was 
subjected to the subsequent reaction without further purification. 

TLC Rf = 0.22 (CH2Cl2/MeCN = 1/2) [UV, KMnO4]. 

IR (ATR): ṽ (cm-1) = 2941 (w), 2841 (w), 1721 (s), 1593 (w), 1451 (s), 1423 (s), 1367 (m), 
1308 (m), 1252 (s), 1155 (m), 1075 (s), 1014 (s), 982 (m), 943 (m), 916 (s), 802 (m), 774 (w), 
748 (w), 718 (m), 696 (w), 666 (m), 621 (w), 579 (w), 540 (m), 512 (w), 476 (w), 457 (w), 
436 (w), 418 (w). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 8.84 (d, J = 2.0 Hz, 1H), 7.97 (dd, J = 8.0, 
2.1 Hz, 1H), 7.26 (d, J = 8.2 Hz, 1H), 7.21 (s, 1H), 6.68 (s, 4H), 5.27 (virt. dd, J = 15.8, 8.2 Hz, 
4H), 5.21 (d, J = 15.5 Hz, 2H), 4.79 (s, 2H), 4.66 (d, J = 15.5 Hz, 2H), 4.60 (d, J = 15.2 Hz, 
2H), 4.37 (d, J = 15.1 Hz, 2H), 4.18 (virt. dd, J = 15.8, 8.3 Hz, 4H), 4.11 (q, J = 7.1 Hz, 4H), 
4.07 – 3.99 (m, 4H), 3.78 (s, 6H), 3.76 (s, 6H), 1.22 (t, J = 7.1 Hz, 6H), 1.18 (t, J = 7.1 Hz, 6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 166.2 (s), 166.0 (s), 156.6 (s), 156.5 (s), 151.5 
(s), 151.4 (s), 151.3 (s), 139.7 (s), 137.8 (s), 136.1 (s), 131.9 (s), 126.6 (s), 126.5 (s), 123.8 (s), 
120.0 (s), 118.5 (s), 112.6 (s), 103.0 (s), 87.5 (s), 80.8 (s), 79.8 (s), 64.2 (s), 63.4 (s), 57.2 (s), 
57.1 (s), 46.0 (s), 43.6 (s), 37.6 (s), 37.4 (s), 14.1 (s), 14.0 (s). 

HRMS (ESI):  C58H59N9O17  calculated: [(M + H)+]: 1154.4102 

      found:  [(M + H)+]: .1154.4098. 
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C58H58BrN9O16
MW 1217.05 g/mol

 

Compound S5 (50.0 mg, 43.3 µmol, 1.0 equiv.) was dissolved in anhydrous CH2Cl2 (0.5 mL) 
and cooled to 0 °C. After dropwise addition of PBr3 (4.48 µL, 12.9 mg, 47.6 µmol, 1.1 equiv.) 
and stirring for 1 h at 0 °C, the mixture was allowed to reach room temperature and stirred 
overnight. Next, CH2Cl2 (5 mL) and saturated aqueous NaHCO3 solution (5 mL) were added, 
the two layers were separated, and the aqueous layer extracted with CH2Cl2 (3 x 5 mL). The 
combined organic layers were washed with brine (5 mL), dried (Na2SO4), filtered and the 
solvent removed under reduced pressure. The crude material was then purified via column 
chromatography (⁓5 g silica, CH2Cl2/acetone = 9/1) to give product S6 (39.7 mg, 32.6 µmol, 
75%) as a pink-colored solid. 

TLC Rf = 0.13 (CH2Cl2/acetone = 9/1) [UV, KMnO4]. 

IR (ATR) = ṽ (cm-1) = 2930 (w), 2909 (w), 2841 (w), 1720 (s), 1593 (w), 1449 (s), 1423 (s), 
1366 (m), 1307 (w), 1252 (s), 1153 (m), 1075 (m), 1015 (m), 980 (m), 942 (m), 916 (m), 848 
(w), 802 (m), 773 (w), 748 (w), 718 (m), 664 (m), 612 (w), 581 (w). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 8.84 (d, J = 1.5 Hz, 1H), 7.99 (dd, J = 8.0, 
2.1 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.22 (s, 1H), 6.75 (s, 4H), 5.27 (virt. dd, J = 15.8, 8.4 Hz, 
4H), 5.23 (d, J = 15.3 Hz, 2H), 4.64 (virt. dd, J = 15.4, 8.6 Hz, 4H), 4.58 (s, 2H), 4.37 (d, 
J = 15.2 Hz, 2H), 4.21 (virt. dd, J = 15.8, 7.2 Hz, 4H), 4.11 (q, J = 7.1 Hz, 4H), 4.08 – 4.00 (m, 
4H), 3.80 (s, 6H), 3.79 (s, 6H), 1.23 (t, J = 7.1 Hz, 6H), 1.19 (t, J = 7.1 Hz, 6H).  

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 166.2 (s), 165.9 (s), 156.5 (s), 156.3 (s), 151.9 
(s), 151.2 (s), 151.1 (s), 140.2 (s), 137.8 (s), 136.1 (s), 132.0 (s), 126.4 (s), 126.3 (s), 123.8 (s), 
119.2 (s), 112.3 (s), 112.3 (s), 96.0 (s), 88.5 (s), 80.8 (s), 79.7 (s), 63.3 (s), 57.0 (s), 56.9 (s), 
45.8 (s), 43.5 (s), 37.5 (s), 37.3 (s), 33.3 (s), 14.0 (s), 14.0 (s).   

HRMS (ESI):  C58H58BrN9O16 calculated: [(M + Na)+]: 1238.3077 

      found:  [(M + Na)+]: 1238.3062. 
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(2S,2'S)-1-(pyridin-2-ylmethyl)-2,2'-bipyrrolidine (12) 

N
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N

N

C14H21N3
MW: 231.34 g/mol

 

(2S,2’S)-Bipyrrolidine (140 mg, 1.00 mmol, 1.05 equiv.) was dissolved in anhydrous MeOH 
(3 mL). Then, a solution of pyridine-2-carboxaldehyde (102 mg, 950 µmol, 1.0 equiv.) in 
MeOH (2 mL) was added dropwise and the mixture was stirred at room temperature for 16 h. 
After that, NaCNBH3 (239 mg, 3.80 mmol, 4.0 equiv.) and trifluoroacetic acid (633 µL, 
975 mg, 8.55 mmol, 9.0 equiv.) were added and the mixture was stirred for additional 3 h. The 
reaction mixture was neutralized by addition of 4 M NaOH (10 mL) and was then extracted with 
CH2Cl2 (3 × 15 mL). The combined organic layers were washed with brine (15 mL), dried 
(Na2SO4), filtered and concentrated under reduced pressure. The crude material was purified 
via column chromatography (10 g silica, CH2Cl2/MeOH/NH4OH = 94/5/1) to give the desired 
product 12 (204 mg, 882 µmol, 93%) as a yellowish oil. 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 8.54 – 8.50 (m, 1H), 7.63 (tdd, J = 7.7, 3.6, 
1.8 Hz, 1H), 7.40 (d, J = 7.9 Hz, 1H), 7.16 – 7.11 (m, 1H), 4.30 (d, J = 14.3 Hz, 1H), 3.64 (dd, 
J = 14.3, 4.3 Hz, 1H), 3.08 (qd, J = 7.5, 5.1 Hz, 1H), 3.02 – 2.95 (m, 2H), 2.91 – 2.83 (m, 1H), 
2.80 – 2.71 (m, 1H), 2.43 – 2.34 (m, 1H), 1.93 (dddd, J = 16.5, 12.1, 8.4, 3.5 Hz, 1H), 
1.85 – 1.77 (m, 1H), 1.78 – 1.68 (m, 4H), 1.60 – 1.52 (m, 1H), 1.41 (dqd, J = 11.9, 8.1, 3.9 Hz, 
1H). 

13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 160.6 (s), 149.2 (s), 136.6 (s), 122.9 (s), 121.9 
(s), 68.1 (s), 64.0 (s), 62.7 (s), 55.2 (s), 46.5 (s), 28.5 (s), 28.4 (s), 25.0 (s), 24.1 (s). 

The spectroscopic data matched those reported in the literature.[11] 
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C72H78N12O16
MW 1367.48 g/mol

R = COOEt

 

Tweezer S6 (184 mg, 151 µmol, 1.0 equiv.) and 12 (34.9 mg, 151 µmol, 1.0 equiv.) were 
dissolved in anhydrous MeCN (7.5 mL). Then, K2CO3 (83.5 mg, 604 mmol, 4.0 equiv.) and 
TBAB (2.43 mg, 7.55 µmol, 0.05 equiv.) were added and the reaction mixture was stirred at 
reflux for 16 h. After that, the mixture was cooled down to room temperature, filtered and the 
residue was washed with CH2Cl2 (5 mL). The filtrate was concentrated under reduced pressure, 
1 M NaOH (4 mL) was added and the mixture was extracted with CH2Cl2 (3 ×5 mL). The 
combined organic layers were washed with brine (5 mL), dried (Na2SO4), filtered and 
concentrated by rotatory evaporation to give compound 13 (200 mg, 146 µmol, 97%) as a 
slightly yellow product.  

TLC Rf = 0.28 (CH2Cl2/MeOH/NH4OH = 94/5/1) [UV, KMnO4]. 

IR (ATR): ṽ (cm-1) = 2939 (w), 2834 (w), 1722 (s), 1590 (w), 1483 (m), 1455 (m), 1365 (m), 
1303 (w), 1253 (s), 1152 (m), 1077 (m), 1017 (m), 981 (w), 941 (w), 917 (m), 854 (w), 801 
(m), 751 (m), 718 (m), 657 (w), 514 (w), 469 (w), 455 (w), 446 (w), 430 (w). 

1H NMR (CDCl3, 300 K, 500 MHz) δ [ppm] = 8.73 (d, J = 2.2 Hz, 1H), 8.52 (d, J = 6.0 Hz, 
1H), 7.87 (dd, J = 8.0, 2.2 Hz, 1H), 7.62 (td, J = 7.6, 1.9 Hz, 1H), 7.41 (virt. dd, J = 10.1, 
7.8 Hz, 2H), 7.19 (s, 1H), 7.13 (dd, J = 7.5, 5.0 Hz, 1H), 6.65 (s, 4H), 5.28 (virt. dd, J = 15.8, 
8.9 Hz, 4H), 5.17 (d, J = 15.5 Hz, 2H), 4.65 (d, J = 15.4 Hz, 2H), 4.57 (d, J = 15.1 Hz, 2H), 
4.36 (d, J = 15.1 Hz, 2H), 4.27 – 4.08 (m, 10H), 4.01 (p, J = 7.2 Hz, 4H), 3.77 (s, 6H), 3.75 (s, 
6H), 3.55 (dd, J = 14.5, 8.1 Hz, 2H), 3.06 – 2.97 (m, 2H), 2.88 – 2.78 (m, 2H), 2.27 (virt. dp, 
J = 25.2, 8.3, 7.8 Hz, 2H), 1.90 – 1.67 (m, 8H), 1.22 (t, J = 7.1 Hz, 6H), 1.17 (t, J = 7.1 Hz, 
6H). 

13C NMR (CDCl3, 300 K, 151 MHz) δ [ppm] = 166.2 (s), 166.0 (s), 160.8 (s), 160.5 (s), 156.6 
(s), 156.3 (s), 151.4 (s), 151.3 (s), 151.2 (s), 149.0 (s), 139.4 (s), 137.6 (s), 137.6 (s), 136.5 (s), 
135.9 (s), 135.9 (s), 131.8 (s), 126.5 (s), 126.4 (s), 124.3 (s), 122.8 (s), 122.1 (s), 121.8 (s), 
117.5 (s), 112.3 (s), 97.1 (s), 87.0 (s), 80.8 (s), 79.7 (s), 65.6 (s), 65.6 (s), 63.3 (s), 63.3 (s), 61.4 
(s), 61.1 (s), 57.0 (s), 57.0 (s), 55.5 (s), 55.4 (s), 46.0 (s), 43.6 (s), 37.5 (s), 37.3 (s), 26.2 (s), 
26.2 (s), 23.8 (s), 23.8 (s), 14.0 (s), 14.0 (s). 

HRMS (ESI):  C72H78N12O16  calculated: [(M + H)+]: 1367.5732 
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      found:  [(M + H)+]: 1367.5745. 

 

 

(2S,2'S)-1-((5-Bromopyridin-2-yl)methyl)-2,2'-bipyrrolidine (S7) 

N
H

N

N
C14H20BrN3

MW: 310.24 g/mol

Br  

(2S,2’S)-Bipyrrolidine (139 mg, 990 µmol, 1.1 equiv.) was dissolved in anhydrous MeOH 
(3 mL). Then, a solution of compound 10 (167 mg, 900 µmol, 1.0 equiv.) in MeOH (2 mL) was 
added dropwise and the solution was stirred at room temperature for 16 h. After that, NaCNBH3 
(249 mg, 3.96 mmol, 4.4 equiv.) and trifluoroacetic acid (689 µL, 1.03 g, 9.00 mmol, 
10.0 equiv.) were added and the mixture was stirred for additional 3 h. Then, the reaction 
mixture was neutralized by addition of 4 M NaOH (10 mL) and extracted with CH2Cl2 
(3 × 15 mL). The combined organic layers were washed with brine (15 mL), dried (Na2SO4), 
filtered and concentrated under reduced pressure to give the desired product S7 (271 mg, 
874 µmol, 97%) as a yellowish oil, which was subjected to the subsequent reaction without 
further purification. 

IR (ATR): ṽ (cm-1) = 3307 (br w), 2956 (m), 2868 (m), 2806 (m), 1573 (m), 1556 (m), 1464 
(s), 1364 (s), 1276 (w), 1206 (w), 1088 (s), 1005 (s), 921 (w), 824 (m), 719 (w), 626 (m), 477 
(m), 409 (m). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.58 (dd, J = 2.4, 0.7 Hz, 1H), 7.76 (dd, J = 8.3, 
2.4 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 4.29 (d, J = 14.6 Hz, 1H), 3.60 (d, J = 14.6 Hz, 1H), 3.07 
(q, J = 7.8 Hz, 1H), 2.94 – 3.02 (m, 2H), 2.81 – 2.92 (m, 1H), 2.73 (td, J = 7.8, 5.3 Hz, 1H), 
2.35 (dt, J = 9.7, 7.9 Hz, 1H), 1.89 – 2.00 (m, 1H), 1.78 – 1.85 (m, 1H), 1.69 – 1.79 (m, 4H), 
1.54 – 1.63 (m, 1H), 1.36 – 1.47 (m, 1H). 

13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 159.4 (s), 150.2 (s), 139.1 (s), 124.2 (s), 118.7 
(s), 68.3 (s), 64.2 (s), 62.0 (s), 55.2 (s), 46.7 (s), 28.5 (s), 24.1 (s). 

HRMS (ESI):  C14H20BrN3  calculated: [(M + H)+]: 310.0913 

      found:  [(M + H)+]: 310.0914.  
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(2S,2'S)-1-((5-Bromopyridin-2-yl)methyl)-1'-(pyridin-2-ylmethyl)-2,2'-bipyrrolidine (14) 

NN

N N
C20H25BrN4

MW: 401.35 g/mol

Br  

Compound S7 (754 mg, 2.43 mmol, 1.0 equiv.) and 2-(bromomethyl)pyridine hydrobromide 
(675 mg, 2.67 mmol, 1.1 equiv.) were dissolved in anhydrous MeCN (120 mL). Then, K2CO3 
(1.34 g, 9.72 mmol, 4.0 equiv.) and TBAB (39.2 mg, 122 µmol, 0.05 equiv.) were added and 
the reaction was stirred at reflux for 16 h. After that, the mixture was cooled to room 
temperature, filtered, and the residue was washed with CH2Cl2. The filtrate was concentrated 
by rotatory evaporation, then, 1 M NaOH (20 mL) was added and the mixture was extracted 
with CH2Cl2 (2 ×50 mL). The combined organic layers were washed with brine (50 mL), dried 
(Na2SO4), filtered and concentrated under reduced pressure. To the resulting brownish residue 
n-hexane (30 mL) was added and the mixture was stirred for 16 h. Filtration and concentration 
of the filtrate resulted in a brown oil, which was purified via column chromatography (⁓100 g 
silica, CH2Cl2/MeOH/NH4OH = 94/5/1) to give compound 14 (695 mg, 1.73 mmol, 71%) as a 
yellow oil.  

TLC Rf = 0.38 (CH2Cl2/MeOH/NH4OH = 95/5/1) [UV, KMnO4]. 

IR (ATR): ṽ (cm-1) = 3047 (w), 2960 (m), 2872 (m), 2797 (m), 1686, 1588 (s), 1570 (s), 1465 
(s), 1432 (s), 1366 (m), 1206 (m), 1116 (s), 1087 (s), 1046 (m), 1005 (vs), 926 (m), 826 (m) 
755 (s), 622 (m) 477 (m), 404 (s). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.53 (d, J = 2.4 Hz, 1H), 8.49 (dt, J = 4.8, 
1.3 Hz, 1H), 7.69 (dd, J = 8.3, 2.4 Hz, 1H), 7.58 (td, J = 7.7, 1.8 Hz, 1H), 7.37 (d, J = 7.8 Hz, 
1H), 7.30 (d, J = 8.3 Hz, 1H), 7.10 (ddd, J = 6.4, 4.9, 1.2 Hz, 1H), 4.17 (virt. dd, J = 16.1, 
14.6 Hz, 2H), 3.49 (virt. dd, J = 31.9, 14.6 Hz, 2H), 2.98 (virt. dddd, J = 18.6, 9.2, 5.4, 3.8 Hz, 
2H), 2.82 – 2.73 (m, 2H), 2.29 – 2.16 (m, 2H), 1.87 – 1.65 (m, 8H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 160.5 (s), 159.4 (s), 149.9 (s), 149.0 (s), 139.0 
(s), 136.4 (s), 124.1 (s), 122.8 (s), 121.8 (s), 118.6 (s), 65.8 (s), 65.8 (s), 61.4 (s), 60.7 (s), 55.5 
(s), 55.4 (s), 26.4 (s), 26.3 (s), 23.8 (s). 

