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Zusammenfassung 

 

Hydroxycarbene (R−C̈−OH) waren lange Zeit nur theoretisch bekannt und als Intermediate in 

verschiedenen Reaktionen postuliert. Bis 2008 waren lediglich in Metallkomplexen stabilisierte 

Hydroxycarbene als Fischer- und Schrock-Carbene bekannt. Mit der Matrixisolationsmethode 

gelang es Schreiner et al. die freie Form des Hydroxycarbens bei Tieftemperaturen nahe dem 

absoluten Nullpunkt nachzuweisen. Es konnte dabei gezeigt werden, dass trotz der tiefen 

Temperaturen Hydroxycarbene nicht persistent sind und durch quantenmechanisches Tunneln 

(QMT) zu dem entsprechenden Aldehyd weiter reagieren. Ausgehend von der initialen Arbeit 

2008 über das einfachste Hydroxycarben, Hydroxymethylen (H−C̈−OH), wurde in dem 

folgenden Jahrzehnt eine Vielzahl von Derivaten isoliert und deren Reaktivität untersucht. 

In der ersten Veröffentlichung wurde erstmals ein freies Hydroxycarben in Lösung generiert 

und dessen Reaktionsprodukt nachgewiesen. Dazu wurde ein für die McFadyen-Stevens-

Reaktion modifizierter Precursor verwendet, welcher in der Lage ist, bei 55 °C unter basischen 

Bedingungen unter Abspaltung einer Tosyl-Gruppe und N2 Phenylhydroxycarben zu 

generieren. Dieses wurde dann in einer Carbonyl-En Reaktion mit Benzaldehyd und Aceton 

abgefangen, wobei das entsprechende Acetoin in NMR-Experimenten nachgewiesen wurde. 

Der zweite Teil der Promotion dreht sich rund um Tellur-Radikale. Diese haben ein sehr breites 

Anwendungsspektrum und können sowohl in der Synthese wie Cross-Coupling-Reaktionen 

und Transmetallierungen, als auch industriell in der Polymerchemie verwendet werden. Die 

Gruppe von Yamago beschäftigt sich seit den frühen 2000ern mit Organotellurverbindungen 

und deren Anwendung als Radikalstarter in der Polymerchemie, jedoch wurden noch nie die 

entsprechenden Tellur-Radikale isoliert und untersucht.  

In der zweiten und dritten Publikation geht es um diese Organotellurradikale und sowohl deren 

Eigenschaften als auch Reaktivitäten genau dieser Organotellur-Radikale. Aus den 

entsprechenden Dimeren wurde das Phenyltellurylradikal und das Vinyltellurylradikal in 

Matrixisolationsexperimenten dargestellt, deren Stabilität untersucht und die Reaktion mit 

molekularem Sauerstoff beobachtet. Während das Phenyltellurylradikal eine hohe Stabilität 

aufweist, zerfällt das Vinyltellurylradikal bei der Bestrahlung mit Licht zu einem Acetylen-

TeH-Radikal-Komplex. In einer Reaktion mit Sauerstoff verhalten sich beide Radikale 

identisch. In einer barrierefreien Reaktion bilden sie zunächst ein Hyperoxid, welches 

anschließend zu einem Dioxid umlagert.  
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Abstract 

 

Hydroxycarbenes (R−C̈−OH) were only theoretically known for a long time and postulated as 

intermediates in many reactions. Until 2008 only stabilized hydroxycarbenes by metal 

complexes as Fischer- and Schrock-carbenes are known. Schreiner et al. used matrix isolation 

methods to trap a free hydroxycarbene near absolute zero. Even at these low temperatures 

hydroxycarbenes turned out as not persistent and reacted by quantum mechanical tunneling 

(QMT) towards the corresponding aldehydes. Starting from the initial work in 2008 about the 

simplest hydroxycarbene, hydroxymethylene (H−C̈−OH), in the following decade a lot of 

derivatives were isolated and studied. 

The first publication deals with the generation of free hydroxycarbenes in solution and the proof 

of the existence of their reaction products. A modified McFadyen-Stevens precursor was used 

to generate phenylhydroxycarbene under the cleavage of a tosyl-group and nitrogen extrusion. 

Phenylhydroxycarbene was trapped by benzaldehyde and acetone in a so-called carbonyl-ene 

reaction and the formation of the resulting acetoins is proven via NMR spectroscopy. 

The second part of this thesis is about tellurium radicals. These come up with a broad spectrum 

of applications and are used in cross-couplings and trans-metalations as well as in industrial 

polymer chemistry. The group of Yamago started to study organotellurium compounds and 

their application in polymer chemistry in the early 2000s but the used tellurium radicals were 

never isolated and studied before. 

In the second and third publications organotellurium radicals, namely phenyltelluryl radical and 

vinyltelluryl radical, are isolated and their properties and reactivities are described. We used 

the corresponding dimers to isolate them in an inert solid argon matrix and studied their stability 

and reaction with molecular oxygen. While the phenyltelluryl radical proves to be stable under 

matrix isolation conditions, the vinyltelluryl radical rearranges under photoirradiation towards 

an acetylene-TeH-radical complex. In reaction with molecular oxygen both behave identically. 

In a barrierless reaction, they primarily form a hyperoxide which isomerizes towards a dioxide. 
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1 Introduction 

 

Hydroxycarbenes[1,2] with their quantum mechanical tunneling (QMT) behavior are well 

established since the first generation and isolation under inert/cryogenic conditions in 2008.[3] 

But the insight of this behavior is still lacking and their role in the origin of life is not fully 

understood. The aim of this thesis is to use modern methods for generating hydroxycarbenes in 

solution. This allows us to learn more about their stability and reactivity in general and allows 

us to study reactions of hydroxycarbenes in more “earth like” conditions. 

The second aim of this thesis deals with tellurium-centered radicals. On the one hand, sulfur-

containing radicals[4–10] have been studied in this group and appear to be relevant in atmospheric 

chemistry as reactants for oxygen. On the other hand, radicals that are biologically or 

industrially relevant, were studied as well.[11,12] Telluryl radicals are widely used in living 

polymerization reactions as radical starters and controlling the chain length. The isolation helps 

us to understand the properties and reactivities of this type of species. 

 

1.1 Carbene chemistry 

 

The IUPAC describes carbenes as follows: 

“The electrically neutral species H2C: and its derivatives, in which the carbon is covalently 

bonded to two univalent groups of any kind or a divalent group and bears two nonbonding 

electrons, which may be spin-paired (singlet state) or spin-non-paired (triplet state).”[13] 

As mentioned by IUPAC, carbenes are divalent carbon atoms with six electrons. While four 

electrons are involved in the bonding one divalent or two univalent groups, two electrons are 

non-bonding and the octet rule is violated. This electron deficiency leads to their highly reactive 

character. In one case, these non-bonding electrons can be spin-paired, which leads to two 

singlet spin states (2S + 1 = 1; S = 0). The electrons are in a sp2-orbital, while the p-orbital is 

unoccupied. In the other case, the free electrons are unpaired which goes hand in hand with a 

triplet spin state (2S + 1 = 3; S = 1). While the triplet state has only one open-shell electron 

configuration, there are three (1p1, p2, 2) conceivable states for singlet carbene.  
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The first attempts to generate carbenes by Butlerow[14] and Nef[15–17] failed because of the lack 

of knowledge about their high reactivity and fast reaction times. This was demonstrated later 

by Curtius[18] and Staudinger[19] using diazo compounds and ketenes. The experimental 

evidence for the existence of methylene (H−C̈−H, 2) was first given by Herzberg[20,21] in the 

middle of the 20th century.  

Not only the generation of 2 was challenging but also its computations. In 1960 Foster and Boys 

started with their pioneering work on ab initio computations for 2.[22] In the following years, 

many theoretical chemists[23–26] tried to compute the correct geometrical parameters but 

struggled with the first incorrect assumption of Herzberg of a linear triplet ground state. In 1970 

two independent EPR studies from Bernheim et al.[27] and Wassermann et al.[27]  proved the 

assumption of theoreticians correct and finally an H−C−H bond angle of 134° in an electronic 

triplet ground state (3B1) was confirmed, while the first excited state is singlet (1A1) with a bond 

angle of 102.5°. The singlet-triplet gap is approximately ES−T = 8.5 kcal mol−1.[28,29] 

Nowadays many methods for the generation of carbenes are known. A typical strategy is a 

usage of labile diazo compounds (1 as the simplest example) as a precursor.[20] Thermal and/or 

photolytic cleavage of these compounds leads to dinitrogen extrusion and the formation of the 

desired carbene. Because of the high reactivity with the undesired outcome of diazo 

compounds, most of the time tosylhydrazones are used as a stabilized form of diazo compounds. 

Treating with a strong base, carbenes can be generated, which is known as the so-called 

Bamford-Stevens-reaction.[30]  

A second procedure is the -elimination of halogens. Dichlorocarbene (Cl−C̈−Cl, 4) is a 

prominent example of a carbene, generated out of chloroform. After its first postulation in 

1862,[31] dichlorocarbene was claimed as an intermediate in the hydrolysis of chloroform (3)[32] 

and finally proven by its addition to olefins.[33] Generally, 1,1-dihalocarbenes can be generated 

in situ using a base.[34,35] A rarely used, but possible way to generate carbenes is using ketenes 

as precursors (Scheme 1).[36] 



3 

 

  

Scheme 1. Most common pathways to generate carbenes. Top left: Generation of methylene 

(2) using diazomethane (1) as a precursor. Top right: -elimination of haloforms, with 

chloroform (3) as an example. Bottom: Generation of carbenes with ketenes as a precursor. 