HRMS (ESI):  C20H25BrN4  calculated: [(M + H)+]: 401.1335 

      found:  [(M + H)+]: 401.1343. 
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Catalyst 2 

Br

OTf
OTf

Fe
N

N
N

N
C22H25BrF6FeN4O6S2

MW: 755.32 g/mol

 

Following a modified literature procedure,[12] ligand 14 (20.1 mg, 50.0 µmol, 1.0 equiv.) and 
Fe(OTf)2(MeCN)2 (21.8 mg, 50.0 µmol, 1.0 equiv.) were dissolved in anhydrous MeCN 
(0.2 mL) in a glove box and stirred at room temperature for 2.5 h. Subsequently, anhydrous 
diethyl ether (4 mL) was added which resulted in precipitation of a yellow solid. The 
supernatant was removed and the solid was washed two times with diethyl ether (2x2 mL). The 
residue was dried under reduced pressure for 1 h to give the desired ligand 2 (22.0 mg, 
29.1 µmol, 58%) as a yellow solid.  

 IR (ATR): ṽ (cm-1) = 2970 (w), 1723 (w), 1608 (w), 1548 (w) 1445 (w), 1355 (m), 1303 (m), 
1214 (m), 1098 (w), 1026 (s), 944 (w), 915 (w), 897 (w), 858 (w)825 (w), 770 (m), 762 (m), 
633 (s), 571 (w), 511 (m), 453 (w), 417 (m). 

1H NMR (CD3CN, 233 K, 500 MHz) δ [ppm] = 9.41 (s, 1H), 9.33 (s, 1H), 8.02 (d, J = 8.4 Hz, 
1H), 7.84 (t, J = 7.6 Hz, 1H), 7.80 – 7.71 (m, 2H), 7.67 (s, 1H), 5.20 (br s, 2H), 4.08 (d, 
J = 15.5 Hz, 1H), 3.99 (d, J = 15.9 Hz, 1H), 3.10 – 2.91 (m, 1H), 2.86 – 2.76 (m, 1H), 
2.72 – 2.56 (m, 3H), 2.37 (br s, 3H), 2.15 – 1.85 (m, 4H), 1.46 (br s, 2H). 

13C NMR (CD3CN, 233 K, 126 MHz) δ [ppm] = 162.5 (s), 161.6 (s), 157.4 (s), 157.3 (s), 140.9 
(s), 138.5 (s), 126.9 (s), 125.5 (s), 124.1 (s), 71.4 (s), 71.4 (s), 62.4 (s), 61.7 (s), 54.7 (s), 54.6 
(s), 26.1 (s), 26.0 (s), 25.0 (s), 24.8 (s). 

HRMS (ESI): C22H25BrF6FeN4O6S2  calculated: [(M − 2OTf + 2CH3O)+]: 518.0974 

      found:  [(M − 2OTf + 2CH3O)+]: 518.0983 
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Catalyst 4 

R = COOEtOTf
OTf

Fe
N

N
N

N

OMe

OMe

RR

O

O

NN

NN

OMe

OMe

RR

O

O

NN

NN

C74H78F6FeN12O22S2
MW: 1721.46 g/mol

 

 

Following a modified literature procedure,[12] ligand 13 (50.0 mg, 36.6 µmol, 1.0 equiv.) and 
Fe(OTf)2(MeCN)2 (16.0 mg, 36.6 µmol, 1.0 equiv.) were dissolved in anhydrous MeCN 
(0.2 mL) in a glove box and stirred at room temperature for 2.5 h. Subsequently, anhydrous 
diethyl ether (4 mL) was added which resulted in precipitation of a yellow solid out of the 
solution. The supernatant was removed and the solid was washed two times with diethyl ether 
(2x2 mL) and dried under reduced pressure for 1 h resulting in the desired complex 4 (36.1 mg, 
21.0 µmol, 57%) as a yellow solid.  

 IR (ATR): ṽ (cm-1) = 2988 (w), 1722 (m), 1608 (w), 1460 (m), 1428 (m), 1367 (w), 1256 (s), 
1157 (m), 1079 (m), 1028 (s), 983 (w), 941 (m), 919 (m), 850 (w), 803 (w), 761 (w), 719 (w), 
637 (s), 575 (w), 516 (m), 484 (w), 471 (w), 435 (w), 416 (w). 

1H NMR (CD3CN, 233 K, 500 MHz) δ [ppm] = 9.54 (s, 1H), 9.29 (s, 1H), 8.15 (d, J = 8.1 Hz, 
1H), 7.90 (t, J = 7.8 Hz, 1H), 7.69 (d, J = 9.5 Hz, 1H), 7.14 (s, 1H), 6.95 – 6.79 (m, 4H), 5.66 
(d, J = 16.6 Hz, 1H), 5.60 (d, J = 16.6 Hz, 1H), 5.36 – 5.24 (m, 3H), 5.20 (d, J = 16.3 Hz, 1H), 
4.85 (s, 2H), 4.59 (virt. dd, J = 16.6, 5.0 Hz, 2H), 4.38 – 4.15 (m, 12H), 4.14 – 3.90 (m, 6H), 
3.74 (s, 6H), 3.70 (s, 3H), 3.68 (s, 3H), 3.13 (s, 1H), 2.93 (s, 1H), 2.68 (s, 2H), 2.61 – 2.28 (m, 
6H), 2.20 – 1.99 (m, 4H),1.39 (s, 2H), 1.25 (virt. tt, J = 13.9, 7.1 Hz, 12H). 

13C NMR (CD3CN, 233 K, 126 MHz) δ [ppm] = 165.0, 162.1, 161.9, 158.3, 156.5, 155.0, 
154.8, 149.4, 138.9, 138.3, 137.6, 137.0, 130.1, 126.0, 125.8, 125.6, 125.4, 122.7, 121.2, 110.2, 
93.1, 88.5, 79.6, 79.3, 71.0, 63.7, 63.5, 62.0, 55.5, 55.3, 55.1, 54.6, 54.1, 44.0, 41.9, 41.7, 35.7, 
23.7, 12.7. 

HRMS (ESI): C74H78F6FeN12O22S2  calculated: [(M − 2OTf + CH3O)2+]: 726.7591 

      found:  [(M − 2OTf + CH3O)2+]: 726.7591. 
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2.2.Substrate Synthesis 

N,N-Dimethyl-decylamine (S8) 

N C12H27N
MW: 185.36 g/mol  

Decylamine (157 mg, 1.00 mmol, 1.0 equiv.) was dissolved in a mixture of water (3 mL) and 
MeOH (1 mL). Aq. HCHO (36%, 1.15 mL, 15.0 mmol, 15 equiv.) and HCOOH (528 µL, 
644 mg, 14.0 mmol, 14 equiv.) were added and the reaction was stirred at reflux overnight. 
After cooling to room temperature, 6 M KOH was added until pH ⁓ 12 was reached. The 
mixture was extracted with CH2Cl2 (3 x 10 mL), and the combined organic layers were washed 
with brine, dried (Na2SO4) and concentrated under reduced pressure. The crude material was 
purified via column chromatography (10 g silica, CH2Cl2/MeOH/NH4OH = 96.5/2.5/1.0) to 
give compound S8 (139 mg, 750 µmol, 75%) as a white solid. 

TLC Rf = 0.25 (CH2Cl2/MeOH/NH4OH = 96.5/2.5/1.0) [KMnO4]. 

1H NMR (CDCl3, 233 K, 500 MHz) δ [ppm] = 2.25 – 2.21 (m, 2H), 2.21 (s, 6H), 1.44 (p, 
J = 7.1 Hz, 2H), 1.34 – 1.20 (m, 14H), 0.88 (t, J = 6.9 Hz, 3H). 

13C NMR(CDCl3, 300 K, 126 MHz) δ [ppm] = 60.1 (s), 45.7 (s), 32.1 (s), 29.8 (s), 29.5 (s), 
28.0 (s), 27.7 (s), 22.8 (s), 14.2 (s). 

The spectroscopic data matched those reported in the literature.[13] 

 

 

N-Decyl-formamide (S9) 

N
H

O
C11H23NO

MW: 185.31 g/mol
 

Decylamine (787 mg, 5.00 mmol, 1.0 equiv.) was dissolved in ethyl formate (15 mL) and 
stirred at 50 °C overnight. After cooling to room temperature, CH2Cl2 (20 mL) was added and 
the mixture was washed with 2 M H2SO4 (3 x 15 mL), water (15 mL) and brine (10 mL). The 
organic layer was dried (MgSO4), filtered and concentrated under reduced pressure. The crude 
material was purified via column chromatography (20 g SiO2, CyHex/EtOAc = 1/1) to give 
compound S9 (810 mg, 4.37 mmol, 87%) as a white solid. 

TLC Rf = 0.21 (CyHex/EtOAc = 1/1) [KMnO4]. 

1H NMR (CDCl3, 233 K, 500 MHz) δ [ppm] = 8.16 (s, 1H), 5.52 (s, 1H), 3.40 – 3.22 (m, 2H), 
1.55 – 1.49 (m, 2H), 1.34 – 1.21 (m, 14H), 0.94 – 0.82 (m, 3H). 
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13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 161.1 (s), 38.2 (s), 31.9 (s), 29.5 (s), 29.5 (s), 
29.3 (s), 29.2 (s), 26.8 (s), 22.7 (s), 14.1 (s). 

The spectroscopic data matched those reported in the literature.[14] 

 

 

N-Methyldecylamine (S10) 

N
H

C11H25N
MW: 171.33 g/mol  

LiAlH4 (94.1 mg, 2.48 mmol, 1.55 equiv.) was put in a flame dried and argon flushed two-neck 
round-bottom flask and suspended in dry THF (7 mL). After cooling to 0 °C, N-decyl 
formamide (S9, 296 mg, 1.60 mmol, 1.0 equiv.) in dry THF (3.5 mL) was added dropwise over 
10 min. The mixture was warmed up to room temperature and slowly heated to 80 °C for 2 h. 
The reaction was stirred at reflux for additional 16 h, and was then cooled to 0 °C, diluted with 
THF (7 mL) and neutralized by addition of 6 M KOH until a transparent solution formed with 
a white-grey precipitate. Subsequently, water (1 mL) and celite (1.5 g) were added. The mixture 
was filtered and the filtrate dried (MgSO4). After filtration and removal of the solvent under 
reduced pressure, the yellowish oil was purified by column chromatography (⁓5 g SiO2, 
CH2Cl2/MeOH/NH4OH = 96.5/2.5/1.0) to give compound S10 (141 mg, 823 µmol, 51%) as a 
yellowish oil. 

TLC Rf = 0.11 (CH2Cl2/MeOH/NH4OH = 96.5/2.5/1.0) [KMnO4]. 

1H NMR (CDCl3, 233 K, 500 MHz) δ [ppm] = 2.57 (t, J = 7.2 Hz, 2H), 2.43 (s, 3H), 1.48 (t, 
J = 7.1 Hz, 2H), 1.35 – 1.20 (m, 15H), 0.88 (t, J = 6.9 Hz, 3 H). 

13C NMR (CDCl3, 300 K, 126 MHz) δ [ppm] = 52.3 (s), 36.6 (s), 32.0 (s), 29.9 (s), 29.8 (s), 
29.7 (s), 29.5 (s), 27.5 (s), 22.8 (s), 14.2 (s). 

The spectroscopic data matched those reported in the literature.[15] 
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General procedure for protonation of amines: 

NH2n NH3BF4n

HBF4
  Et

2O

(CH2Cl2)
0     rt., 2 h

 

According to a literature-known procedure,[12] the free amine (1.0 equiv.) was dissolved in dry 
CH2Cl2 (⁓ 0.5 M) and stirred at 0 °C. Tetrafluoroboric acid diethyl ether complex (1.1 equiv.) 
was added dropwise leading to participation of a white solid. After stirring the mixture for 2 h 
at room temperature, the solvent was removed by rotatory evaporation. The residual solid was 
suspended in diethyl ether and stirred vigorously for a few minutes. Then the supernatant 
solution was removed, and the washing step was repeated two times. The final white solid was 
dried in vacuo. 

Heptylammonium tetrafluoroborate (S11) 

NH3BF4
C7H18BF4N

MW: 203.03 g/mol  

According to the general procedure for protonation of amines, S11 (811 mg, 3.99 mmol, 80%) 
was obtained from heptylamine (743 µL, 576 mg, 5.00 mmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.90 (virt. td, J = 7.0, 1.7 Hz, 3H), 1.14 – 1.38 
(m, 6H), 1.61 (virt. t, J = 7.5 Hz, 2H), 2.89 – 3.14 (m, 2H), 5.93 – 6.51 (m, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.1 (s), 23.0 (s), 26.4 (s), 27.4 (s), 31.7 (s), 
41.3 (s). 

The spectroscopic data matched those reported in the literature.[12] 

 

 

Octylammonium tetrafluoroborate (S12) 

NH3BF4
C8H20BF4N

MW: 217.06 g/mol  

According to the general procedure for protonation of amines, S12 (927 mg, 4.27 mmol, 85%) 
was obtained from octylamine (826 µL, 646 mg, 5.00 mmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.89 (t, J = 6.6 Hz, 3H), 1.25 – 1.41 (m, 10H), 
1.61 (t, J = 7.4 Hz, 2H), 2.94 (virt. dd, J = 8.7, 6.7 Hz, 2H), 6.13 (s, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 14.3 (s), 23.2 (s), 26.7 (s), 27.5, 29.5 
(s), 29.5 (s), 29.6 (s), 32.3 (s), 41.3 (s). 
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The spectroscopic data matched those reported in the literature.[12] 

 

 

Nonylammonium tetrafluoroborate (S13) 

NH3BF4
C9H22BF4N

MW: 231.09 g/mol  

According to the general procedure for protonation of amines, S13 (1.04 g, 4.50 mmol, 90%) 
was obtained from nonylamine (908 µL, 716 mg, 5.00 mmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.89 (t, J = 6.7 Hz, 3H), 1.44 – 1.19 (m, 12H), 
1.61 (t, J = 7.4 Hz, 2H), 2.87 – 3.00 (m, 2H), 5.87 – 6.34 (m, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 26.7 (s), 27.5 (s), 29.5 (s), 
29.8 (s), 29.9 (s), 32.5 (s), 41.3 (s). 

The spectroscopic data matched those reported in the literature.[12] 

 

 

Decylammonium tetrafluoroborate (S14) 

NH3BF4
C10H24BF4N

MW: 245.11 g/mol  

According to the general procedure for protonation of amines, S14 (86.4 mg, 352 µmol, 70%) 
was obtained from decylamine (99.9 µL, 78.7 mg, 500 µmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.76 – 1.00 (m, 3H), 1.15 – 1.42 (m, 14H), 
1.60 (p, J = 7.3 Hz, 2H), 2.87 – 3.01 (m, 2H), 5.84 – 6.40 (m, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 26.7 (s), 27.5 (s), 29.5 (s), 
29.9 (s), 30.0 (s), 30.1 (s), 32.5 (s), 41.3 (s). 

The spectroscopic data matched those reported in the literature.[12] 

 

 

Undecylammonium tetrafluoroborate (S15) 

NH3BF4
C11H26BF4N

MW: 259.14 g/mol  
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According to the general procedure for protonation of amines, S15 (1.14 g, 4.40 mmol, 88%) 
was obtained from undecylamine (1.08 mL, 857 mg, 5.00 mmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.88 (t, J = 6.7 Hz, 3H), 1.21 – 1.54 (m, 16H), 
1.60 (q, J = 7.4 Hz, 2H), 2.94 (q, J = 6.8 Hz, 2H), 5.89 – 6.40 (m, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 26.7 (s), 27.5 (s), 29.5 (s), 
30.0 (s), 30.0 (s), 30.2 (s), 30.2 (s), 32.6 (s), 41.3 (s). 

The spectroscopic data matched those reported in the literature.[12] 

 

 

Dodecylammonium tetrafluoroborate (S16) 

NH3BF4
C12H28BF4N

MW: 273.17 g/mol  

According to the general procedure for protonation of amines, S16 (93.8 mg, 343 µmol, 69%) 
was obtained from dodecylamine (92.7 mg, 500 µmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.81 – 0.93 (m, 3H), 1.28 (m, 18H), 1.59 (p, 
J = 7.4 Hz, 2H), 2.83 – 3.20 (m, 2H), 5.76 – 6.55 (m, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 26.7 (s), 27.5 (s), 29.6 (s), 
30.0 (s), 30.0 (s), 30.2 (s), 30.3 (s), 32.6 (s), 41.3 (s). 

The spectroscopic data matched those reported in the literature.[12] 

 

 

Tetradeylammonium tetrafluoroborate (S17) 

NH3BF4

C14H32BF4N
MW: 301.22 g/mol  

According to the general procedure for protonation of amines, S17 (646 mg, 2.14 mmol, 86%) 
was obtained from tetradodecylamine (623 µL,534 mg, 2.50 mmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.88 (t, J = 6.8 Hz, 3H), 1.28 (m, 22H), 1.60 
(p, J = 7.4 Hz, 2H), 2.94 (virt. ddt, J = 11.6, 7.7, 3.8 Hz, 2H), 5.92 – 6.44 (m, 3H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 26.7 (s), 27.5 (s), 29.6 (s), 
30.0 (s), 30.0 (s), 30.2 (s), 30.3 (s), 30.3 (s), 30.3 (s), 30.3 (s), 32.6 (s), 41.3 (s). 
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The spectroscopic data matched those reported in the literature.[12] 

 

 

N-Methyl-decylammonium tetrafluoroborate (S18) 

NH2BF4
C11H26BF4N

MW: 259.14 g/mol  

According to the general procedure for protonation of amines, S18 (36.2 mg, 140 µmol, 80%) 
was obtained from N,N-dimethyl-decylamine (30 mg, 175 µmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.89 (t, J = 6.8 Hz, 3H), 1.25 – 1.42 (m, 14H), 
1.54 – 1.70 (m, 2H), 2.63 (t, J = 5.7 Hz, 3H), 2.95 (tdd, J = 8.0, 6.3, 4.4 Hz, 2H), 6.34 (t, 
J = 48.1 Hz, 2H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 26.2 (s), 26.8 (s), 29.5 (s), 
30.0 (s), 30.0 (s), 30.1 (s), 32.6 (s), 34.0 (s), 50.5 (s). 