As mentioned before, carbenes have a highly reactive character and have a broad range of 

reactivities. In an intramolecular fashion, carbenes can rearrange in a [1,2]-shift towards 

alkenes.[37,38] Depending on the spin state of the carbene, they can insert into C−H and C−X 

bonds. While the insertion of a singlet carbene is concerted and stereospecific, the insertion of 

a triplet carbene is not.[39] Furthermore, carbenes are used in cycloadditions, which produce 

cyclopropanes and cyclopropenes using alkenes and alkynes as starting materials, 

respectively.[33]  

Over the last decades, many carbenes were generated and spectroscopically characterized. A 

famous example from Giessen is cyclopropenylidene 7,[40,41] which was prepared and trapped 

in an argon matrix at 10 K and was found in the interstellar medium and Saturn moon titan, as 

well.[42] A second example, also from Giessen, is vinylidenecarbene 8,[43] a further molecule on 

the C3H2 hypersurface. With the isolation of propargylene 9[41,44] the family of C3H2 carbene 

isomers is completed. The interconversion of 9 with a low-lying transition state near the 

vibrational ground state made the identification via IR spectroscopy difficult. The hetero-

substituted cyclic oxiranylidene 10,[45] which is on the same C2H2O hypersurface as 

uncharacterized formylcarbene,[46,47] was also first isolated under cryogenic conditions in 

Giessen. Furthermore, heteroatom-containing carbenes like oxaethenylidene 11[48] and 

thiooxaethenylidene 12[49] are found in the cold, dark molecular cloud TMC-1 (Scheme 2).  

 

Scheme 2. Several reactive carbenes have been prepared under matrix isolation conditions. 
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1.2 Hydroxycarbenes 

1.2.1 Hydroxycarbene chemistry 

Hydroxymethylene (H−C̈−OH, 15), the parent hydroxycarbene, was first implicated in 1921 by 

Barker and co-workers in the photocatalytic reaction of carbon dioxide and water.[50] 

Hydroxymethylene depicts a high-energy tautomer of formaldehyde[51–55] and was not isolated 

before 2008[3] although it should be possible.[56] Hydroxymethylene was generated through 

thermal CO2 extrusion of glyoxylic acid (13) in an HVFP experiment at 1000 °C and trapped 

in a solid argon matrix at 11 K. After isolation, it was fully characterized by IR and UV/Vis 

spectroscopy which was supported by ab initio AE-CCSD(T)/cc-pCVQZ level of theory 

computations. The CO2 extrusion exclusively yields the trans conformer of 14, because of the 

five-membered cyclic transition state. An isomerization between trans and cis was not observed 

at 11 K due to the high barrier (26.8 kcal mol−1). The rearrangement towards formaldehyde (15) 

is also not reachable in theory at these low temperatures because of the high barrier of 29.7 kcal 

mol−1. Nevertheless, Schreiner et al. observed increasing bands due to 15 in the same ratio as 

bands of 14 decreasing. The disappearance of 14t occurs in a measured first-order decay with 

a half-live of  = 2.1 h, while deuterated 14-d (H−C̈−OD) is persistent under these conditions. 

An explanation of this behavior is quantum mechanical tunneling (QMT) (Scheme 3).[3] 

 

Scheme 3. Generation in HVFP at 1000 °C and subsequently trapping of hydroxymethylene 14 

in a solid argon matrix at 11 K.  

In the following years, the strategy of -keto acids as precursor was used to generate and trap 

various substituted hydroxycarbenes and study their tunneling behavior.[1,2] Derivatives of 

glyoxylic acids lead to a broad range of hydroxycarbenes. The tunneling half-lives of alkyl-

derivatives methylhydroxycarbene (H3C−C̈−OH, 16)[57] and tert-butyl-hydroxycarbene 

((H3C)3C−C̈−OH, 17)[58] are slightly decreased with  = 1.1 h and  = 1.8 h, respectively, in 

comparison to parent 14t, due to an inductive donating effect (+I) of alkyl groups. Contrarily, 

phenylhydroxycarbene (18) and cyclopropylhydroxycarbene (19) benefit from a -donating 
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effect of their substituents with increased tunneling half-lives of  = 2.5 h and  = 17.8 h, 

respectively. Introducing electron-withdrawing substitutions like in the case of 

ethynylhydroxycarbene (HC≡C−C̈−OH, 20),[59] trifluoromethylhydroxycarbene (F3C−C̈−OH, 

22),[60] and cyanohydroxycarbene (NC−C̈−OH, 22)[61] a push-pull system and/or captodative 

effect is used to slow the tunneling reaction to half-lives even further to  = 3 d,  = 7 d, and 

 = 23.5 d, respectively, and stabilize the labile carbene center. The hetero-substituted 

dihydroxycarbene (HO−C̈−OH, 23),[62,63] methoxyhydroxycarbene (H3CO−C̈−OH, 24)[62], and 

aminohydroxycarbene (H2N−C̈−OH, 25)[64] only show conformational tunneling reactions 

between the cis and trans conformer (Scheme 4).  

 

Scheme 4. Summary of matrix isolated hydroxycarbenes in the group of Schreiner with 

tunneling half-lives . Electron withdrawing groups stabilize hydroxycarbenes through 

push-pull effect and elongate tunneling half-lives. 20, 21, and 22 show conformer-specific 

tunneling. Heterosubstituted hydroxycarbenes 23, 24, and 25 show no [1,2]H-shift QMT on a 

laboratory timescales. 

The derivative (o-methoxyphenyl)hydroxycarbene of 18 displays a curious case. After 

pyrolysis with established conditions of the corresponding -keto acid the hydroxycarbene was 

not observed and the aldehyde, o-anisaldehyde was also not detected. Instead, the C−H insertion 

product 2,3-dihydrobenzofuran-3-ol was found as the major product.[65] 

1.2.2 Relevance to prebiotic chemistry 

Besides intramolecular reactions, hydroxycarbenes and their tautomers play a role in prebiotic 

chemistry. Glycolaldehyde (26), the first entry in the famous formose[66] (Butlerow[67]) reaction, 

is formally the addition product of two molecules of formaldehyde (15) which is chemically 

impossible without Umpolung. Since the formose reaction only takes place in a basic, aqueous 

solution in an autocatalytic[68] manner, the formation of the first molecule of 26 is a riddle until 
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today.[69–71] In the absence of a catalyst or Umpolung reagent a Cannizzaro reaction[72] towards 

methanol and formic acid is dominant. At the beginning of the 21st century, 26 was detected in 

space[73–76] and its formation in the absence of biological systems in a non-Earth environment 

was shown. Schreiner and co-workers demonstrated a possible outer-Earth mechanism for the 

formation of 26 with 14 involved. They showed both in matrix isolation experiments and flow 

pyrolysis the addition of 15 and 14 as high-energy tautomer to 26 in a nearly barrierless 

carbonyl-ene reaction.[77] In flow pyrolysis experiments the formation of glyceraldehyde (28), 

the next higher sugar, as the addition of 26 and 14 was observed. Furthermore, an equilibrium 

between 1,4-dioxolane-4-ol (27) and a single molecule of 15 and 26 was detected.[78] 1,4-

dioxolane-4-ol (27) is more photostable than the dimeric counterpart and it is assumed as 

linking part between the aqueous formose reaction and gas-phase formaldehyde chemistry 

because of its capability to dimerize catalytically on surfaces (Scheme 5).[78] 

 

Scheme 5. Formation of glycolaldehyde (26) as the first entry point of the famous formose 

(Butlerov) reaction in a carbonyl-ene reaction between formaldehyde (15) and 

hydroxymethylene (14) in the gas phase. In a sugar formation iteration reaction glyceraldehyde, 

the C3-sugar was also formed by the addition of 14 on 26. An equilibrium between 1,4-

dioxolane-4-ol (27) as storage form and 15 and 26 was observed. 

Glyoxylic acid (13) and derivatives are not only precursors for hydroxycarbenes in matrix 

isolation experiments for gas-phase chemistry. Kaiser and co-worker confirmed the formation 

from acyl radicals in interstellar ices.[79,80] The kinetic products, enols and hydroxycarbenes, as 

well play a key role in prebiotic chemistry.[80] Ethenol, the corresponding enol of 16 was first 

detected in Sagittarius B2.[81] The higher substituted enols ethene-1,1-diol,[82,83] ethene-1,1,2-
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triol,[84] and 1-aminoethenol[85] were generated and studied by the groups of Schreiner and 

Kaiser. It is suggested that those enols are involved in sugar-forming reactions (Scheme 6).[86] 

 

 

Scheme 6. Top. Formation of 13 and 31 in interstellar ices starting from acyl-radicals. Bottom: 

Generation of enols by HVFP at 400 °C and trapping at 10 K in inert argon matrices. 35 was 

also synthesized in interstellar ices. 

1.3 Reactive carbenes in solution 

1.3.1 Stable carbenes 

Carbenes are highly reactive molecules and are usually only observable in inert conditions at 

low temperatures. Attempts to synthesize a stable carbene under ambient conditions were 

reported in 1962 by Wanzlick on N-heterocyclic carbenes (NHCs). He reported an equilibrium 

between monomeric carbene and the dimeric form of 1,3-diphenylimidazolidinylidene (38).[87] 

In 1988 Bertrand and co-worker published the generation of [bis(diisopropylamino)-

phosphino]trimethylsilylcarbene (39), the first carbene, which is stable for several weeks under 

ambient conditions.[88] The double π donating interactions of the two nitrogen atoms and the 

carbene center by lone pair electron donation stabilize the carbene.[88] Three years later, based 

on the work of Wanzlick, Arduengo reported the 1,3-di-1-adamantylimidazol-2-ylidine (40), 

the first ‘bottleable’ NHC, which was later called Arduengo-carbene.[89] This carbene is 

stabilized by the -donating effect of both nitrogen atoms next to the carbene center and 

aromaticity by introducing a double bond in comparison to 38. The bulky adamantyl-groups, 

located on both nitrogen atoms suppress the Wanzlick-dimerization. This type of chemistry is 

further accomplished by Enders and co-worker with the first commercially available NHC 

1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene (41).[90] The latest milestone was 
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achieved by Bertrand et al. with the preparation of the first monosubstituted stabilized 

aminocarbene 42 (Scheme 7) in 2018.[91] 

 

Scheme 7. Stabilized carbenes under ambient conditions. 

1.3.2 Synthetic applications of carbenes 

Next to their key role as stabilized carbenes, NHCs are also important in a broad range of 

reactions, e. g., Umpolung reactions, oxidative acylations, and annulations.[92–94] Besides this, 

NHCs also play a role in biological systems in form of the coenzyme thiamine (vitamin B1). 