The spectroscopic data matched those reported in the literature.[12] 

 

 

N,N-Dimethyl-decylammonium tetrafluoroborate (S19) 

NHBF4
C12H28BF4N

MW: 273.17 g/mol  

According to the general procedure for protonation of amines, S19 (43.4 mg, 159 µmol, 71%) 
was obtained from N,N-dimethyl-decylamine (41.3 mg, 223 µmol, 1.0 equiv.) as a white solid. 

1H NMR (CD3CN, 300 K, 500 MHz) δ [ppm] = 0.80 – 1.13 (m, 3H), 1.30 (d, J = 12.5 Hz, 
14H), 1.59 – 1.72 (m, 2H), 2.80 (dd, J = 5.2, 1.6 Hz, 6H), 3.04 (dtd, J = 9.5, 5.7, 1.4 Hz, 2H), 
6.40 – 7.06 (m, 1H). 

13C NMR (CD3CN, 300 K, 126 MHz) δ [ppm] = 14.3 (s), 23.3 (s), 24.9 (s), 26.7 (s), 29.6 (s), 
29.9 (s), 30.0 (s), 30.1 (s), 32.6 (s), 43.9 (s), 59.1 (s). 

The spectroscopic data matched those reported in the literature.[12] 
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 Complex Characterization  

Complex Fe-Twe 4 is paramagnetic at room temperature but becomes diamagnetic at lower 

temperatures. Therefore, Variable Temperature 1H NMR measurements (VT-NMR) were 

conducted at temperatures between 25 °C and −40 °C in CD3CN at 500 MHz using an 

UltraShield 500 spectrometer. 1H NMR spectra of Fe-Twe 4 in 20 mM in CD3CN at various 

temperatures showing a spin transition from paramagnetic to a diamagnetic form at −40 °C. 

-10123456789101112131415161718192021222324252627
f1 (ppm)
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1H NMR spectra of Fe-Twe 4 in 20 mM in CD3CN at various temperatures showing a spin 

transition from a paramagnetic to a diamagnetic form at −40 °C. 
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1H NMR spectra of Fe-Twe 4 in CD3CN recorded at −40 °C. The signals corresponding to the 

tweezer possess fine couplings, whereas the signal from the catalytic moiety are mostly broad 

due to closer proximity to the iron. Only in some aromatic cases couplings were observed. 
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13C NMR spectra of Fe-Twe 4 in CD3CN recorded at −40 °C. 
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COSY of Fe-Twe 4 in CD3CN recorded at −40 °C. 
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HMQC of Fe-Twe 4 in CD3CN recorded at −40 °C. 
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HMBC of Fe-Twe 4 in CD3CN recorded at −40 °C. 
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 Oxidation Reactions 

4.1. Synthetic Procedure for the Oxidation Reactions with Fe 

NH3BF4 N
H

O
O

1) Cat.
H2O2,

 AcOH

1.5 h, 0 °C
(MeCN)

2) NEt3,
 Ac

2O
1 h, 0 °C
(MeCN)

n n

n = 2, 3, 4, 5, 6, 7, 9
 

General procedure for oxidation reactions with Fe  
According to a modified procedure of Costas and coworkers,[12] Fe catalyst (2 or 4, 699 µg or 
1.59 mg respectively, 925 nmol, 5 mol%) and substrate (18.5 µmol, 1.0 equiv.) were dissolved 
in 200 µL MeCN in a 4 mL screw vial. After addition of a solution of AcOH in MeCN solution 
(⁓ 3 M, 49.3 µL, 148 µmol, 8.0 equiv.), the mixture was cooled to 0 °C. Next, a solution of 
commercially available aq. H2O2 (50% w/w, Sigma Aldrich) diluted in MeCN (⁓ 0.9 M, 
308 µL, 278 µmol, 15.0 equiv.) was slowly added over 90 min by a syringe pump. After the 
addition, the mixture was left stirring for another 15 min. 

General procedure for workup and GC analysis of primary and secondary ammonium ions 
After the time indicated, biphenyl (internal standard, 9.25 µmol, 0.5 equiv.), triethylamine 
(100 µL) and acetic anhydride (150 µL) were added and the mixture was stirred at 0 °C for 
50 min. Next, water (1 mL) was added and the mixture was left stirring for another 10 min. The 
solution was then extracted with CH2Cl2 (2 x 2 mL) and the combined organic layers were 
washed with a 2 M H2SO4 solution (2 mL), saturated aqueous NaHCO3 solution (2 mL) and 
water (2 mL), dried (Na2SO4) and analyzed via GC and GC-MS.  

General procedure for workup and GC analysis of tertiary ammonium ions 
After the time indicated, biphenyl (internal standard, 9.25 µmol, 0.5 equiv.) was added. Next, 
2 M NaOH (2 mL) was added and the mixture was extracted with CH2Cl2 (3 x 2 mL). The 
combined organic layers were dried (Na2SO4) and analyzed via GC and GC-MS. 

Large scale procedure for the oxidation of decyl ammonium  
Fe catalyst (2, 8.38 mg 11.1 µmol, 5 mol%) and N-decylammonium trifluoroborate (54.4 mg, 
222 µmol, 1.0 equiv.) were dissolved in 2.4 mL MeCN. After addition of a solution of AcOH 
in MeCN solution (⁓ 3 M, 592 µL, 1.78 mmol, 8.0 equiv.), the mixture was cooled to 0 °C. 
Next, a solution of commercially available aq. H2O2 (50% w/w, Sigma Aldrich) diluted in 
MeCN (⁓ 0.9 M, 3.70 mL, 3.33 mmol, 15.0 equiv.) was slowly added over 90 min by a syringe 
pump. After the addition, the mixture was left stirring for another 15 min. Then, K2CO3 
(75 mg), triethylamine (100 µL), and acetic anhydride (500 µL) were added and the mixture 
was stirred for additional 50 min at 0 °C. The mixture was treated with water (2.5 mL) and after 
additional 10 min the solution was extracted with CH2Cl2 (2 × 4 mL). The combined organic 
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layers were washed with 2 M H2SO4 solution (5 mL), saturated aqueous NaHCO3 solution 
(5 mL) and water (5 mL), dried (Na2SO4) and concentrated under reduced pressure. Purification 
via column chromatography (5 g SiO2, Pen/EtOAc = 1/1 → 0/1) gave unoxidized starting 
material as N-decyl acetamide (16.7 mg, 83.9 µmol, 38%) and the desired products as mixtures 
of different ratios (15.5 mg, 72.7 µmol, 33%) as white solids. 

General procedure for the direct acetylation of amine substrates  

According to a procedure of Costas and coworkers,[12] alkylamine (1.00 mmol, 1.0 equiv.) was 
dissolved in anhydrous MeCN (3 mL). Then, triethylamine (2.00 mmol, 2.0 equiv.) and acetic 
anhydride (4.00 mmol, 4.0 equiv.) were added and the mixture was stirred at 0 °C for 50 min. 
Afterwards, water (2 mL) was added and the mixture was stirred for additional 10 min. The 
mixture was further diluted with water (10 mL) and was extracted with CH2Cl2 (2 × 15 mL). 
The combined organic layers were washed with 2 M H2SO4 solution (2 × 15 mL), saturated 
aqueous NaHCO3 solution (15 mL) and water (15 mL), dried (Na2SO4), filtered and 
concentrated under reduced pressure to give the pure alkylamides.  
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4.2. Optimization of Reaction Conditions for the Fe Catalyzed Oxidation  

The oxidation reactions were optimized by testing different conditions for the oxidation of decyl 
ammonium tetrafluoroborate with Fe-Br 2 resp. Fe-Twe 4.  

Initially, oxidation conditions for Fe-Br 2 were optimized. Increasing the amount of catalyst 
(Fe-Br 2) from 3 mol% to 10 mol% resulted in higher conversions and total yields (entry 1-3). 
However, 15 mol% catalyst loading did not improve the results any further (entry 4). By 
changing the amount of H2O2 (and therefore also the addition/reaction time) from 2.5 equiv. up 
to 15 equiv. slightly better results were obtained with higher amounts of H2O2 (entry 1, 5-7). 
Since, the selectivities increased when changing the reaction temperature to 0 °C for catalyst 
Fe-Twe 4 (see below), the same conditions were also applied for Fe-Br 2 giving results as at 
room temperature (entry 8 vs 2).  

Subsequently, the optimal conditions for Fe-Twe 4 were explored. Due to the high compound 
value only 3 mol% were used for most of the following optimization reactions, and 5 mol% for 
the oxidation of different substrates (see Table S3). As the reaction temperature might play a 
crucial role for site-selectivity, different temperatures were explored (entry 9-14). Generally, 
the yields dropped with lower temperatures whereas the selectivities seemed to stay rather 
constant resp. slightly increased. The temperature of 0 °C was chosen for the general oxidation 
conditions. Addition of 10% water to the reaction decreased the yields considerably (entry 15). 
Oxidation with Fe(OTf)2(MeCN)2 (not shown in the table) also gave strongly decreased 
conversion (9.4%) and total yield (3.1%). To investigate the effect of the concentration of the 
reaction, the oxidation was performed 20% more diluted (entry 18) and 20% more concentrated 
(entry 19). However, in both cases the yields and selectivities dropped slightly. As standard 
reaction entry 17 was chosen. A control experiment, where the two parts of Fe-Twe 4 were 
added as separate entities (tweezer 8b (5 mol%), and Fe-Br 2 (5 mol%)) was performed (entry 
20). The selectivity was dramatically reduced and was close to the results of Fe-Br 2 only (entry 
8), demonstrating that the tweezer has to be covalently linked to the oxidation catalyst to 
achieve high selectivities. Additionally, TFE and HFIP were explored as solvents. It was 
reported that these solvents increase yields by activating H2O2.[16] While this also was observed 
in this study, unfortunately, the selectivity for the C3-C5 CH2-positions with Fe-Twe 4 was 
lost, likely due to competitive binding of the solvent (entries 21-24).  

For the oxidation of the following substrates, the conditions from entry 8 resp. 17 were used.  
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NH3BF4

1) Cat.
H2O2,

 AcOH

1.5 h, 0 °C
(MeCN)

2) NEt3,
 Ac

2O
1 h, 0 °C
(MeCN)

N
H

O
O

 

Table S1: Optimization of the reaction conditions of the oxidation of decyl ammonium tetrafluoroborate. 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Fe-Br 2
"
"
"
"
"
"
"

Fe-Twe 4
"

"

"

"

"

"

"

"

"

"

Fe-Br 2
"
"

Fe-Twe 4
"

3%
5%

10%
15%
3%
3%
3%
5%
3%
3%
3%
3%
3%
3%
3%
5%
5%
5%
5%
5%
5%
5%
5%
5%

 

8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0

2.5
2.5
2.5
2.5
 5.0 

10
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

rt
rt
rt
rt
rt
rt
rt

0 °C
rt

0 °C
- 10 °C
- 20 °C
- 30 °C
- 40 °C

0 °C
0 °C
0 °C
0 °C
0 °C
0 °C
0 °C
0 °C
0 °C
0 °C

 

30 min
3 h

30 min
30 min
45 min
60 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min
90 min

40
54
63
60
51
57
57
70
43
26
30
24
33
20
25
39
47
40
47
52
78
98
72
86

28
32
40
39
30
31
32
34
23
17
16
9.8
13
4.2
9.6
16
25
19
22
19
48
59
22
52

H2O2
[equiv.]

AcOH
[equiv.]

Conv.
[%]

Total
Yield
[%]

a

b

Reaction conditions are described in the general oxidation procedure. Yields were calculated by GC and reffered to biphenyl (internal
standard). (a) The screw vial was flame dried. (b) 10% H2O was added. (c) 20% more diluted. (d) 20% more concentrated. (e) Tweezer 
8b (5 mol%) was added additionally. (f) Total yield refers tomixture of all isomers. (g) Selectivity refers to yield of selected
ketones/total yield.

MeCN
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"

TFE
HFIP
TFE
HFIP

e

Selectivity
K3+4
[%]

K3+5
[%]

3.5
3.6
3.8
3.9
5.6
4.3
4.4
5.3
18
20
22
23
32
19
20
29
28
27
26
7.8
-
-

9.0
0.8

11
12
13
13
16
17
16
17
34
32
37
44
46
29
31
41
44
42
41
15
1.5
-

11
3.8

fTime of
H2O2

Addition
Enrty Cat. [Cat.] Solvent Temp

g

c

d
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4.3. Competition and Control Experiments  

All competition experiments were conducted according to the general protocol for oxidation 
reactions. The yields and conversions were obtained by GC analysis and calculated according 
to equation 5.2 and 5.3. In a first competition experiment, cyclohexane (18.5 µmol, 1.0 equiv.) 
was added as second substrate to the reaction mixture. Both substrates were oxidized by Fe-Br 
2 resp. Fe-Twe 4. However, for the oxidation with Fe-Twe 4 slightly increased selectivities for 
decylammonium were obtained. However, the formation of hexanol/hexanone indicates the 
presence of a background reaction.  

O

NH

O

1) Cat.
H2O2,

 AcOH

0 °C, 88 min

2) NEt3,
 Ac

2O
0 °C, 1 h
(MeCN)

NH3BF4

O(H)

S14 S20 Ox-S14 Ox-S20  

Table S2: Competition experiment of the oxidation of decylammonium tetrafluoroborate (S14) and cyclohexane 
(S20). 

Cat.

Fe-2
Fe-4

Yield Ox-S14
21%

14%

Yield Ox-S20
60%

31%

Ratio Ox-S14/Ox-S20
1 : 2.8

1 : 2.2

Entry

1

2

S14 / S20
1 : 1

1 : 1

Reaction conditions are described in the general oxidation procedure. Yields were calculated by GC and 
reffered to biphenyl (internal standard).  

In an additional series of control experiment, different inhibitors (NH4PF6, NaOTf, methyl 
viologen dichloride dihydrate) were added to the oxidation reactions aiming at inhibting 
substrate binding inside Fe-Twe 4 (Table S3). All inhibitors decreased the yields of the 
reactions, as well as the selectivity for C3/C4 oxidation. However, these results are difficult to 
interpret since the inhibitor (NH4PF6), also inhibits oxidation of the refular catalsyst Fe-Br 2 
devoid of a tweezer moiety.  
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Table S3: Control experiment with different inhibitors as additives. 

Fe-Br 2
Fe-Twe

 4

Fe-Twe 4
Fe-Twe

 4

Fe-Twe 4
Fe-Twe 4
Fe-Twe 4
Fe-Br

 2

Conv. 
[%]

Yield [%] K3-K4 
[%]

1

2

3

4

5

6
7

8

- 
-

NaOTf (2 eq.)

methyl viologen dichloride 

dihydrate (10 mol%)
NH4PF6

 (10 mol%)

NH4PF6
 (20 mol%)

NH4PF6
 (40 mol%)

NH4PF6
 (20 mol%)

Reaction conditions are described in the general oxidation procedure. Yields were calculated by GC and reffered 
to biphenyl (internal standard). (a) Selectivity refers to selected ketones/total yield.

K3-K5 
[%]

Selectivity

75

47

20

traces

10

7.9

4.5

traces

34

25

9.1

traces

10

6.9

1.2

traces

5.3

28

18

traces

20

21

20

traces

17

43

30

traces

32

35

33

traces

Cat.Entry Additive

a
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4.4. Course of the Reaction Selectivity over Time 

To investigate the selectivity of the oxidation reaction with Fe-Twe 4 over the reaction time, 
GC samples were taken after various time points (Figure S1). The selectivity did not change 
significantly over the reaction time.  
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Figure S1:Reaction selectivity of the oxidation of C10-NH3
+ with Fe-Twe 4 over the reaction course.   

 

4.5. MS Analysis of the Catalyst Stability over the Reaction Time 

MS analysis experiments were conducted to study whether the lower yields observed with 
catalyst Fe-Twe 4 are due to decomposition of the catalyst. Therefore, ESI MS samples of the 
standard oxidation reactions of Fe-Twe 4 and Fe-Br 2 were taken and analyzed after 15 min, 
45 min and 90 min H2O2 addition. Whereas catalyst Fe-Br 2 was detectable over the whole 
reaction time, catalyst Fe-Twe 4 was only observed after 15 min but not anymore after 45 min, 
resp. 90 min. To check if this is due to the tweezer moiety itself or rather the alkyne linkage, a 
third experiment was conducted, in which 5 mol% tweezer 8b was added to an oxidation 
experiment with Fe-Br 2. Interestingly, already 15 min after H2O2 addition tweezer 8b was not 
detectable in the ESI-MS anymore. These results indicate, that the tweezer moiety is not stable 
under the oxidation conditions and the likely cause forthe lower yields observed.  
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Figure S2: ESI-MS spectrum of the oxidation of C10-NH4

+ with Fe-Twe 4 15 min after H2O2 addition.  

 
Figure S3: ESI-MS spectrum of the oxidation of C10-NH4

+ with Fe-Twe 4 90 min after H2O2 addition. 
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Figure 4: ESI-MS spectrum of the oxidation of C10-NH4

+ with Fe-Br 2 15 min after H2O2 addition 

 

Figure 5: ESI-MS spectrum of the oxidation of C10-NH4
+ with Fe-Br 2 90 min after H2O2 addition. 
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Figure S6: ESI-MS spectrum of tweezer 8b. 

 

 
Figure S7: ESI-MS spectrum of the oxidation of C10-NH4

+ with Fe-Br 2 in the presence of tweezer 8b 
(5 mol%) 15 min after H2O2 addition. 
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4.6. Oxidation of Linear Alkyl ammonium Salts of Different Chain Length 

The results of the oxidation of linear alkyl ammonium salts of the different chain length are 
shown in Table S3. In all cases, the general oxidation procedure with 18.5 µmol of substrate 
and the optimized amounts of AcOH (8.0 equiv.) and H2O2 (15 equiv.) were used. The yields 
were measured via GC analysis and calculated according to section 5. 

Table S4: Oxidation of aliphatic alkylammonium salts of different chain length.  