Thiamine is converted by the enzyme thiamine diphosphokinase into thiamine pyrophosphate 

(TPP) which is involved in glycolysis and transketolase reactions.[95] Furthermore, thiamin (43) 

is also usable in Umpolung reactions due to treating it with the base to generate the free 

carbene.[96] following a nucleophilic attack NHCs form the so-called Breslow intermediate by 

attacking a carbonyl center with a successive H-shift. It is named after Ronald Breslow after 

his pioneering work on these types of molecules.[97–99] After the first postulation, several 

attempts to isolate and/or characterize the Breslow intermediate were made, but only recently 

in 2018 Berkessel et al. were successful to generate and characterize a Breslow intermediate 

(44) by introducing the electron-withdrawing group −CF3 (Scheme 8: Top).[100,101] 

Stabilized carbenes within metal complexes are widely used in metathesis.[102,103] Fischer-

carbenes (45),[104–107] named after Ernst Otto Fischer who developed these types of metal 

complexes for the first time, are carbene ligands with  donor and  acceptor ligands. Because 

of the weak  back donation of the metal, they are slightly electrophilic. This leads to a wide 

application in organic reactions like Michael addition,[108] Diels-Alder reaction,[109] and Wulff-

Dötz reaction.[110] In general, Fischer-carbenes are organometal complexes of hydroxycarbenes. 

Fischer-carbenes are not the only metal-bound carbenes. Schrock-carbenes (46), which are 

stabilized by electron donation from a metal atom into the carbene center, are the counterpart 

of Fischer-carbenes causing their nucleophilicity.[111] The difference between these two types 

of carbenes is the absence of heteroatoms. Next to their usage in metathesis,[112–114] a well-

known Schrock-carbene is the Tebbe-reagent (47),[115] an important synthetic tool to introduce 
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a methylene group on ketones or esters in a Wittig[116]-type reaction. A further milestone was 

the development of Grubbs I and Grubbs II (48) as the first enantioselective catalysts.[117–119] 

Both catalysts tolerate many functional groups, do not need inert conditions, and are usable in 

a wide range of solvents.[102] The Hoveyda-Grubbs catalysts, which are based on a chelating 

isopropoxy group attached to the phenyl group, are also commonly used, because of their 

increased stability in comparison to Grubbs catalysts (Scheme 8: Bottom).[114,120,121] 

 

Scheme 8. Top: Thiamine (vitamin B1) and the first generated and characterized Breslow 

intermediate. Bottom: Metallo-carbene complexes. From left to right: The first Fischer-carbene, 

the first Schrock-carbene, commercially available Tebbe-reagent, and Grubbs I and Grubbs II 

catalysts for metathesis. 

1.3.3 Generation of hydroxycarbenes in solution 

In previous studies the reactivity of hydroxycarbenes and their role in prebiotic chemistry are 

only investigated under matrix isolation conditions at low temperatures (3-10 K). These 

conditions are not applicable to terrestrial environment and the reactivity under these conditions 

cannot be directly compared. The key question whether hydroxycarbenes may play a role in 

terrestrial environment for building biologically relevant molecules.  As part of this thesis, we 

showed a proof-of-concept for the reactivity of hydroxycarbenes in a solution. The established 

precursor for hydroxycarbenes (vide supra) is not suitable for two reasons. First, free 

hydroxycarbenes are easily protonated by the -keto acid starting material. Second, the 

activation barrier for CO2 extrusion is EA ≈ 40 kcal mol−1 and is performed at temperatures 

between 600 °C - 1000 °C, which are not reachable in solution. In 2013 Fukuyama and co-
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worker reported a modified precursor for the McFadyen-Stevens reaction[122,123] which operates 

at slightly elevated temperatures (55 °C) under weakly basic conditions.[124] Furthermore, 

mechanistic studies on this reaction imply the involvement of hydroxycarbenes in this 

reaction.[124–126] We used this type of precursor to generate 18 and derivative 52b in solution. 

In the first reaction step, precursor 50 is deprotonated by imidazole and in a follow-up reaction, 

the tosyl group is eliminated. The formed intermediate 51 reacts similarly to -keto acids. In a 

five-membered-cyclic transition state with a barrier of 30.9 kcal mol−1 at DLPNO-CCSD(T)/cc-

PVQZ//B3LYP/def2-TZVP including SMD solvent model (toluene) nitrogen is released and 

the corresponding hydroxycarbenes are generated. The computed tunneling half-lives for the 

[1,2]H-shift of 18 and 52b are very short with 84 s and 41 ns, at the B3LYP/def2-TZVP[127] 

level of theory using canonical variational theory (CVT) in conjunction with small curvature 

tunneling (SCT).[128] Nevertheless, we were able to prove the existence of 18 and 52b in 

solution by trapping them with benzaldehyde and acetone in a carbonyl-ene reaction (Scheme 

9).[129]  

 

Scheme 9. Top: Phenylglyoxylic acid (49) as the precursor for 18 in the gas phase. Bottom: 

New precursors (50) for the generation of 18 and 52b in solution and following trapping with 

an aldehyde in a carbonyl-ene reaction. 
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1.4 Tellurium in organic chemistry 

Tellurium is a rare heavy metal element and therefore widely uncommon in organic chemistry. 

Like hydroxycarbenes, vide supra, these electron deficient radicals can also be generated and 

characterized by matrix isolation techniques and are also referred to as reactive intermediates. 

While hydroxycarbenes represent the origin of life, organotellurium compounds are crucial for 

higher evolved organism (vide infra).[130,131] Moreover, organotellurium compounds are 

relevant as bioactive compounds carried out in stereoselective cross-coupling reactions and are 

used as radicals in living polymerization reactions.[132,133,134] 

1.4.1 Biological activities 

Tellurium-containing compounds were postulated as highly toxic but were proposed to play a 

role in biological systems[130] and a typical human body possesses >0.5 g of tellurium.[131] The 

biological activity upon the inhibition of the growth of B. coli communis of tellurium 

compounds was already studied in the early 20th of the last century by Gilbert T. Morgan 

focusing on tellurium derivatives of aliphatic -diketones (54, 55).[132,135] In 1932 Fleming et 

al. showed a comparable sensitivity of bacteria between penicillin and tellurite.[136,137] The 

excessive usage of antimicrobial agents leads to an increased number of drug-resistant 

pathogens with the limiting effect of treatments. The antibacterial and antimicrobial effect of 

tellurium-containing compounds is a potential solution and is focused by scientists. Tellurium 

nanoparticles show an antibacterial effect and biofilm eradication against E. coli, Pseudomonas 

aeruginosa, and S. aureus[138] and AS101 (ammonium trichloro(dioxoethylene-O,O´-)tellurate, 

56) shows inhibition of the growth of antibiotic-resistant Klebsiella pneumoniae.[139] 

Furthermore, antibacterial activity towards gram-negative E. coli cells of tellurium-containing 

fiber meshes was reported[140] and tellurium compounds based on pyrazole derivatives show in 

some cases a higher antibacterial activity even than amoxicillin.[141] 

Besides antibacterial activity, small organic tellurium compounds show the same trend as 

selenium compounds in antioxidant and anticancer activity. The pharmaceutically active 

compound AS101 is widely used in medicine. It is usable as an immunomodulator as a potential 

therapeutic drug against cancer,[142,143] autoimmune,[144] and kidney disease,[145] and at least 

AS101 inhibits IL-10 resulting in increased survival of tumor-bearing mice.[146] Also, arylated 

tellurium compounds show antioxidant activity. A broad range of tellurium-containing 

compounds like steroids, amino acids, nucleic bases, and polyamines are reported by Engman 

and co-worker and show inhibition of thioredoxin reductase and cancer cell growth.[147] 

Diethyl-2-phenyl-2-tellurophenyl vinylphosphate (57) is also a potential antioxidant against 
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quinolinic acid and sodium nitroprusside in the glutamatergic system, a target system in 

neurodegenerative diseases.[148] Laden and Porter reported the inhibition of human squalene 

monooxygenase by small tellurium-containing compounds, e. g., dimethyl telluride, dimethyl 

tellurium dichloride and tellurite (TeO3
−).[149] 

 

Scheme 10. Selected bioactive tellurium compounds. 

1.4.2 Organotellurium compounds 

Besides bioactivity, the potential of organotellurium compounds was recognized in organic 

chemistry. The preparation of those compounds typically started with nucleophilic tellurium 

reagents like Na2Te,[150] or using elemental tellurium in a one-pot procedure with diethyl 

phosphite and NaH in EtOH,[151] both leading to diaryl tellurides and diaryl ditellurides. 

Grignard-reagents react with elemental tellurium and subsequent oxidation with air towards the 

corresponding ditellurides.[133] Aryl tellurides can be further used in carbotelluration and 

aryltelluro group transfer on alkynes using a radical starter like AIBN.[152,153] Alkyl tellurols are 

accessible by the reaction of elemental tellurium with alkyl lithium compounds in the presence 

of a proton source.[154] Finally, a reduction of organyl tellurium halides is possible to achieve 

diorganyl tellurides.[155,156] 

Inorganic tellurium compounds like Na2Te and NaHTe are also usable in reductions of aromatic 

aldehydes, double bonds, and nitriles, while aziridine sulfonates rearranges towards allylic 

amines.[157–159] Furthermore, Na2TeO2 is a mild and sensitive oxidant of thiols.[160] Next to 

inorganic tellurium compounds, tellurium organyls have a broad range of synthetic 

applications. Dibutyl tellurium methylids can be used in a Wittig reaction with aldehydes or 

ketones towards the corresponding olefin. Huang et al. described this Wittig reaction with good 

yields and a dominant E selectivity of the olefins.[161] In a similar manner dibutyl telluronium 

salts are used as catalysts because the generated telluroxide is reducible by triphenyl 

phosphite.[162] Furthermore, diphenyltelluronium methylide generates epoxides via reaction 

with the corresponding aldehydes and ketones, but needs to be prepared in situ.[163] A common 

synthetic application of tellurium compounds is the Te/Li exchange. The one-pot generation of 

allyl- and benzyllithium compounds with following trapping with electrophiles is well 

known.[164,165] Furthermore, aryltellurium compounds play a role in cross-coupling reactions. 
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Kang and co-workers reported cross-coupling between diaryl- and divinyl tellurium dichlorides 

with organostannanes in the presence of palladium or copper,[166] while Zeni and co-workers 

described a copper-catalyzed cross-coupling towards alkynyl tellurides, a novel class of 

antidepressant-like compounds.[167] Organotellurium compounds are also used in 

Sonogashira[168] and Suzuki-Miyaura cross-coupling reactions.[169] 