C7-NH3
+

C7-NH3
+

C8-NH3
+

C8-NH3
+

C9-NH3
+

C9-NH3
+

C10-NH3
+

C10-NH3
+

C11-NH3
+

C11-NH3
+

C12-NH3
+

C12-NH3
+

C14-NH3
+

C14-NH3
+

C10-NMeH2
+

C10-NMeH2
+

C10-NMe2H+ 

C10-NMe2H+

Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4
Fe-2
Fe-4

66
66
63
78
51
61
25
53
43
64
37
61
23
32
43
57
40
59

3.9
1.9

4.1
1.9

3.9
1.3
4.4
1.4

7.9
3.7
4.1
1.9
3.9
1.2

7.1
3.8
7.7
4.3
5.0
0.9
3.6
1.2
5.5
3.5
7.6
4.1

8.4
2.4
7.4
4.4
7.5
1.9
5.4
1.0
3.6
1.3
4.9
3.6
7.6
4.5

5.9
1.3
7.6
2.8
7.3
2.7
7.7
2.8
3.5
0.7
4.0
1.3
5.8
2.6
5.7
1.6

1.1
0.5
5.0
1.6
6.9
2.5
6.6
3.4
6.3
2.2
3.1
0.8
2.7
1.6
5.3
2.3
5.7
1.6

0.9
0.8
2.9
1.1
4.4
2.1
4.0
3.7
3.4
3.1
1.7
1.4
2.2
2.3
3.6
2.7
3.6
1.5

1.0
2.3
2.3
2.5
2.1
4.2
1.5
4.8
1.3
3.9
0.8
1.6
0.4
2.5
1.5
1.9
1.7
0.9

0.8
2.8
0.9
1.6
0.8
2.4
0.4
2.2
0.4
1.8
0.3
0.8
0.3
1.3
0.4
1.0

 

34
34
37
22
49
39
75
47
57
36
63
39
77
68
57
43
60
41

3.9
6.4
17
8.2
30
16
34
25
42
24
28
10
33
18
27
18
32
14

 

70
92
36
64
24
53
17
43
12
37
9.9
37
8.8
34
20
32
17
17

 

46
80
19
51
10
40
5.3
28
3.9
24
3.8
23
2.1
21
7.1
16
5.2
6.2

K13
[%]

K12
[%]

K11
[%]

K10
[%]

K9
[%]

K8
[%]

K7
[%]

K6
[%]

K5
[%]

K4
[%]

K3
[%]

Conv.
[%]

Total
Yield
[%]

K3-5
[%]

K3-4
[%]

Cat.SM SM
[%]

2

2

Reaction conditions are described in the general oxidation procedure. Yields were calculated by GC and reffered to biphenyl (internal standard). (a) Total 
yield refers to a mixture of all isomers. (b) Selectivity refers to yield of selected ketones/total yield.

Selectivityba
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Heptylammonium Oxidation 

According to the general oxidation protocol, heptylammonium tetrafluoroborate (S11, 3.76 mg, 
18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous workup for 
primary ammonium ions, the mixture was analyzed by GC and GC-MS.  

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of heptylammonium tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of heptylammonium 
tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of heptylamine 
tetrafluoroborate (S11). The different oxidation products were assigned according to their 
fragmentation pattern.  
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Octylammoinum Oxidation 

According to the general oxidation protocol, octylammonium tetrafluoroborate (S12, 4.02 mg, 
18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous workup for 
primary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of octylammonium tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of octylammonium tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of octylammonium 
tetrafluoroborate (S12). The different oxidation products were assigned according to their 
fragmentation pattern.  
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Nonylammonium Oxidation 

According to the general oxidation protocol, nonylammonium tetrafluoroborate (S13, 4.28 mg, 
18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous workup for 
primary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of nonylammonium tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of nonylammonium tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of nonylammonium 
tetrafluoroborate (S13). The different oxidation products were assigned according to their 
fragmentation pattern.  
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Decylammonium Oxidation 

According to the general oxidation protocol, decylammonium tetrafluoroborate (S14, 4.53 mg, 
18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous workup for 
primary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of decylammonium tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of decylammonium tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of decylammonium 
tetrafluoroborate (S14). The different oxidation products were assigned according to their 
fragmentation pattern.  
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Undecylammonium Oxidation 

According to the general oxidation protocol, undecylammonium tetrafluoroborate (S15, 
4.79 mg, 18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous 
workup for primary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of undecylammonium tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of undecylammonium 
tetrafluoroborate. 

  



 S62 

GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of undecylammonium 
tetrafluoroborate (S15). The different oxidation products were assigned according to their 
fragmentation pattern.  
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Dodecylammonium Oxidation 

According to the general oxidation protocol, dodecylammonium tetrafluoroborate (S16, 
5.05 mg, 18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous 
workup for primary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of dodecylammonium tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4catalyzed oxidation of dodecylammonium tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of docylammonium 
tetrafluoroborate (S16). The different oxidation products were assigned according to their 
fragmentation pattern.  
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Tetradecylammonium Oxidation 

According to the general oxidation protocol, tetradecylammonium tetrafluoroborate (S17, 
5.57 mg, 18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous 
workup for primary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of tetradecylammonium 
tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of tetradecylammonium 
tetrafluoroborate. 

  



 S74 

GC-MS chromatogram and spectra of the Fe-Twe 4 catalyzed oxidation of 
tetradecylammonium tetrafluoroborate (S17). The different oxidation products were assigned 
according to their fragmentation pattern.  
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N-Methyl-decylammonium Oxidaiton 

According to the general oxidation protocol, N-methyl-decylammonium tetrafluoroborate (S18, 
4.79 mg, 18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous 
workup for secondary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of N-methyl-decylammonium 
tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of N-methyl-decylammonium 
tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 2 catalyzed oxidation of N-methyl-
decylammonium tetrafluoroborate. The different oxidation products were assigned according 
to their fragmentation pattern.  
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N,N-Dimethyl-decylammonium Oxidation 

According to the general oxidation protocol, N,N-dimethyl-decylammonium tetrafluoroborate 
(S19, 5.05 mg, 18.5 µmol, 1.0 equiv.) was oxidized by Fe-Br 2 and Fe-Twe 4. After the aqueous 
workup for tertiary ammonium ions, the mixture was analyzed by GC and GC-MS. 

 

GC chromatogram of the Fe-Br 2 catalyzed oxidation of N,N-dimethyl-decylammonium 
tetrafluoroborate. 

 

GC chromatogram of the Fe-Twe 4 catalyzed oxidation of N,N-dimethyl-decylammonium 
tetrafluoroborate. 
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GC-MS chromatogram and spectra of the Fe-Twe 2 catalyzed oxidation of N,N-dimethyl-
decylammonium tetrafluoroborate. The different oxidation products were assigned according 
to their fragmentation pattern.  
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 Determination of Response Factors 

The response factors were determined according to equation 5.1. Each substrate was subjected 
to GC analysis three times with three different ratios of internal standard to substrate.  

𝑅𝑅𝑅𝑅 =  (𝐴𝐴𝑥𝑥∙𝐶𝐶𝐼𝐼𝐼𝐼)
(𝐴𝐴𝐼𝐼𝐼𝐼∙𝐶𝐶𝑥𝑥)

      (5.1) 

RF = response factor; Ax = GC area of analyte; AIS = GC area of internal standard; 
Cx = concentration of analyte; CIS = concentration of internal standard.  

Table S5: Response factor determination for decylamide. 

Compound

N
H

O

n

n = 7; decylamide

1.0
2.0
3.0

0.90
1.80
2.67

RF

0.90
0.90
0.89

Ax/AISCx/CIS Mean value

0.90

 

The response factor of heptylamide, octylamide, nonylamide, undecylamide, dodecylamide, 
tetradecylamide, hexanol and hexanone were determined in the same manner. The values are 
shown in Table S5 (Mean value). Prediction of the response factors using the Effective Carbon 
Number Concept by Scanlon and Willis resulted in comparable results (Theory).[17] 

Table S6: Response factors of substrates heptylamide, octylamide, nonylamide, undecylamide, dodecylamide, 
tetradecylamide, hexanol and hexanone. 

heptylamide
octylamide
nonylamide
decylamide

undecylamide
dodecylamide

tetradecylamide
hexanol

hexanone

0.67
0.77
0.84
0.90
1.00
1.07
1.30
0.41
0.40

Compound
RF 

(Mean value)

0.67
0.75
0.83
0.92
1.00
1.08
1.25
0.44
0.42

RF 
(Theory)

 

Since, it was not possible to separate the different oxidation products (K3, K4, K5, etc.), the RF 
values for the products were approximated based on two assumptions: First, all the different 
oxidation products of one substrate (constitutional isomers K3, K4, K5, etc.) possess the same 
RF value, and second, that the products with different length follow the rules described by 
Scanlon and Willis.[17] In our opinion, these assumptions are reasonable, especially since we 
observed a very good agreement with the predicted values for the substrates (Table S5). The 
predicted values are shown in Table S6 following the same trend as the determined for the 
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acetylated starting materials. Both, the predicted and measured RF values for the substrates are 
depicted in Figure S1. 

Table S7: Approximated response factors for the oxidation products. 

Ox. Prod. of C7-NH3
+

Ox. Prod. of C8-NH3
+

Ox. Prod. of C9-NH3
+

Ox. Prod. of C10-NH3
+

Ox. Prod. of C11-NH3
+

Ox. Prod. of C12-NH3
+

Ox. Prod. of C14-NH3
+

Ox. Prod. of C10-NMeH2
+

Ox. Prod. of C10-NMe2H+

Compound
RF 

(Theory)

0.58
0.67
0.75
0.83
0.92
1.00
1.17
0.92
0.92
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       R2 = 0.9897

y = 0.0839x - 0.0052

 

Figure S8: Depiction of the determined and predicted RF values.  

 
Calculation for GC analysis 
For GC analysis, conversions and yields were calculated utilizing the mentioned response 
factors. Since only 0.5 equiv. of internal standard was added to the reaction, the area of internal 
standard 𝐴𝐴𝐼𝐼𝐼𝐼 was multiplied by 2. 
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𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦(𝑝𝑝)  =  
𝐴𝐴𝑃𝑃

2 ∙ 𝐴𝐴𝐼𝐼𝐼𝐼 ∙ 𝑅𝑅𝑅𝑅𝑃𝑃
 (5.2) 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (𝑆𝑆𝑆𝑆) =  1 −
𝐴𝐴𝐼𝐼𝑆𝑆

2 ∙ 𝐴𝐴𝐼𝐼𝐼𝐼 ∙ 𝑅𝑅𝑅𝑅𝐼𝐼𝑆𝑆
  (5.3) 

𝐴𝐴𝑃𝑃 = area of product signal; 𝐴𝐴𝐼𝐼𝑆𝑆  = area of starting material, 𝐴𝐴𝐼𝐼𝐼𝐼 = area of internal standard; 
𝑅𝑅𝑅𝑅𝑃𝑃 = approximated response factor of product; 𝑅𝑅𝑅𝑅𝐼𝐼𝑆𝑆 = response factor of starting material. 
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 NMR Titration Experiments 

NMR titrations were performed at 298 K, measuring 1H NMR spectra at 500 MHz using a 

UltraShield 500 spectrometer. 

If not stated otherwise, to a solution of tweezer 8b resp. Fe-Twe 4 (host, H) in MeCN was added 

a stock solution of corresponding guest (G) with the same host concentration [H] as the host 

solution, so that 500 µL of a solution with constant [H] of 10 mM and with varying 

concentrations [G] were obtained. The NMR samples were adjusted to the original pD of buffer 

when necessary.[10, 18] 

Fast exchange on an NMR timescale was observed for the formation the host-guest complexes; 

therefore changes in chemical shift were observed and plotted using nonlinear regression via 

the bindfit app (THORDARSON et al., http://app.supramolecular.org/bindfit/)[19] for signals that 

could be observed over the entire course of the titration experiment. The resulting fits were used 

to calculate Ka in addition to an error margin for 95% confidence of fit and the root mean square 

(RMS) for the entire signal set. 

6.1. Dilution Titration Tweezer 8b 

 
No perturbations in chemical shifts were observed over the concentration range of 100 µM ... 

2.0 mM.  
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6.2. Titration of Decylammonium Tetrafluoroborate (S14@8b) 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

H : G = 1 : 10

H : G = 1 : 3

H : G = 1 : 1

H : G = 1 : 0.8

H : G = 1 : 0.5

H : G = 1 : 0.3

H : G = 1 : 0.1

H : G = 0 : 1

H : G = 1 : 4

H : G = 1 : 2

H : G = 1 : 0.9

H : G = 1 : 0.7

H : G = 1 : 0.6

H : G = 1 : 0.4

H : G = 1 : 0.2

H : G = 1 : 0

1 2 3 4

 

6.556.606.656.706.756.806.856.906.957.007.057.107.157.207.257.307.35
f1 (ppm)

1 2
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3.94.04.14.24.34.44.54.64.74.84.95.05.15.25.35.45.55.6
f1 (ppm)

3 4

 

 
Titrated at 10 mM [H].  Ka = 210 ± 7.6 M–1.  RMS = 1.5192•10–3. 
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6.3. Dilution Titration Fe-Twe 4 

 

 
Titrated at 100 µM ... 2.0 mM [H].  Kdim = 160 ± 2.2 M–1.  RMS = 2.2720•10–4.  
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6.4. Titration Fe-Twe 4 with Decylammonium Tetrafluoroborate (S14@4) 
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Titrated at 1.0 mM [H]. 

Ka = 29.5 ± 1.9 M–1. 

RMS = 1.9878•10–3. 
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 Additional Models of Tweezer and Guests 

Models were compiled using the Spartan chemistry software (equilibrium geometry, PM3 

semiempirical method; gas phase). Two possible binding motifs are depicted of the binding of 

Fe-Twe 4 and decylammonium S14. In the first model, the ammonium ion binds deeper into 

the tweezer pocket so that the more distant methylene groups (C7-C9) are close to the active 

oxidation site (Figure S2). In the second model, the binding of the aliphatic ammonium salt is 

shallower, leading to a proximity of the C3-C5 methylene groups to the active oxidation site 

(Figure S3).  

 

Figure S9: PM3 semi-empirical model I of Fe-Twe 4 and deeply binding decylammonium S14  

(binding mode 1). 

 
Figure S10: PM3 semi-empirical model I of Fe-Twe 4 and shallow binding decylammonium-S14  

(binding mode 2). 
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 Molecular dynamics simulations and free energy calculation 

To investigate the differences in the relative binding energies of binding modes 1 and 2 (see 

Fig. S9-10), we performed enhanced sampling metadynamics[20] simulations using the General 

Amber Force Field (GAFF)[21] with ab initio derived RESP charges[22]. The GAFF/RESP 

parametrization has proven to describe properly binding thermodynamics of host-guest 

chemistry, including cucurbiturils-hydrocarbons complexes[23] and glycoluril-derived 

molecular tweezers-hydrocarbons complexes,[24] that are structurally very similar to those 

investigated in this study. Metadynamics provides an acceleration to molecular dynamics 

sampling allowing us studying the slow interconversion mechanism between Mode 1 and Mode 

2 and at the same time obtaining the free energy profile associated to this process, thus including 

both enthalpic and entropic contributions.  

To model the host-guest complex we simplified the structure of the tweezer excluding the 

Fe(pdp) catalytic chain and retaining only the binding glycoluril tweezer forming a complex 

with a pentylammonium ion. This choice is motivated by the fact that the catalytic oxidation 

occurs on much shorter time scales that those of conformational rearrangements. Thus, we may 

assume that the oxidation selectivity is directly driven by a specific binding state whose lifetime 

is longer by orders of magnitude than the one of the catalytic step. Furthermore, the host-guest 

binding is mostly driven by the interaction of the ammonium cation with the glycoluril and 

ether oxygen atoms of the tweezer and, therefore, the influence of the catalytic tail on the 

conformational dynamics can be reasonable neglected. 

To mimic realistic experimental conditions the complex has been placed in a 30 Å simulation 

box with periodic boundary conditions surrounded by 203 acetonitrile solvent molecules and a 

BF4- counterion neutralizing the overall charge of the system reproducing the experimental 

concentration of 0.1 M for the alkylammonium salt. The simulation has been performed at 

300 K sampling a 2.4 μs trajectory with a 2 fs timestep using GROMACS[25] patched with the 

PLUMED2 code[26] for the additional metadynamics bias. To drive the interconversion between 

binding modes the metadynamic bias has been progressively added along two specific 

Collective Variables (CVs) relevant to the description of the binding process. The first CV 

(CMode12) accounts for the binding of the ammonium group to site 1 or 2 of the molecular 

tweezer. The second CV (dBF4-) describes the distance between the ammonium group and its 

counterion BF4-. Detailed information on the design and selection of the CVs as well as further 

computational details can be found below. 
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Figure S11: Free energy profile along CMode12 displaying the large thermodynamic stability of binding Mode 2. 
Structure snapshots of the sampled trajectory are reported above the two minima where in blue sticks is depicted 

the tweezer host structure, in red balls the pentylammonium guest, and in pale green balls the acetonitrile 
molecule always present in binding Mode 2. 

To illustrate the results of our calculations we projected the free energy surface along CMode12 

only as reported in Figure S11. As expected, Mode 2 is thermodynamically more stable than 

Mode 1. By integrating the free energy basins between -1.5 and 0 for Mode 1 and between 0 

and +1.5 for Mode 2 we estimate a free energy difference for the process of ΔG21 = -5.0 kJ/mol. 

This free energy difference at 300 K corresponds to a relative Boltzmann population of 9:1 for 

Mode2:Mode1. This result confirms the experimental observations for which the relative 

abundance of C3-C4 oxidation is ascribed to the larger stability of Mode 2 compared to Mode 

1. The reason of this stability can be found in the interaction of the complex with the acetonitrile 

solvent molecules. Figure S12 reports the free energy surface calculated by reweighting 

procedure[27] along CMode12 and a CV that accounts for the coordination of acetonitrile molecules 

to the binding site associated with Mode 1 (CACN-Mode1, vide infra). It is clear from this picture 

that whenever the guest is bound in Mode 2 (CMode12 = 1), the vacant coordination site of Mode 

1 is most likely occupied by an acetonitrile unit (CACN-Mode1 = 1). Acetonitrile is a strongly polar 

molecule where the cyano carbon atom as well as the methyl group are positively polarized 

whereas the ending nitrogen atom is negative (see, e.g.[28]). This feature has a double effect. 