1.4.3 Radical chemistry of tellurium compounds 

The most common application of organotellurium compounds is in radical chemistry. Alkyl 

anisyl telluride (60) acts as a radical exchanger. In the presence of N-hydroxy-2-thiopyridone 

(58), a typical precursor of methyl-radical, irradiation generates methyl anisyl telluride (61) and 

an alkyl radical.[134] This strategy is used in the addition of carbohydrates to olefins,[134] 

synthesis of cyclic nucleosides,[170] and in intramolecular cyclization reactions (Scheme 11).[171] 

Next to radical exchange, acyl tellurides generate acyl radicals via irradiation and are highly 

efficient in radical cyclizations.[172]  

Around 2000 a hot topic was radical-mediated group transfer with tellurium-containing 

compounds. Yamago and co-workers described a series of radical-mediated imidoylations. The 

insertion of isonitriles into a glycosidic C-Te bond is possible by using only light and heat in 

moderate yields around 65%. The reaction proceeds over a homolytic C-Te bond cleavage, 

consecutive recombination with isonitriles, and a chain termination reaction with telluryl 

radical.[173] The same method is applied in a more general imidoylation of acyl tellurides 

towards -acyl imines with a broad scope of aliphatic, olefinic, and aromatic acyl 

compounds.[174,175]  

In a closely related way, carbonyl compounds are activatable by silyltellurides in a three-

component coupling. Heating up Me3SiTePh (62) leads to a silyl-radical (64) and forms a 

siloxy-radical with a carbonyl compound (65) in the first step (66). In the second step, the 

resulting radical yields alkynes an allylic-radical which performs a group-transfer reaction with 

63 to form tellurium compound 68.[176] This concept is extended by a change from alkynes to 

isocyanides yielding silylated imidoyl derivatives (69) (Scheme 11).[177]  
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Scheme 11. Generation of methyl-radical and alkyl anisyl telluride as radical exchanger and 

group-transfer with tellurium-containing radicals. 

As part of this thesis, we generated phenyltelluryl-radical 63 by using high vacuum flash 

pyrolysis of the corresponding dimer diphenyl ditelluride (70) and trapped it in an inert solid 

argon matrix at 10 K. This allowed the spectroscopic characterization by IR and UV/Vis 

spectroscopy for the first time.[178] The isolation of 63 also opens the possibility to study its 

reaction with oxygen. It is an important reaction, because it is described as an inhibitor in living 

polymerization reactions. In a primary reaction, the telluryl-radical forms with oxygen 

hyperoxy-compound 71 and after following irradiation it rearranges towards phenyltelluroyl-

radical 72 (Scheme 12, Figure 1). Computations of the spin density of 71 and 72 show, in 

contrast to 63, that the free electron is mostly located at oxygen atoms and, therefore, reactions 

involving telluryl-radicals as radical starter are inhibiting. 

 

Scheme 12. Overview of the generation of 63 and its subsequent reaction with molecular 

oxygen. 
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Figure 1. Left: (a) Harmonic IR spectrum of 63 computed at UB3LYP/def2-QZVPP 

(unscaled); (b) IR spectrum of matrix isolated compounds after pyrolysis of 70 in Ar at 10 K; 

the pyrolysis temperature was 650 °C; right: (a) Computed harmonic IR spectrum of 71; (b) IR 

difference spectrum after photoirradiation with a wavelength of λ = 436 nm in Ar at 10 K. 

Downward assigned bands of 71 disappear, upward appearing bands are assigned to 72; (c) 

computed IR spectrum of 72; (d) computed IR spectrum of 18O-71; (e) IR difference spectrum 

after photoirradiation with a wavelength of λ = 436 nm in Ar at 10 K. Downward bands assigned 

to 18O-71 disappear, upward bands are assigned to 18O-72; (f) computed IR spectrum of 18O-

72. All computations were done at the UB3LYP/def2-QZVPP level of theory and the spectra 

are unscaled. 

Furthermore, organotellurium radicals are a versatile tool in living radical polymerizations. The 

so-called organotellurium-mediated radical polymerization (TERP) is used in industry. This 

motif was introduced by Yamago and a co-worker for the first time in 2002.[179] Methyl 

tellurides and phenyl tellurides (73) with BDEs in the range of 27 – 29 kJ mol−1 are used in  

bulk polymerization of styrene and leading to molecular weights (Mn) above 10,000 and 

polydispersity (PD) between 1.17 and 1.80 with high conversions.[179] The generality of TERP 

was further studied by using methyl tellurides as an initiator in polymerization reactions with 

methyl acrylate and derivatives. With these initiators in hand, it is even possible to prepare the 

AB diblock copolymer of styrene (76) and methyl acrylate in an efficient manner with Mn over 

20,000.[180] In general, the carbon – tellurium bond of initiators 81 – 85 is homolytically cleaved 

by pyrolysis or with radical starters. Carbon radical 75 initiates the radical chain, while the 

generated methyltelluryl- or phenyltelluryl-radicals possesses two roles. These radicals behave, 

on the one hand, as capping reagents of the polymer end radicals and, on the second hand, the 

equilibrium between 77 and 79 is responsible for the chain reaction.[180] Initiator 85 can be also 

generated in situ by using the corresponding dialkyl ditelluride and an equimolar amount of 

AIBN (Scheme 13).[181] 
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Scheme 13. Proposed mechanism of TERP and the first developed organotellurium initiators 

for living radical polymerization. 