First, the positive part of the acetonitrile molecule interacts with the partial negative 

polarization provided by the glycoluril and ether oxygen atoms of the guest stabilizing the 

system. Second, the lone pair of the cyano group is a hydrogen bond acceptor that can easily 

bind of the ammonium hydrogen atoms stabilizing further binding Mode 2 (see Figure S15). 
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Figure S12: Free energy surface reweighted along CMode12 and CACN-Mode1 showing that the larger stability of 

Mode 2 is also ascribed by the constant presence of an acetonitrile molecules occupying binding site 1 and, thus, 
stabilizing the host-guest complex. Structure snapshots of the sampled trajectory are reported above the two 

minima where in blue sticks is depicted the tweezer host structure, in red balls the pentylammonium guest, and 
in pale green balls the acetonitrile molecule always present in binding Mode 2. The color bar on the righthand 

side represent the energy reported in kJ/mol. 

As final remark, we discuss the effect of the counterion on the transition between the two 

binding modes. Whereas CMode12 is the most relevant descriptor of the process of interest, the 

distance with the counterion plays a fundamental role in lowering the barrier for the transition 

between Mode 1 and 2 as it can be seen in Figure S16. We observed that the vicinity of the 

counterion to the complex does not affect significantly the relative stability of the two binding 

states. However, it is responsible of a significant lowering of the barrier separating the two free 

energy minima when the BF4- ion is close to the host-guest complex at about 4 Å from the 

ammonium group. This fact is motivated by the electrostatic stabilization exerted by the anion 

during the transition between the two binding modes. In fact, when shifting from Mode 1 to 

Mode 2 the ammonium cation is not stabilized anymore by the tweezer’s negatively charged 

oxygens of site 1 or 2. The effect of the BF4- ion is to partially neutralize the charge lying close 

to the ammonium cation separated only by the host structure. This results in a much lower 

energic cost in transitioning between binding modes. 
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8.1. Collective Variables Design  

CMode12 - Binding mode 

To describe the binding of the pentylammonium ion to the two sites of the glycoluril molecular 

tweezers, we considered the proximity of the ammonium group to the glycoluril and ether 

groups present on the external sides of the tweezer. Chemically, the ammonium group binds 

these oxygen atoms via hydrogen bond and electrostatic interactions, determining the binding 

to Mode 1 or Mode 2. However, this is a very dynamic type of bonding whose fluctuations 

within a specific binding mode are large. Thus, a direct counting of the hydrogen bonds between 

the ammonium group and the oxygen atoms of Mode 1 and 2 would result in a very noisy signal 

not suitable for describing the overall binding mode interconversion.  

To simplify this description, we define the centers of mass of the four oxygen atoms on each 

side of the host molecule as dummy atoms representing the binding site. We then consider the 

coordination number of these two dummy atoms with the nitrogen atom of the ammonium 

group. The coordination number is a smoothly decaying switching function counting the 

presence of the ammonium nitrogen atom within a sphere of 4 Å placed around the dummy 

atoms of Mode 1 and 2. These coordination numbers, here defined as CMode1 and CMode2, are 

approach 1 and 0 when the guest is bound in Mode 1 respectively, and vice versa for Mode 2. 

 
Figure S13: Oxygen atoms used to calculate the center of mass defining the dummy atom for Mode 1 and Mode 
2. 

To simplify further the collective variable, we combined the two coordination numbers in a 

one-dimensional anti-symmetric linear combination of the form CMode12 = CMode2 - CMode1.[29] In 

this way we can describe the binding to Mode 1 or 2 with one single collective variable that 

corresponds to −1 when the guest is bound to Mode 1 and to +1 when it is bound to Mode 2. 
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dBF4- - Counterion distance 

As it became clear from the first test simulations, the presence of the BF4- counterion is not 

negligible and it appeared to play a fundamental role in interconversion process. Therefore, we 

decided to include the effect of its vicinity to the host-guest complex by using the distance 

(dBF4-) between the boron atom of BF4- and the nitrogen atom of the ammonium group 

interreacting electrostatically although screened by the host and solvent molecules.  

 

CACN-Mode1 - Binding of acetonitrile to site 1 

Similarly to CMode1, this CV measures the coordination of the methyl carbon atom of any of the 

203 acetonitrile molecules to the center of mass of the oxygen atoms at binding site 1 within a 

2 Å sphere. 

 

8.2. Simulation Details 

System preparation 

The host and guest molecules have been parametrized using an all-atoms GAFF/RESP 

procedure as implemented in the antechamber program.[30] RESP charges were calculated using 

Gaussian code at the HF/6-31G* level. Acetonitrile parameters have been obtained from the 

AMBER database of the Bryce group (http://research.bmh.manchester.ac.uk/bryce/amber/).[31] 

BF4- parameters have been obtained from the AMBER tutorial 

(https://ambermd.org/tutorials/advanced/tutorial15/Tutorial2.xhtml).[32] 

1 host molecule, 1 guest molecule, 1 BF4- molecule, and 203 acetonitrile molecules were placed 

in a 30 Å simulation box. The system has been first minimized for 3281 optimization steps, 

heated in NVT ensemble up to 300 K for 2500000 steps, the pressure has been subsequently 

adjusted using two NPT simulations using first the Berendsen barostat for 100000 steps 

followed by a further equilibration using the Parrinello-Rahman barostat for 500000 steps. The 

step used was 2 fs. 

 

Metadynamics  

One single walker well-tempered metadynamics simulation has been performed using a 2 fs 

integration step for 2.4 μs. Two dimensional Gaussian kernels have been deposited along 

CMode12  and dBF4- every picosecond of simulation (each 500 steps) with an initial height of 

0.5 kJ/mol and a sigma corresponding to 0.05 and 0.1 for the two variables. To ensure 

dimensional homogeneity of the two CVs dBF4- has been scaled by a factor of 20. 
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Convergence of the free energy difference after removal of a 0.6 μs transient is reported in 

Figure S14. 

 
Figure S14: Free energy convergence to the -5 kJ/mol value (orange line) obtained by progressive reweighting of 
the metadynamics trajectory. The blue line indicates the oscillation of the free energy difference between basin of 
Mode 2 and Mode 1. The grey region indicates the metadynamics transient of 0.6 μs removed to ensure equilibrium 
dynamics. 

 

Hydrogen Bonding with Cyano Group in Mode 2 

 

 
Figure S15: Complexation of one acetonitrile molecule in binding site 1 forming one hydrogen bond with the 
ammonium group. The surrounding solvent molecules and the BF4

- unit are omitted for clarity. 

 

Free Energy Surface along CModer12 and dBF4- 

Figure S16 reports the Free Energy Surface along CMode12 and dBF4- obtained by sampling the 

process using metadynamics. It can be observed how the distance of the counterion plays a 

fundamental role in lowering the barrier of the transition between Mode 1 and Mode 2 but does 
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not affect significantly the relative stability of the two binding modes. Three main “reaction 

channels” are observed at 4, 8, and 13 Å corresponding to different solvation shells of the host-

guest complex in acetonitrile. It is evident that the lowest barrier is observed at 4 Å, 

corresponding to the BF4- ion in close proximity to the complex. This result is reasonable as 

acetonitrile, although polar, at relatively high concentrations as 0.1 M cannot screen sufficiently 

the electrostatic interaction between BF4- and the complexed ammonium cation. Therefore, the 

most likely path to interconversion between Mode 1 and 2 is the one at 4 Å where the two 

charges are much closer. It may be possible that at lower ionic concentrations the lowest 

transition barrier could be observed at large distances at which the two ions are be separated by 

several solvation shells, thus enabling a more effective electrostatic screening. 

 
Figure S16: Free energy surface obtained by reweighting metadynamics data along CMode12 and dBF4-. CMode12 is a 
dimensionless quantity whereas dBF4- is a distance in Å. The color bar on the righthand side represent the energy 
reported in kJ/mol. 
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 1H- and 13C-NMR Spectra of New and Key Compounds 

S4 – 1H 
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6 – 1H 
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S7 – 1H 
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1. General Information 

Experimental: Reactions were carried out under an atmosphere of argon in dried glassware unless 

otherwise indicated. Analytical thin-layer chromatography (TLC) was performed on Merck silica gel 

60 F254 glass-backed plates, which were analyzed under UV light or after exposure to standard staining 

solutions (CAM: cerium ammonium molybdate or basic KMnO4).[1] Medium Pressure Liquid 

Chromatography (MPLC) was carried out with RediSep® Silica Gel Disposable Flash Columns SiO2 

columns (particle size 40-63 μm) and Al2O3 basic columns (particle size 40-63 μm) on a CombiFlash 

NextGen 300+ version 5.0.55 by Teledyne ISCO with a fraction collector version 00.92.00, detector 

version 11, and a pump version: 1.47. For all the runs the column type and size, flow rate [ml/min], 

solvent mixture, column volumes (CV) and run time [min] is given. All NMR experiments were 

performed on a Bruker Avance Neo and a Bruker Avance III HD NMR spectrometer operating at 

500 MHz and 600 MHz proton frequency, respectively. The instruments were equipped with a direct 

observe 5-mm BBFO smart probe (500 MHz) or a five-channel cryogenic 5 mm QCI probe (600 MHz). 

All probes were equipped with actively shielded z-gradients (10 A). The experiments were performed 

at 300 K. Chemical shifts of 1H NMR and 13C NMR are given in ppm. The following solvent residual 

signals of the deuterated solvents were used as reference: CDCl3: 7.26 ppm (δ1H), 77.16 ppm (δ13C), 

MeCN-d3: 1.96 ppm (δ1H), 118.26 ppm (δ13C).[2] Coupling constants (J) are reported in Hertz (Hz). 

Standard abbreviations indicating multiplicity were used as follows: br (broad), s (singlet), d (doublet), 

t (triplet), dd (doublet of doublets), etc., m (multiplet). Infrared spectra were measured on a Brucker 

Alpha IR spectrometer (ATR, attenuated total reflection). Abbreviations indicating intensity were used 

as follows: s (strong), m (medium), w (weak). Melting points were recorded on a Büchi Melting Point 

M-565 apparatus using open capillary tubes. GC analyses were carried out on a Shimadzu GC-2010 

Plus instrument equipped with a flame ionization detector (FID) and an Rtx-5 capillary column (length 

= 30 m). Hydrogen was used as the carrier gas and the constant-flow mode was used (flow rate = 40 

mL/min) with a split ratio of 1:20. The following temperature program was used: 60 °C for 3 min, 

15 °C/min to 250 °C, and 250 °C for 5 min. The response factors of the analyzed compounds were 

calculated as previously reported.[3] For the determination of enantiopurity via GC, a Shimadzu GC-

2010 Plus instrument equipped with a FID and an Rt-bDEXsm capillary column (length = 30 m) was 

used. Hydrogen was used as the carrier gas and the constant-flow mode was used (flow rate = 

50 mL/min) with a split ratio of 1:20. The following temperature program was used: 60 °C for 1 min, 1 

°C/min to 220 °C, and 220 °C for 10 min. High-resolution mass spectra were obtained on a Thermo 

Scientific LTQ-FT Ultra via electrospray ionization (ESI) or a Finnigan MAT 8200 (EI) (ESI source 

parameters for positive polarity mode were: spray voltage, 4.0 kV; capillary temperature, 275 °C; 

capillary voltage, 48 V; and tube lens, –120 V).  

Sources of chemicals: Anhydrous acetonitrile (MeCN), dichloromethane (CH2Cl2), diethyl ether 

(Et2O), dimethylformamide (DMF), methanol (MeOH), and tetrahydrofuran (THF) were purchased 

from Acros Organics. Deuterated acetonitrile (MeCN-d3 99.8%) and chloroform (stabilized over silver 

foil) (CDCl3, 99.8%) were purchased from Cambridge Isotope Laboratories. Acetic acid, acetic 

anhydride, aluminum oxide (activated, basic, Brockmann I), biphenyl, (2S,2’S)-bipyrrolidine, 

decylamine, iron (II) chloride, lithium aluminum hydride (LiAlH4), pyridine-2-carboxaldehyde, silver 

trifluoromethanesulphonate (AgOTF), sodium azide (NaN3), sodium cyanide (NaCN), sodium 
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cyanoborohydride (NaCNBH3), sodium peroxide water solution (50% w/w), tetra-n-butylammonium 

bromide (TBAB), tetrafluoroboric acid diethyl ether complex, triethylamine, trifluoroacetic acid (TFA), 

and trifluoroethanol (TFE) were purchased from Sigma-Aldrich. Potassium carbonate was purchased 

from Acros Organics. 2-Cyclohexylethanamine, 2-cyclohexylpropan-1-amine, 1-bromo-3,7-

dimethyloctane, 1,1,1,3,3,3-hexafluoro-2-isopropanol, (1S,2S)-N,N’-dimethyl-1,2-cyclohexane-

diamine were purchased from FluoroChem. Manganese bis(trifluoromethanesulphonate) was purchased 

from Apollo. Iron (II) bis (trifluoromethanesulfonate) bis (acetonitrile) was prepared according to 

a literature procedure.[4] Silica gel (0.040-0.063 mm, 230-400 mesh ASTM) and Celite 545 (0.02-

0.1 mm) were purchased from Merck KGaA. All chemicals were used as received.  
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2. Synthesis of Catalysts and Substrates 

2.1 Ligand Synthesis:  

Synthesis of pdp(Twe) was carried out as previously described.[3a] 

(1S,2S)-N1,N2-Dimethyl-N1-(4yridine-2-ylmethyl)cyclohexane-1,2-diamine (5) 

 

According to a modified literature procedure,[5] (2S,2’S)-N1,N2-dimethylcyclohexane-1,2-diamine 

(142 mg, 1.00 mmol, 1.0 equiv.) was dissolved in anhydrous MeOH (2 mL). Then, a solution of 

pyridine-2-carboxaldehyde (107 mg, 1.00 mmol, 1.0 equiv.) in MeOH (2 mL) was added dropwise and 

the mixture was stirred at room temperature for 16 h. Thereafter, NaCNBH3 (251 mg, 4.00 mmol, 

4.0 equiv.) and trifluoroacetic acid (693 µL, 1.02 g, 9.00 mmol, 9.0 equiv.) were added and the reaction 

was stirred for additional 3 h. The reaction mixture was neutralized by the addition of 4 M NaOH 

(10 mL) and was then extracted with CH2Cl2 (3 × 15 mL). The combined organic layers were washed 

with brine (15 mL), dried (Na2SO4), filtered, and concentrated under reduced pressure. The crude 

material was purified via MPLC (RediSep® Column: Alumina, basic 8 g, 13 mL/min; 

CH2Cl2/CH2Cl2:MeOH (9:1) 100:0 to 0:100, 24.0 CV, 11.4 min) to give the desired product 5 (156 mg, 

668 µmol, 67%) as a yellowish oil. 

TLC Rf = 0.34 (CH2Cl2/MeOH/NH4OH = 90/8/2) [UV, KMnO4]. 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.51 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.66 (td, J = 7.7, 

1.8 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.14 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 3.81 (d, J = 14.3 Hz, 1H), 

3.62 (d, J = 14.3 Hz, 1H), 2.40 (s, 3H), 2.40 – 2.36 (m, 1H), 2.27 (td, J = 10.5, 4.1 Hz, 1H), 2.21 (s, 

3H), 2.17 – 2.08 (m, 1H), 1.95 – 1.88 (m, 1H), 1.81 (td, J = 5.0, 2.5 Hz, 1H), 1.75 – 1.66 (m, 1H), 

1.35 – 1.13 (m, 3H), 1.00 (d, J = 12.1 Hz, 1H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 160.6 (s), 149.1 (s), 136.7 (s), 122.6 (s), 122.0 (s), 67.1 

(s), 60.5 (s), 59.7 (s), 37.1 (s), 34.1 (s), 31.4 (s), 25.7 (s), 24.8 (s), 22.3 (s). 

The analytical data match literature values.[6] 
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S,S-(Mcp)Twe 

 

Tweezer bromide 3[3a] (79.1 mg, 65.0 µmol, 1.0 equiv.) and 5 (15.2 mg, 65.0 µmol, 1.0 equiv.) were 

dissolved in anhydrous MeCN (3.5 mL). Then, K2CO3 (35.9 mg, 260 µmol, 4.0 equiv.) and TBAB 

(1.05 mg, 3.25 µmol, 0.05 equiv.) were added and the reaction mixture was stirred at reflux for 16 h. 

Thereafter, the mixture was cooled down to room temperature, filtered and the residue was washed with 

CH2Cl2 (10 mL). The filtrate was concentrated under reduced pressure, 1 M NaOH (10 mL) was added 

and the mixture was extracted with CH2Cl2 (3 ×10 mL). The combined organic layers were washed with 

brine (10 mL), dried (Na2SO4), filtered, and concentrated by rotatory evaporation. The crude compound 

was purified by flash chromatography (10 g silica, CH2Cl2/MeOH/NH4OH = 93/5/2) to obtain S,S-

(Mcp)Twe (83.7 mg, 61.1 µmol, 94%) as a yellow solid. 

TLC Rf = 0.37 (CH2Cl2/MeOH/NH4OH = 90/8/2) [UV, KMnO4]. 

M.P.: 174 – 178 °C (decomp.) 

IR (ATR): ṽ (cm-1) = 2931 (w), 2834 (w), 1720 (s), 1592 (w), 1484 (w), 1447 (s), 1423 (s), 1366 (m), 

1305 (m), 1252 (s) 1152 (m), 1076 (m), 1017 (m), 981 (w), 941 (m), 916 (m), 852 (m), 801 (m), 762 

(m), 718 (m), 662 (m). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 8.75 (s, 1H), 8.52 (d, J = 4.9 Hz, 1H), 7.87 (dd, J = 8.0, 

2.1 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1 H), 7.62 (d, J = 8.1 Hz, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.21 (s, 1H), 

7.21 – 7.15 (m, 1H), 6.76 (s, 4H), 5.28 (virt. Dd, J = 15.8, 6.5 Hz, 4H), 5.24 (virt. Dd, J = 15.6, 2.5 Hz, 

2H), 4.68 (virt. Dd, J = 15.6, 3.9 Hz, 2H), 4.62 (d, J = 15.2 Hz, 2H), 4.38 (d, J = 15.1 Hz, 2H), 4.20 

(virt. Dd, J = 15.7, 11.7 Hz, 4H), 4.11 (q, J = 7.1 Hz, 4H), 4.07 – 3.99 (m, 4H), 3.96 (d, J = 15.0 Hz, 

1H), 3.92 (d, J = 14.5 Hz, 1H), 3.84 – 3.74 (m, 14 H), 2.70 – 2.65 (m, 2H), 2.31 (s, 3H), 2.30 (s, 3H), 

2.04 – 1.97 (m, 2H), 1.79 (br s, 2H), , 1.36 – 1.20 (m, 4H), 1.23 (t, J = 7.1 Hz, 6H), 1.19 (virt. Td, 

J = 7.1, 1.3 Hz, 6H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 166.2 (s), 166.0 (s), 161.9 (s), 161.3 (s), 156.6 (s), 156.4 

(s), 151.3 (s), 151.3 (s), 151.2 (s), 148.8 (s), 139.4 (s), 137.7 (s), 137.6 (s), 136.7 (s), 136.0 (s), 135.9 

(s), 131.8 (s), 126.5 (s), 126.5 (s), 124.4 (s), 123.1 (s), 122.4 (s), 121.9 (s), 117.5 (s), 112.4 (s), 112.4 

(s), 112.3 (s), 97.2 (s), 86.9 (s), 80.8(s), 80.8 (s), 79.7 (s), 64.8 (s), 64.6 (s), 63.3 (s), 63.3 (s), 60.6 (s), 
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60.2 (s), 57.1 (s), 57.0 (s), 57.0 (s), 46.0 (s), 43.6 (s), 37.5 (s), 37.4 (s), 37.0 (s), 36.6 (s), 26.1 (s), 25.9 

(s), 25.2 (s), 14.0 (s), 14.0 (s). 

HRMS (ESI):  C72H80N12O16  calculated: [(M + 2H)2+]: 685.2980 

      found:  [(M + 2H)2+]: 685.2978. 

S,S-(Pdp)Twe2 

 

Tweezer bromide 3[3a] (39.9 mg, 32.8 μmol, 2.0 equiv.) and (2S,2’S)-bipyrrolidine  (4, 2.30 mg, 

16.4 μmol, 1.0 equiv.) were dissolved in anhydrous MeCN (1.0 mL). Then, K2CO3 (9.07 mg, 

65.6 μmol, 4.0 equiv.) and TBAB (264 μg, 820 nmol, 0.05 equiv.) were added and the reaction mixture 

was stirred at reflux for 16 h. Thereafter, the mixture was cooled down to room temperature, filtered 

and the residue was washed with CH2Cl2 (5 mL). The filtrate was concentrated under reduced pressure, 

1 M NaOH (4 mL) was added and the mixture was extracted with CH2Cl2 (3 ×5 mL). The combined 

organic layers were washed with brine (5 mL), dried (Na2SO4), filtered, and concentrated by rotatory 

evaporation. The crude compound was purified via MPLC (RediSep® Column: Alumina, Basic 8 g, 

13 mL/min; CH2Cl2/CH2Cl2:MeOH (9:1) 100:0 to 0:100, 18.0 CV, 8.5 min) to obtain the desired 

(pdp)Twe2 (35.1 mg, 14.5 μmol, 88%) as a yellow solid. 

TLC Rf = 0.49 (CH2Cl2/MeOH/NH4OH = 90/8/2) [UV, KMnO4]. 

M.P.: 123 – 125 °C (decomp.) 

IR (ATR): ṽ (cm-1) = 2920 (w), 2840 (w), 1718 (s), 1595 (w), 1458 (s), 1423 (s), 1366 (m), 1305 (m), 

1253 (s), 1153 (m), 1076 (m), 1015 (m), 981 (m), 941 (m), 916 (m), 851 (w), 801 (m), 772 (w), 750 

(w), 718 (w), 662 (w). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] =8.85 – 8.74 (m, 2H), 7.94 (dd, J = 8.0, 2.2 Hz, 2H), 7.49 

(d, J = 8.0 Hz, 2H), 7.20 (s, 2H), 6.67 (m, 8H), 5.34 – 5.24 (m, 8H), 5.24 – 5.10 (m, 4H), 4.67 (dd, 

J = 15.5, 4.8 Hz, 4H), 4.58 (dd, J = 15.1, 3.5 Hz, 4H), 4.37 (d, J = 15.1 Hz, 4H), 4.21 – 4.08 (m, 18H), 

4.02 (virt. qdd, J = 10.8, 7.0, 4.0 Hz, 8H), 3.77 (virt. t, J = 3.0 Hz, 24H), 3.56 (d, J = 14.6 Hz, 2H), 3.02 

(ddd, J = 8.9, 6.1, 2.6 Hz, 2H), 2.94 – 2.84 (m, 2H), 2.28 (td, J = 9.2, 7.3 Hz, 2H), 1.86 (q, J = 7.8, 
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7.1 Hz, 4H), 1.82 – 1.71 (m, 4H), 1.24 (virt. dt, J = 14.4, 7.1 Hz, 12H), 1.19 (virt. td, J = 7.2, 1.3 Hz, 

12H).  

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 166.2 (s), 166.0 (s), 160.8 (s), 156.6 (s), 156.6 (s), 156.4 

(s), 156.3 (s), 151.4 (s), 151.3 (s), 151.3 (s), 151.3 (s), 151.3 (s), 151.2 (s), 139.5 (s), 137.7 (s), 137.7 

(s), 136.0 (s), 135.9 (s), 131.8 (s), 126.6 (s), 126.4 (s), 124.3 (s), 122.3 (s), 117.7 (s), 112.4 (s), 97.1 (s), 

87.1 (s), 80.9 (s), 80.8 (s), 80.8 (s), 79.7 (s), 79.7 (s), 65.1 (s), 63.3 (s), 60.8 (s), 57.1 (s), 57.1 (s), 55.4 

(s), 46.0 (s), 43.6 (s), 37.5 (s), 37.4 (s), 29.8 (s), 27.6 (s), 25.7 (s), 23.8 (s), 14.1 (s), 14.0 (s). 

HRMS (ESI):  C124H130N20O32  calculated: [(M + H + Na)2+]: 1217.4562 

      found:  [(M + H + Na)2+]: 1217.4587. 
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2.2 Complex Synthesis  

All reactions were performed in a glove box and anhydrous and degassed (via freeze-pump-thaw) 

solvents were used. 

Synthesis of (S,S)-Fe(pdp),[7] (S,S)-Fe(pdp)Twe,[3a] (S,S)-Mn(pdp),[8] (S,S)-Fe(mcp)[9] and (S,S)-

Mn(mcp)[10] were carried out as previously described.  

S,S-Fe(mcp)Twe 

 

To a solution of (mcp)Twe (10.9 mg, 7.96 μmol, 1.0 equiv.) in MeCN (0.1 mL) was added dropwise a 

solution of FeCl2 (1.01 mg, 7.96 μmol, 1.0 equiv.) in MeCN (0.1 mL). The reaction was stirred at room 

temperature for 2.5 h leading to the formation of a yellow suspension. Subsequently, AgOTf (4.09 mg, 

15.9 μmol, 2.00 equiv.) was added and the reaction mixture was stirred for another 2 h. Then, the 

mixture was filtered over Celite. Slow diffusion of Et2O resulted in the formation of the desired S,S-

Fe(mcp)Twe complex (11.6 mg, 6.73 μmol, 85%) as a yellow film at the glass walls.  

IR (ATR): ṽ (cm-1) = 2940 (w), 1715 (s), 1607 (w), 1456 (s), 1428 (s), 1366 (m), 1252 (s), 1153 (m) 

1077 (m), 1028 (s), 978 (w), 941 (m), 916 (m), 882 (w), 855 (w), 802 (w), 760 (w), 718 (w), 664 (w), 

636 (s), 572 (w), 512 (m), 418 (w).   

HRMS (ESI): C74H80F6FeN12O22S2  calculated: [(M ˗ 2OTf)2+]: 712.2578 

      found:  [(M ˗ 2OTf)2+]: 712.2586. 
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S,S-Mn(mcp)Twe 

 

The (mcp)Twe (41.1 mg, 30.0 µmol, 1.0 equiv.) and Mn(OTf)2 (10.6 mg, 30.0 µmol, 1.0 equiv.) were 

dissolved in MeCN (0.2 mL) and stirred at room temperature for 2.5 h. Subsequently, diethyl ether 

(4 mL) was added which resulted in the precipitation of a yellow solid out of the solution. The 

supernatant was removed and the solid was washed two times with diethyl ether (2x2 mL) and dried 

under reduced pressure for 30 min resulting in the desired complex S,S-Mn(mcp)Twe (30.0 mg, 

17.4 µmol, 58%) as an off-white solid.  

IR (ATR): ṽ (cm-1) = 2940 (w), 1717 (s), 1607 (w), 1460 (s), 1366 (m), 1255 (s), 1157 (m), 1080 (m), 

1029 (s), 983 (w), 941 (w), 917 (m), 856 (w), 803 (w), 760 (w), 719 (w), 637 (s), 574 (w), 516 (m), 410 

(w).  

HRMS (ESI): C74H80F6MnN12O22S2  calculated: [(M − 2OTf)2+]: 711.7592 

      found:  [(M − 2OTf)2+]: 711.7594. 
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S,S-Mn(pdp)Twe 

 

The (pdp)Twe (41.0 mg, 30.0 µmol, 1.0 equiv.) and Mn(OTf)2 (10.6 mg, 30.0 µmol, 1.0 equiv.) were 

dissolved in MeCN (0.2 mL) and stirred at room temperature for 2.5 h. Subsequently, diethyl ether 

(4 mL) was added which resulted in the precipitation of a yellow solid out of the solution. The 

supernatant was removed and the solid was washed two times with diethyl ether (2x2 mL) and dried 

under reduced pressure resulting in the desired complex S,S-Mn(pdp)Twe (40.1 mg, 23.3 µmol, 78%) 

as an off-white solid.  

IR (ATR): ṽ (cm-1) = 2984 (w), 2913 (w), 1751 (m), 1719 (m), 1638 (w), 1460 (m), 1438 (w), 1257 (s), 

1223 (m), 1157 (m), 1079 (m), 1030 (s), 985 (w), 942 (w), 917 (w), 895 (w), 845 (w), 810 (w), 761 (w), 

720 (w), 638 (s), 574 (w), 518 (m), 412 (m).  

HRMS (ESI): C74H78F6MnN12O22S2  calculated: [(M − 2OTf)2+]: 710.7514 

      found:  [(M − 2OTf)2+]: 710.7519. 
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S,S-Fe(pdp)Twe2 

 

The (pdp)Twe2 (20.0 mg, 8.29 µmol, 1.0 equiv.) and Fe(OTf)2(MeCN)2 (3.62 mg, 8.29 µmol, 

1.0 equiv.) were dissolved in MeCN (0.2 mL) and stirred at room temperature for 2.5 h. Subsequently, 

diethyl ether (4 mL) was added which resulted in the precipitation of a yellow solid out of the solution. 

The supernatant was removed and the solid was washed two times with diethyl ether (2x2 mL) and 

dried under reduced pressure for 1 h resulting in the desired complex S,S-Fe(pdp)Twe2 (9.19 mg, 

3.32 µmol, 40%) as a yellow solid.  

IR (ATR): ṽ (cm-1) = 2988 (w), 1719 (m), 1598 (w), 1460 (m), 1428 (m), 1366 (w), 1255 (s), 1155 (m), 

1079 (m), 1030 (m), 983 (w), 942 (w), 917 (m), 854 (w), 804 (w), 755 (w), 719 (w), 663 (w), 638 (m), 

573 (w), 517 (m).  

HRMS (ESI): C126H130F6FeN20O38S2  calculated: [(M − 2OTf)2+]: 1233.4250 

      found:  [(M − 2OTf)2+]: 1233.4272.  
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2.3 Substrate Synthesis  

Decylammonium tetrafluoroborate was synthesized as previously described.[3a] 

 

Scheme S1: Synthetic route to ammonium tetrafluoroborate 8 and 9. 

Azide S2 was synthesized as previously described.[11] 

4,8-Dimethylnonanenitrile (S3) 

 

1-Bromo-3,7-dimethyloctane (S1, 1.04 mL, 1.11 g, 5.00 mmol, 1.0 equiv.) was added dropwise to a 

solution of NaCN (270 mg, 5.50 mmol, 1.1 equiv.) in anhydrous DMF (10 mL) at 0 °C. The reaction 

was left stirring at room temperature overnight. Then, water (25 mL) was added and the mixture was 

extracted with Et2O (3 x 25 mL). The combined organic layers were washed with brine (25 mL), dried 

(Na2SO4), filtered, and concentrated under reduced pressure. The crude material was purified via MPLC 

(RediSep® Column: Silica, 12 g, 30 mL/min; CyHex/EtOAc 100:0 to 70:30, 16.0 CV, 9.5 min) to obtain 

nitrile S3 (718 mg, 4.29 mmol, 86%) as a colorless oil.  

TLC Rf = 0.67 (CyHex/EtOAc = 3/1) [KMnO4]. 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 2.56 – 2.19 (m, 2H), 1.69 (dtd, J = 13.3, 7.6, 5.4 Hz, 

1H), 1.62 – 1.42 (m, 3H), 1.37 – 1.20 (m, 3H), 1.14 (dddd, J = 12.0, 9.7, 8.1, 5.1 Hz, 3H), 0.91 (d, 

J = 6.6 Hz, 3H), 0.87 (virt. dd, J = 6.6, 1.0 Hz, 6H). 

13C NMR (MeCN-d3, 151 MHz, 300 K) δ [ppm] = 120.2 (s), 39.2 (s), 36.6 (s), 32.4 (s), 32.2 (s), 28.1 

(s), 24.6 (s), 22.8 (s), 22.7 (s), 19.0 (s), 15.1 (s).  

All analytical data match literature values.[12] 

General procedure A for azide/nitrile reduction and ammonium salt formation 

Following a modified literature procedure,[13] a two-necked flask was charged with LAH (3.0 equiv.) 

under Ar atmosphere. Then, anhydrous THF (0.04 M) was added and the mixture was cooled down to 
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0 °C. Azide S2 or nitrile S3 (1.0 equiv.) was added and the mixture was allowed to reach room 

temperature followed by stepwise heating to reflux (Caution: N2 and H2 formation). After stirring the 

reaction for 16 h at this temperature, the mixture was cooled down to 0 °C and 10 M NaOH solution 

was added until a clear solution with slurry precipitation was formed, followed by the addition of water 

(8 mL) and Celite (8 g). The mixture was filtered, and the solvents were removed under reduced 

pressure. Next, 1 M NaOH (4 mL) was added and the mixture was extracted with CH2Cl2 (3 ×5 mL). 

The combined organic phases were dried over Na2SO4, filtered, and concentrated by rotatory 

evaporation. The crude amine was dissolved in anhydrous CH2Cl2 (0.5 M) without further purification. 

Then, tetrafluoroboric acid diethyl ether complex (1.1 equiv.) was added dropwise at 0 °C leading to 

the precipitation of a white solid. After stirring the mixture for 2 h at room temperature, the solvent was 

removed by rotatory evaporation. The residual solid was suspended in diethyl ether and stirred 

vigorously for a few minutes. Then the supernatant solution was removed, and the washing step was 

repeated two times. The final compound was dried in vacuo leading to the desired ammonium salt.  

3,7-Dimethyloctan-1-ammonium tetrafluoroborate (8) 

 

Following general procedure A, azide S2 (367 mg, 2.00 mmol, 1.0 equiv.) was converted into the 

corresponding white ammonium salt 8 (293 mg, 1.20 mmol) in 60% yield.  

M.P.: 179 – 181 °C. 

IR (ATR): ṽ (cm-1) = 3277 (m), 2957 (m), 2927 (m), 2870 (w), 1606 (w), 1511 (m), 1469 (w), 1405 

(w), 1384 (w), 1366 (w), 1291 (w), 1013 (s), 909 (m), 860 (w), 769 (m), 734 (w), 525 (m). 

1H NMR (MeCN-d3, 600 MHz, 300 K) δ [ppm] = 6.08 (br s, 3H), 3.25 – 2.71 (m, 2H), 1.67 – 1.58 (m, 

1H), 1.57 – 1.38 (m, 3H), 1.36 – 1.23 (m, 3H), 1.20 – 1.10 (m, 3H), 0.99 – 0.76 (m, 9H). 

13C NMR (MeCN-d3, 151 MHz, 300 K) δ [ppm] = 39.7 (s), 39.6 (s), 37.3 (s), 34.4 (s), 30.9 (s), 28.6 (s), 

25.1 (s), 22.8 (s), 22.8 (s), 19.3 (s). 

HRMS (ESI):  C10H24BF4N  calculated: [(M + Na)+]: 268.1832 

      found:  [(M + Na)+]: 268.1825. 

4,8-Dimethylnonan-1-ammonium tetrafluoroborate (9) 

 

Following general procedure A, nitrile S3 (335 mg, 2.00 mmol, 1.0 equiv.) was converted into the 

corresponding white ammonium salt 9 (190 mg, 733 μmol) in 37% yield.  



S14 

 

M.P.: 187 – 188 °C. 

IR (ATR): ṽ (cm-1) = 3276 (m), 2956 (m), 2924 (m), 2870 (w), 1606 (m), 1512 (m), 1467 (m), 1403 

(w), 1383 (w), 1367 (w), 1293 (w), 1020 (s), 939 (m), 862 (w), 818 (w), 748 (w), 526 (m). 

1H NMR (MeCN-d3, 600 MHz, 300 K) δ [ppm] = 6.07 (br s, 3H), 2.91 (ddd, J = 8.7, 6.7, 2.4 Hz, 2H), 

1.71 – 1.48 (m, 3H), 1.46 – 1.38 (m, 1H), 1.38 – 1.21 (m, 4H), 1.21 – 1.06 (m, 4H), 0.96 – 0.83 (m, 

9H). 

13C NMR (MeCN-d3, 151 MHz, 300 K) δ [ppm] = 41.5 (s), 39.9 (s), 37.6 (s), 33.9 (s), 32.9 (s), 28.6 

(s), 25.3 (s), 25.1 (s), 22.9 (s), 22.8 (s), 19.6 (s). 

HRMS (ESI):  C11H26BF4N  calculated: [(M + Na)+]: 282.1989 

      found:  [(M + Na)+]: 282.1984. 

General procedure B for ammonium salt formation 

 

According to a literature procedure,[14] the free amine (1.0 equiv.) was dissolved in dry CH2Cl2 

(⁓ 0.5 M) and stirred at 0 °C. Tetrafluoroboric acid diethyl ether complex (1.1 equiv.) was added 

dropwise leading to the precipitation of a white solid. After stirring the mixture for 2 h at room 

temperature, the solvent was removed by rotatory evaporation. The residual solid was suspended in 

diethyl ether and stirred vigorously for a few minutes. Then the supernatant solution was removed, and 

the washing step was repeated two times. The final white solid was dried in vacuo. 

2-Cyclohexylethan-1-ammonium tetrafluoroborate (10) 

 

Following general procedure B, 2-cyclohexylethanamine (S4, 254 mg, 2.00 mmol, 1.0 equiv.) was 

converted into the corresponding white ammonium salt 10 (388 mg, 1.80 mmol) in 91% yield.  

M.P.: 241 – 242 °C. 

IR (ATR): ṽ (cm-1) = 3274 (m), 3179 (w), 2919 (m), 2852 (m), 1612 (w), 1594 (w), 1507 (m), 1477 

(w), 1465 (m), 1449 (w), 1410 (w), 1347 (w), 1289 (w), 1020 (s), 1007 (s), 966 (w), 931 (m), 885 (w), 

866 (m), 842 (w), 793 (w), 759 (w), 568 (w), 524 (m), 470 (w).  

1H NMR (MeCN-d3, 500 MHz, 300 K) δ [ppm] = 6.45 – 5.74 (m, 3H), 2.97 (s, 2H), 1.84 – 1.61 (m, 

5H), 1.55 – 1.41 (m, 2H), 1.37 – 1.13 (m, 4H), 1.00 – 0.87 (m, 2H). 
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13C NMR (MeCN-d3, 126 MHz, 300 K) δ [ppm] = 39.3 (s), 35.4 (s), 34.9 (s), 33.4 (s), 27.0 (s), 26.7 

(s). 

HRMS (ESI):  C8H18BF4N  calculated: [(M + Na)+]: 238.1362 

      found:  [(M + Na)+]: 238.1356. 

3-Cyclohexylpropan-1-ammonium tetrafluoroborate (11) 

 

Following general procedure B, 2-cyclohexylpropan-1-amine (S5, 150 mg, 1.06 mmol, 1.0 equiv.) was 

converted into the corresponding white ammonium salt 11 (171 mg, 746 μmol) in 70% yield.  

M.P.: 263 – 265 °C. 

IR (ATR): ṽ (cm-1) = 3276 (m), 2919 (m), 2851 (m), 1607 (w), 1510 (m), 1475 (w), 1450 (w), 1404 

(w), 1291 (w), 1020 (s), 960 (m), 928 (m), 884 (w), 867 (w), 843 (w), 821 (w), 779 (w), 746 (w), 564 

(w), 524 (m), 479 (w), 421 (w). 

1H NMR (MeCN-d3, 500 MHz, 300 K) δ [ppm] = 6.52 – 5.81 (m, 3H), 3.13 – 2.75 (m, 2H), 1.78 – 1.42 

(m, 7H), 1.40 – 1.05 (m, 6H), 1.00 – 0.83 (m, 2H). 

13C NMR (MeCN-d3, 126 MHz, 300 K) δ [ppm] = 41.5 (s), 37.7 (s), 34.3 (s), 33.7 (s), 27.2 (s), 26.9 

(s), 24.9 (s). 

HRMS (ESI):  C9H20BF4N  calculated: [(M + Na)+]: 252.1519 

      found:  [(M + Na)+]: 252.1519. 

 

General procedure C for acetylation of primary ammonium salts 

 

The ammonium salt (1.0 equiv.) was dissolved in dry MeCN (⁓ 0.5 M) and stirred at 0 °C. 

Triethylamine (2.0 equiv.) and acetic anhydride (3.0 equiv.) were added and the mixture was allowed 

to stir for 2 h at this temperature. Then, water was added and the solution was extracted with CH2Cl2 

(2 x 2 mL). The combined organic layers were washed with saturated NH4Cl solution (2 mL) and 

saturated aqueous NaHCO3 solution (2 mL), dried (Na2SO4), and concentrated under reduced pressure. 

Column chromatography via MPLC (RediSep® Column: Silica, 4 g, 13 mL/min; CH2Cl2/ 

CH2Cl2:MeOH (9:1) 100:0 to 20:80, 20.0 CV, 9.5 min) resulted in the desired acetylated products.  
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N-(3,7-Dimethyloctyl)acetamide (S6) 

 

According to general procedure C, compound 8 (12.2 mg, 50.0 μmol) resulted in the desired acetylated 

product S6 (7.77 mg, 39.0 μmol, 78%) as a colorless liquid.  

TLC Rf = 0.28 (CH2Cl2/MeOH = 95/5) [CAM]. 

IR (ATR): ṽ (cm-1) = 3282 (m), 3089 (w), 2954 (m), 2926 (m), 2869 (m), 1650 (s), 1555 (s), 1464 (m), 

1438 (m), 1367 (m), 1295 (m), 1230 (w) 1169 (w), 1146 (w),1102 (w), 1040 (w), 995 (w), 733 (m), 602 

(m), 490 (w), 468 (w), 440 (w), 413 (w).  

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 5.36 (s, 1H), 3.42 – 2.90 (m, 2H), 1.97 (s, 2H), 

1.56 – 1.43 (m, 3H), 1.35 – 1.19 (m, 5H), 1.17 – 1.09 (m, 3H), 0.89 (d, J = 6.5 Hz, 3H), 0.86 (virt. dd, 

J = 6.6, 0.8 Hz, 6H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 170.1 (s), 39.4 (s), 38.0 (s), 37.3 (s), 36.9 (s), 30.8 (s), 

28.1 (s), 24.8 (s), 23.5 (s), 22.8 (s), 22.7 (s), 19.6 (s). 

HRMS (ESI):  C12H25NO  calculated: [(M + H)+]: 200.2009 

      found:  [(M + H)+]: 200.2010. 

 

N-(4,8-Dimethylnonyl)acetamide (S7) 

 

According to general procedure C, compound 9 (12.9 mg, 50.0 μmol) resulted in the desired acetylated 

product S7 (9.83 mg, 46.1 μmol, 92%) as a colorless liquid.  

TLC Rf = 0.29 (CH2Cl2/MeOH = 95/5) [CAM]. 

IR (ATR): ṽ (cm-1) = 3286 (m), 3089 (w), 2954 (m), 2926 (m), 2868 (m), 1650 (s), 1555 (s), 1461 (m), 

1438 (m), 1367 (m), 1293 (m), 1213 (w), 1189 (w), 1147 (w), 1101 (w), 1039 (w), 990 (w), 920 (w), 

733 (m), 603 (m), 453 (w).  

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 5.50 (s, 1H), 3.21 (dddd, J = 7.9, 6.7, 5.7, 4.0 Hz, 2H), 

1.96 (s, 3H), 1.56 – 1.35 (m, 4H), 1.34 – 1.17 (m, 4H), 1.16 – 1.04 (m, 4H), 0.85 (virt. dd, J = 6.6, 

0.7 Hz, 6H), 0.85 (d, J = 6.6 Hz, 3H). 
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13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 170.1 (s), 40.2 (s), 39.4 (s), 37.3 (s), 34.3 (s), 32.7 (s), 

28.1 (s), 27.3 (s), 24.9 (s), 23.5 (s), 22.8 (s), 22.7 (s), 19.7 (s). 

HRMS (ESI):  C13H27NO  calculated: [(M + H)+]: 214.2165 

      found:  [(M + H)+]: 214.2167. 

N-(2-Cyclohexylethyl)acetamide (S8) 

 

According to general procedure C, compound 10 (21.4 mg, 100 μmol) resulted in the desired acetylated 

product S8 (14.2 mg, 83.9 μmol, 84%) as a colorless liquid.  

TLC Rf = 0.28 (CH2Cl2/MeOH = 95/5) [CAM]. 

IR (ATR): ṽ (cm-1) = 3297 (m), 3092 (w), 2918 (s), 2850 (s), 1646 (s), 1552 (s), 1445 (m), 1366 (s), 

1313 (w), 1291 (s), 1249 (w), 1203 (m), 1183 (w), 1154 (m), 1103 (m), 1092 (w), 1035 (m), 995 (w), 

964 (w), 921 (w), 890 (w), 844 (w), 732 (m), 631 (w), 602 (s), 569 (w), 491 (m), 452 (w), 424 (m).  

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 5.50 (s, 1H), 3.70 – 2.88 (m, 2H), 1.95 (s, 3H), 

1.75 – 1.59 (m, 5H), 1.41 – 1.33 (m, 2H), 1.33 – 1.07 (m, 4H), 0.97 – 0.84 (m, 2H). 

13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 170.1 (s), 37.6 (s), 37.2 (s), 35.5 (s), 33.3 (s), 26.6 (s), 

26.3 (s), 23.5 (s). 

HRMS (ESI):  C10H19NO  calculated: [(M + H)+]: 170.1539 

      found:  [(M + H)+]: 170.1542. 

N-(3-Cyclohexylpropyl)acetamide (S9) 

 

According to general procedure C, compound 11 (22.8 mg, 100 μmol) resulted in the desired acetylated 

product S9 (18.3 mg, 99.8 μmol, quant.) as a colorless liquid.  

TLC Rf = 0.28 (CH2Cl2/MeOH = 95/5) [CAM]. 

IR (ATR): ṽ (cm-1) = 3281 (m), 3091 (w), 2920 (s), 2850 (m), 1649 (s), 1553 (s), 1446 (m), 1368 (m), 

1290 (m), 1194 (w), 1179 (w), 1153 (w), 1108 (w), 1038 (w), 992 (w), 888 (w), 843 (w), 735 (m), 602 

(m), 502 (w), 452 (w). 

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 5.41 (br s, 1H), 3.21 (td, J = 7.3, 5.8 Hz, 2H), 1.97 (s, 

3H), 1.77 – 1.57 (m, 5H), 1.58 – 1.42 (m, 2H), 1.42 – 1.07 (m, 6H), 0.97 – 0.71 (m, 2H). 
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13C NMR (CDCl3, 126 MHz, 300 K) δ [ppm] = 170.1 (s), 40.2 (s), 37.5 (s), 34.7 (s), 33.5 (s), 27.1 (s), 

26.8 (s), 26.5 (s), 23.5 (s). 

HRMS (ESI):  C11H21NO  calculated: [(M + H)+]: 184.1696 

      found:  [(M + H)+]: 184.1699. 
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3. Oxidation Reactions 

3.1. Synthetic Procedure for the Oxidation Reactions 

 

Small-scale oxidation procedure with Fe catalysts  

Fe catalyst (555 nmol, 3 mol%) and substrate (18.5 µmol, 1.0 equiv.) were dissolved in 200 µL solvent 

in a 1 mL screw vial. After the addition of AcOH (8.5 μL, 148 µmol, 8.0 equiv.), the mixture was cooled 

to 0 °C. Next, a solution of commercially available aq. H2O2 (50% w/w, Sigma Aldrich, 51.4 μL, 

46.2 μmol, 2.5 equiv.) diluted in solvent (⁓ 0.9 M) was slowly added over 16 min by a syringe pump. 

After the addition, the mixture was left to stir for another 45 min. 

Small-scale oxidation procedure with Mn catalysts  

Mn catalyst (185 nmol, 1 mol%) and substrate (18.5 µmol, 1.0 equiv.) were dissolved in 200 µL solvent 

in a 1 mL screw vial. After the addition of AcOH (23.3 μL, 407 µmol, 22.0 equiv.), the mixture was 

cooled to 0 °C. Next, a solution of commercially available aq. H2O2 (50% w/w, Sigma Aldrich, 51.4 μL, 

46.2 μmol, 2.5 equiv.) diluted in solvent (⁓ 0.9 M) was slowly added over 16 min by a syringe pump. 

After the addition, the mixture was left to stir for another 45 min. 

General procedure for workup and GC analysis for decyl ammonium substrate 

After the time indicated, biphenyl (internal standard, 9.25 µmol, 0.5 equiv.), triethylamine (100 µL), 

and acetic anhydride (150 µL) were added and the mixture was stirred at 0 °C for 50 min. Next, water 

(1 mL) was added and the mixture was left stirring for another 10 min. The solution was then extracted 

with CH2Cl2 (2 x 2 mL) and the combined organic layers were washed with a 2 M H2SO4 solution 

(2 mL), saturated aqueous NaHCO3 solution (2 mL), and water (2 mL), dried (Na2SO4) and analyzed 

via GC.  

General procedure for workup and GC analysis for all other substrates 

After the time indicated, biphenyl (internal standard, 9.25 µmol, 0.5 equiv.), triethylamine (100 µL), 

and acetic anhydride (150 µL) were added and the mixture was stirred at 0 °C for 50 min. Next, water 

(1 mL) was added and the mixture was left stirring for another 10 min. The solution was then extracted 

with CH2Cl2 (2 x 2 mL) and the combined organic layers were washed with a saturated NH4Cl solution 

(2 mL), saturated aqueous NaHCO3 solution (2 mL), dried (Na2SO4), and analyzed via GC.  
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Second step for small-scale oxidation reactions in TFE/HFIP 

For the analysis via GC, the oxidation of the alcohol products obtained in TFE/HFIP as solvents turned 

out to be advantageous due to better separation. Therefore, after the workup, the crude material was 

dissolved in anhydrous EtOAc (0.5 mL) and IBX (10.4 mg, 37 μmol, 2.00 equiv.) was added. The 

mixture was stirred at 70 °C overnight, cooled down to r.t., filtered over Celite, and analyzed via GC.  

Large-scale oxidation procedure with Fe catalysts 

Fe catalyst (2.78 μmol, 3 mol%) and substrate (92.5 µmol, 1.0 equiv.) were dissolved in 1 mL MeCN 

in a screw vial. After the addition of AcOH (42.4 μL, 740 mmol, 8.0 equiv.), the mixture was cooled to 

0 °C. Next, a solution of commercially available aq. H2O2 (50% w/w, Sigma Aldrich, 257 μL, 231 μmol, 

2.5 equiv.) diluted in MeCN (⁓ 0.9 M) was slowly added over 16 min by a syringe pump. After the 

addition, the mixture was left to stir for another 45 min. Then, triethylamine (500 µL), and acetic 

anhydride (750 µL) were added and the mixture was stirred for an additional 50 min at 0 °C. The solvent 

was removed under reduced pressure and the mixture was treated with water (3 mL) and extracted with 

CH2Cl2 (3 × 4 mL). The combined organic layers were washed with saturated NH4Cl solution (5 mL), 

saturated aqueous NaHCO3 solution (5 mL), dried (Na2SO4), and concentrated under reduced pressure. 

The crude material was purified via MPLC. 

Large-scale oxidation procedure with Mn catalysts 

Mn catalyst (3.70 μmol, 1 mol%) and substrate (370 µmol, 1.0 equiv.) were dissolved in 4 mL MeCN 

in a 25 mL round-bottomed flask. After the addition of AcOH (233 μL, 4.07 mmol, 11.0 equiv.), the 

mixture was cooled to 0 °C. Next, a solution of commercially available aq. H2O2 (50% w/w, Sigma 

Aldrich, 1.03 mL, 925 μmol, 2.5 equiv.) diluted in MeCN (⁓ 0.9 M) was slowly added over 16 min by 

a syringe pump. After the addition, the mixture was left to stir for another 45 min. Then, triethylamine 

(1 mL), and acetic anhydride (1.5 mL) were added and the mixture was stirred for an additional 50 min 

at 0 °C. The solvent was removed under reduced pressure and the mixture was treated with water (3 mL) 

and extracted with CH2Cl2 (3 × 4 mL). The combined organic layers were washed with saturated NH4Cl 

solution (5 mL), saturated aqueous NaHCO3 solution (5 mL), dried (Na2SO4), and concentrated under 

reduced pressure. The crude material was purified via MPLC. 

Privous small-scale procedure for oxidation reactions with Fe[3a] 

Fe catalyst (925 nmol, 5 mol%) and substrate (18.5 μmol, 1.0 equiv.) were dissolved in 200 μL 

MeCN in a 4 mL screw vial. After addition of a solution of AcOH in MeCN solution (⁓ 3 M, 49.3 

μL, 148 μmol, 8.0 equiv.), the mixture was cooled to 0 °C. Next, a solution of commercially 

available aq. H2O2 (50% w/w, Sigma Aldrich) diluted in MeCN (⁓ 0.9 M, 308 μL, 278 μmol, 15.0 

equiv.) was slowly added over 90 min by a syringe pump. After the addition, the mixture was left 

stirring for another 15 min. 
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3.2 Oxidation Results  

 

All reactions were performed as described in the small-scale oxidation procedure with Fe or Mn 

catalysts, followed by the general procedure for workup and GC analysis for decyl ammonium 

substrate. In the case of entries 9 to 12, the second step for small-scale oxidation reactions in TFE/HFIP 

was done after the work-up. 

Table S1: Results of the oxidation of decylammonium tetrafluoroborate using different catalysts and solvents.  

 

 

All reactions were performed as described in the large-scale oxidation procedure with Fe catalysts. 
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Table S2: Results of the oxidation of 8 and 9 using Fe(pdp) and Fe(pdp)Twe, respectively.  

 

 

All reactions were performed as described in the small-scale oxidation procedure with Fe catalysts 

followed by the general procedure for workup and GC analysis for all other substrates. 

Table S3: Results of the oxidation of 10 using Fe(pdp) and Fe(pdp)Twe, respectively. 

 

 

All reactions were performed as described in the small-scale oxidation procedure with Fe catalysts 

followed by the general procedure for workup and GC analysis for all other substrates. 

Table S4: Results of the oxidation of 11 using Fe(pdp) and Fe(pdp)Twe, respectively. 
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3.3 Isolation and Characterization of Oxidation Products 

The oxidation products of decylammonium tetrafluoroborate were characterized according to previous 

work.[3a] 

3.3.1 Oxidation Products of 3,7-Dimethyloctan-1-ammonium tetrafluoroborate (8) 

 

According to the large-scale oxidation procedure with Fe catalysts, 3,7-dimethyloctan-1-ammonium 

tetrafluoroborate (8, 22.6 mg, 92.5 μmol, 1.00 equiv.) was oxidized by Fe(pdp) or Fe(pdp)Twe, 

respectively. After the aqueous workup, the crude mixture was analyzed via GC. Purification via MPLC 

(RediSep® Column: Silica, 4 g, 13 mL/min; CH2Cl2 : CH2Cl2/MeOH (9/1) 75:25 to 0:100, 25.2 CV, 

11.9 min) gave the tertiary alcohol products as an inseparable mixture.  

8-O3/O7: TLC Rf = 0.09 (CH2Cl2/MeOH = 95/5 [CAM]. 

 

 

Figure S1: GC spectra of the crude mixtures of the oxidation of 8. 

GC spectra of the crude materials. The tertiary alcohol products 8-O3 / 8-O7 could not be separated and 

were analyzed as a mixture via MS and NMR. The products were assigned via analysis of the 

corresponding NMR spectra (see SI, Figure S3-S8). 
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MS Analysis of Mixture of Alcohol products 

 

Figure S2: MS spectra of the alcohol products 8-07 and 8-03.  

Note: MS/MS analysis was conducted but did not result in any conclusive fragments.  
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Oxidation with Fe(pdp) 

 

Figure S3: 1H NMR spectra of 8-O3 / 8-O7 mixture. 

 

Figure S4: 13C NMR spectra of 8-O3 / 8-O7 mixture. 
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Oxidation with Fe(pdp)Twe 

 

Figure S5: 1H NMR spectra of 8-O3 / 8-O7 mixture 

 

Figure S6:
 13C NMR spectra of 8-O3 / 8-O7 mixture. 
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Comparison of Oxidation of 8 with Fe(pdp) and Fe(pdp)Twe  

 

Figure S7: Stacked 1H NMR spectra of the product mixtures of the oxidation of 8 with Fe(pdp)/Fe(pdp)Twe. 

 

Figure S8: Stacked 13C NMR spectra of product mixtures of the oxidation of 8 with Fe(pdp) and Fe(pdp)Twe.  
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3.3.2 Oxidation Products of 4,8-Dimethylnonan-1-ammonium tetrafluoroborate (9) 

 

According to the large-scale oxidation procedure with Fe catalysts, 4,8-dimethylnonan-1-ammonium 

tetrafluoroborate (9, 23.9 mg, 92.5 μmol, 1.0 equiv.) was oxidized by Fe(pdp) or Fe(pdp)Twe, 

respectively. After the aqueous workup, the crude mixture was analyzed via GC. Purification via MPLC 

(RediSep® Column: Silica, 4 g, 13 mL/min; CH2Cl2 : CH2Cl2/MeOH (9/1) 70:30 to 0:100, 25.2 CV, 

11.9 min) gave the tertiary alcohol products as an inseparable mixture. Note: Purification via HPLC led 

to no improvement in separation.  

9-O4/O8: TLC Rf = 0.17 (CH2Cl2/MeOH = 95/5 [CAM]. 

 

 

Figure S9: GC spectra of the crude mixtures of the oxidation of 9. 

GC spectra of the crude materials. The tertiary alcohol products 9-O8 and 9-O4 could not be separated 

via column chromatography and were analyzed as mixtures. The products were assigned via analysis 

of the corresponding NMR spectra (see SI, Figure S11-S16). Also, the ratio of the alcohol products was 

determined via NMR since there was no separation on the GC observed even after optimization of the 

conditions. 
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MS Analysis of Mixture of Alcohol products 

 

Figure S10: MS spectra of the alcohol products 9-O8 and 9-O4.  

Note: MS/MS analysis was conducted but did not result in any conclusive fragments. 
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Oxidation with Fe(pdp) 

 

Figure S11: 1H NMR spectra of the 9-O8 / 9-O4 mixture. 

 

 

Figure S12: 13C NMR spectra of the 9-O8 / 9-O4 mixture. 
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Oxidation with Fe(pdp)Twe 

 

 

Figure S13: Top: 1H NMR spectra of the alcohol product mixture 9-O8 and 9-O4; Middle: Zoom in with the selection of 

important product signals of the 9-O4 product; Bottom: Zoom in with the selection of important product signals of 9-O8 

product. Assigned via the integrals and shifts of the corresponding methyl groups at C-4 and C-8, respectively. 
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Figure S14: 13C NMR spectra of the alcohol product mixture 9-O8 and 9-O4.  
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Comparison of the Oxidation of 9 with Fe(pdp) and Fe(pdp)Twe  

 

Figure S15: Stacked 1H NMR spectra of 9-O8 / 9-O4 mixtures obtained from the oxidation with Fe(pdp) and Fe(pdp)Twe, 

respectively. 

 

Figure S16: Stacked 13C NMR spectra of 9-O8 / 9-O4 mixtures obtained from the oxidation with Fe(pdp) and Fe(pdp)Twe, 

respectively. 
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3.3.3 Oxidation Products of 2-Cyclohexylethan-1-ammonium tetrafluoroborate (10) 

 

According to the large-scale oxidation procedure with Mn catalysts, 2-cyclohexylethan-1-ammonium 

tetrafluoroborate (10, 19.8 mg, 92.5 μmol, 1.0 equiv.) was oxidized by Mn(mcp). After the aqueous 

workup, the crude mixture was purified via MPLC (RediSep® Column: Silica, 4 g, 13 mL/min; CH2Cl2: 

CH2Cl2/MeOH (9/1) 100:0 to 0:100, 30.0 CV, 14.2 min), however, 10-K4 could only be obtained as a 

mixture with acetylated starting material, and 10-K5 and 10-K6 as a mixture.  

10-K4: TLC Rf = 0.24 (CH2Cl2/MeOH = 95/5 [CAM]. 

10-K5/6: TLC Rf = 0.22 (CH2Cl2/MeOH = 95/5 [CAM]. 
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Figure S17: Stacked GC spectra of crude and isolated fractions of the oxidation of 10. 

Stacked GC spectra of crude and isolated fractions of the oxidation of 10. The products were assigned 

via analysis of the corresponding NMR spectra (see SI, Figure S18-S38).  
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Characterization of products via NMR 

Acetylated Starting Material (S8) (for comparison with 10-K4) 

 

Figure S18: 1H NMR spectra of S8. 

 

 

Figure S19: 13C NMR spectra of S8. 

  



S37 

 

S8 / 10-K4 mixture 

 

Figure S20: Top:
 1H NMR spectra of S8 / 10-K4 mixture; Bottom: 1H NMR spectra of S8. 
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Figure S21: 13C NMR spectra of S8 / 10-K4 mixture. 

 

 

Figure S22: Stacked 13C NMR spectra of S8 / 10-K4 mixture and pure S8. 
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Figure S23: 1H,13C-HMQC spectra of S8 / 10-K4. 
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Figure S24: 1H,1H-NOESY spectra of S8 / 10-K4 mixture. 
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10-K5/10-K6 (2:1) mixture 

 

Figure S25: Stacked achiral (top) and chiral (bottom) GC spectra of 10-K5 / 10-K6 mixture. 

On the chiral GC, the main peak splits into two, providing the first hint that this peak corresponds to 

the racemic mixture of 10-K5, whereas the smaller peak represents the achiral 10-K6 product.  

 

 

Figure S26: 1H NMR spectra of 10-K5 / 10-K6 mixture. 
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Figure S27: 13C NMR spectra of 10-K5 / 10-K6 mixture with the selection of key 10-K5 signals. Assigned according to signal 

intensity, DEPT, and 2D NMR spectra. 

 

Figure S28: 13C NMR spectra of 10-K5 / 10-K6 mixture with the selection of the 10-K6 signals. Assigned according to signal 

intensity, DEPT, and 2D NMR spectra. 
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Figure S29: Stacked 13C NMR spectra of S8 / 10-K4 mixture and 10-K5 / 10-K6 mixture. Note: Minor amounts of 10-K5 

product in the S8 / 10-K4 mixture are visible.  
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Figure S30: 1H,1H-COSY spectra of 10-K5 / 10-K6 mixture. 

 

Figure S31: 1H,13C-HMQC spectra of 10-K5 / 10-K6 mixture. 
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Figure S32: 1H,13C-HMBC spectra of 10-K5 / 10-K6 mixture. 
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Figure S33: 1H,1H-NOESY spectra of 10-K5 / 10-K6 mixture. 
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10-O3 Product 

 

TLC Rf = 0.08 (CH2Cl2/MeOH = 95/5) [CAM]. 

IR (ATR): ṽ (cm-1) = 3297 (m), 3092 (w), 2926 (m), 2854 (m), 1712 (w), 1630 (s), 1552 (m), 1446 (m), 

1369 (m), 1291 (m), 1262 (m), 1164 (w), 1140 (w), 1115 (w), 1039 (w), 971 (m), 903 (w), 851 (w), 837 

(w), 730 (w), 600 (m), 454 (w).  

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 6.30 (br s, 1H), 3.89 – 2.91 (m, 2H), 1.95 (s, 3H), 

1.72 – 1.62 (m, 2H), 1.62 – 1.43 (m, 10H). 

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 170.3 (s), 72.2 (s), 37.8 (s), 35.3 (s), 29.9 (s), 25.8 (s), 

23.6 (s), 22.3 (s). 

HRMS (ESI):  C10H19NO2  calculated: [(M + H)+]: 186.1489 

      found:  [(M + H)+]: 186.1486. 

 

 

Figure S34: 1H NMR spectra of 10-O3. 
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Figure S35: 13C NMR spectra of 10-O3. 

 

Figure S36: 1H,1H-COSY spectra of 10-O3. 
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Figure S37: 1H,13C-HMQC spectra of 10-O3. 

 

Figure S38: 1H,13C-HMBC spectra of 10-O3. 
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3.3.4 Oxidation Products of 2-Cyclohexylpropan -1-ammonium tetrafluoroborate (11) 

 

According to the large-scale oxidation procedure with Mn catalysts, 2-cyclohexylpropan-1-ammonium 

tetrafluoroborate (11, 84.4 mg, 370 μmol, 1.0 equiv.) was oxidized with Mn(mcp). After the aqueous 

workup, the crude mixture was purified via MPLC (RediSep® Column: Silica, 12 g, 30 mL/min; 

CH2Cl2: CH2Cl2/MeOH (9/1) 100:0 to 0:100, 23.0 CV, 13.6 min), however, 11-K5 could only be 

obtained as a mixture with acetylated starting material, and 11-K6 and 11-K7 as a mixture.  

11-K5: TLC Rf = 0.25 (CH2Cl2/MeOH = 95/5 [CAM]. 

11-K6/7: TLC Rf = 0.23 (CH2Cl2/MeOH = 95/5 [CAM]. 
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Figure S39: Stacked GC spectra of crude and isolated fractions of the oxidation of 11. 

Stacked GC spectra of crude and isolated fractions of the oxidation of 11. The products were assigned 

via analysis of the corresponding NMR spectra (see SI, Figure S40-S58). 
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11-K5 mixture (minor amounts of 11-K6/K7) 

 

Figure S40: 1H NMR spectra of 11-K5 (+11-K6/K7) mixture. 

 

 

 

Figure S41: 13C NMR spectra of 11-K5 (+11-K6/K7) mixture. 
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Figure S42: Stacked 13C spectra of 11-K5 and 11-K6 / 11-K7 mixture.  

 

Figure S43: 1H,1H-COSY spectra of 11-K5 (+11-K6/K7) mixture. 
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Figure S44: 1H,13C-HMQC spectra of 11-K5 (+11-K6/K7) mixture. 

 

Figure S45: 1H,1H-NOESY spectra of 11-K5 (+11-K6/K7) mixture.  
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11-K6/K7 (3:1) mixture 

 

Figure S46: 1H NMR spectra of 11-K6 / 11-K7 mixture. 

 

Figure S47: 13C NMR spectra of 11-K6 / 11-K7 mixture with the selection of the 11-K6 signals. Assigned according to signal 

intensity, DEPT, and 2D NMR spectra.  
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Figure S48: 13C NMR spectra of 11-K6 / 11-K7 mixture with the selection of the 11-K7 signals. Assigned according to signal 

intensity, DEPT, and 2D NMR spectra. 

 

Figure S49: Stacked 13C NMR and 13C-DEPT135 spectra of 11-K6 / 11-K7 mixture. 
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Figure S50: 1H,1H-COSY spectra of 11-K6 / 11-K7. 

 

Figure S51: 1H,13C-HMQC spectra of 11-K6 / 11-K7. 
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Figure S52: 1H,13C-HMBC spectra of 11-K6 / 11-K7. 

 

Figure S53: 1H,1H-NOESY spectra of 11-K6 / 11-K7. 
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11-O4 Product 

 

TLC Rf = 0.11 (CH2Cl2/MeOH = 95/5) [CAM]. 

IR (ATR): ṽ (cm-1) = 3294 (m), 3087 (w), 2929 (m), 2858 (m), 1707 (m), 1649 (s), 1550 (m), 1447 (m), 

1369 (m), 1289 (m), 1239 (m), 1187 (w), 1125 (w), 1033 (w), 811 (w), 717 (w), 602 (w), 523 (w), 430 

(w), 412 (w).  

1H NMR (CDCl3, 500 MHz, 300 K) δ [ppm] = 5.65 (br s, 1H), 3.26 (td, J = 7.0, 5.8 Hz, 2H), 19.7 (s, 

3H), 1.69 – 1.34 (s, 14H),  

13C NMR (CDCl3, 151 MHz, 300 K) δ [ppm] = 170.3 (s), 71.4 (s), 40.2 (s), 39.2 (s), 37.7 (s), 25.9 (s), 

23.5 (s), 23.4 (s), 22.4 (s).  

HRMS (ESI):  C11H21NO2  calculated: [(M + H)+]: 200.1645 

      found:  [(M + H)+]: 200.1643. 

 

Figure S54: 1H NMR spectra of 11-O4. 
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Figure S55: 13C NMR spectra of 11-O4. 

 

Figure S56: 1H,1H-COSY spectra of 11-O4. 
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Figure S57: 1H,13C-HMQC spectra of 11-O4. 

 

Figure S58: 1H,13C-HMBC spectra of 11-O4.  
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3.4 Exploring Potential Oxidation Selectivity Changes with Conversion 

 

Decylammonium 7 was oxidized according to the previous small-scale procedure (see p. S20) for 

oxidation reactions with Fe (applying only 3 mol% catalyst). The reaction course was followed by 

taking samples after 3 min, 15 min, 30 min, 45 min, 60 min, and 110 min. The samples were then 

subjected to the general procedure for workup and GC analysis for decyl ammonium substrate. Note 

that no internal standard was added, and the obtained results were analyzed only qualitatively. The 

results do not indicate any distinct changes in the oxidation pattern over the reaction course. For details 

regarding assignments of the products, see our previous publication.[3a] 

 

Figure S59: Oxidation pattern of decylammonium with Fe(pdp)Twe at different reaction times.  
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4. NMR Titration Experiments 

NMR titrations were performed at 298 K, measuring 1H NMR spectra at 500 MHz using a UltraShield 

500 spectrometer. To a solution of Fe(pdp)Twe2 (host, H) in MeCN was added a stock solution of 

corresponding guest (G) with the same host concentration [H] as the host solution, so that 500 µL of a 

solution with constant [H] of 100 μM and with varying concentrations [G] were obtained.  

Fast exchange on an NMR timescale was observed for the formation of the host-guest complex; 

therefore changes in chemical shift were observed and plotted using nonlinear regression via the bindfit 

app (THORDARSON et al., http://app.supramolecular.org/bindfit/)[15] for signals that could be observed 

over the entire course of the titration experiment. The resulting fit was used to calculate Ka in addition 

to an error margin for 90% confidence of fit and the root mean square (RMS) for the entire signal set. 

Titration of Decylammonium Tetrafluoroborate (7@Fe(pdp)Twe2) 
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Titrated at 100 μM [H].  

Ka = 19.7 ± 1.15 M-1.  

RMS = 1.4700•10-3  
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5. Additional Models of Tweezer Catalysts 

Models for Fe(pdp) and Fe(pdp)Twe2 were compiled using the Spartan chemistry software 

(equilibrium conformer, MMFF, gas phase).  

 

Figure S60: MMFF model of Fe(pdp)Twe.  

 

 

Figure 61: MMFF model of Fe(pdp)Twe2. 
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Appendix: 1H and 13C NMR Spectra 

1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (126 MHz, 300 K, CDCl3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (151 MHz, 300 K, CDCl3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (151 MHz, 300 K, CDCl3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (126 MHz, 300 K, CDCl3) 
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1H NMR (600 MHz, 300 K, MeCN-d3) 

 

13C NMR (151 MHz, 300 K, MeCN-d3) 
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1H NMR (600 MHz, 300 K, MeCN-d3) 

 

13C NMR (151 MHz, 300 K, MeCN-d3) 
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1H NMR (500 MHz, 300 K, MeCN-d3) 

 

13C NMR (126 MHz, 300 K, MeCN-d3) 
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1H NMR (500 MHz, 300 K, MeCN-d3) 

 

13C NMR (126 MHz, 300 K, MeCN-d3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (126 MHz, 300 K, CDCl3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (126 MHz, 300 K, CDCl3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (126 MHz, 300 K, CDCl3) 
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1H NMR (500 MHz, 300 K, CDCl3) 

 

13C NMR (126 MHz, 300 K, CDCl3) 
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