In the following years, the variety of monomers with different reactivities was expanded. Next 

to 76 and methyl acrylates, vinyl ethers,[182] fluorinated acrylates and 6-methyleneundecane,[183] 

1-octene,[184] acrylonitrile and acrylamides,[185] vinylamines and vinylamides,[186] and branched 

polystyrenes are using dienyl telluride monomers.[187] Vinyl ethers, alkenes, and also 

acrylonitriles, and acrylamides can be copolymerized with methyl acrylates.[182–185] Besides 

copolymerization, TERP allows the one-pot synthesis of thermoresponsive diblock copolymers 

with N-vinyl-2-pyrrolidone and N-isopropylacrylamide as monomers. Dependent on the 

composition of diblock copolymers, they dissolve in water below a defined temperature and 

form micelles above this temperature.[188] Organotellurium-mediated radical polymerizations 

additionally allow the production of rigid, highly crosslinked polymer monoliths. N,N-

methylenebis(acrylamide) forms polymeric monoliths with a controllable pore size by TERP 

and are usable in aqueous systems.[189] The fabrication of 3D-polymer structures with 

controllable pore size is also possible by using divinylbenzene and methacrylate-based 

monomers.[190,191] Next to monoliths, immobilized organotellurium chain transfer agents allow 

the formation of brushes on silicon wafer and SiPs using monomers like styrene, methyl 

methacrylate, and N-vinylpyrrolidine.[192] Monomers with a hierarchical reactivity lead to 

hyperbranched polymers with defined 3D-structure. These monomers are formed in 

copolymerization of vinyltelluride and methacrylate derivatives.[193] 

As already mentioned, vinylic organotellurium compounds are involved in synthetic reactions 

and polymerization reactions. As part of this PhD thesis, we generated vinyltelluryl-radical 86 
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by pyrolysis of the corresponding dimer divinylditelluride and trapped it in a solid argon matrix 

at 10 K. After irradiation with light with a wavelength of  = 365 nm, we observed dissociation 

towards acetylene…TeH-radical complex 87, which was also generated by direct photolysis of 

deposited divinyl ditelluride (Figure 2). The C-Te bond fission takes place in a [1,3]H-shift with 

a barrier of 55.5 kcal mol−1. The formed vinylic TeH-radicals are not observed in matrix 

isolation experiments and over a low-lying saddle point 87 formed. According to computations 

at the UB3LYP/def2-QZVPP level of theory, the spin density is mostly localized at the 

tellurium-atom and NRT analysis supports this assumption. In a consecutive reaction of 86 with 

molecular oxygen in an initial step, the hitherto unknown vinyltelluryl hyperoxy radical was 

formed. Upon photoisomerization with light with a wavelength of  = 523 nm the hyperoxy 

radical rearrange towards the more stable novel vinyltelluroyl radical with a barrier of 15.3 kcal 

mol−1.[194] 

 

Figure 2. IR spectra showing the pyrolysis products of 86 upon subsequent trapping in an argon 

matrix at 10 K. (a) IR spectrum of 86 computed at UB3LYP/def2-QZVPP (unscaled). (b) IR 

difference spectrum showing the photochemistry of 86 after irradiation with  = 365 nm in 

argon at 10 K. Downward bands assigned to 86 disappear while upward bands assigned to 87 

appear after 15 min irradiation time. (c) IR spectrum of 87 computed at UB3LYP/def2-QZVPP 

(unscaled). 



18 

 

1.5 Concluding remarks and outlook 

1.5.1 Hydroxycarbenes in solution 

During this thesis phenylhydroxycarbene 18 and its p-trifluoromethyl derivative were generated 

by using different McFadyen-Stevens precursors in solution. A direct characterization via 

typical analytical methods is not possible because of low tunneling half-lives  ≈ 2 h at 10 K[195] 

and even lower tunneling half-lives of  = 84 s and  = 41 ns, respectively at temperatures of 

55 °C.[129] Therefore, the generated hydroxycarbenes must be trapped in solution. 

Benzaldehyde and acetone react as useful trapping agents. The hydroxycarbenes are trapped in 

a nearly barrierless carbonyl-ene reaction to the corresponding acetoin derivatives with yields 

between 6 and 15%. The findings are well supported by computations at DLPNO-CCSD(T)/cc-

pVQZ//B3LYP/def2-TZVP level of theory.[129] 

This proof-of-concept can be extended by introducing more precursors. Precursors are easily 

available by classical coupling reaction and following Boc-deprotection (Scheme 14). 

Precursors 91 and 92 extend the scope of this type of reaction and already are also used in gas-

phase chemistry,[77] while the negative inducing (−I) effect of precursors 93 and 94 stabilizes 

the carbene center. The nitrile group of 94 also stabilizes the carbene center via the push-pull 

effect.[61] The o-methoxy derivative (95) of 49 can undergo an intramolecular C-H-insertion 

towards the corresponding 2,3-dihydrobenzofuran-3-ol which was already observed in the gas-

phase.[65] Introducing these hydroxycarbenes helps to understand the reactivity and tunneling 

behavior of this type of carbenes even more. Beyond that, the presence of hydroxycarbenes, 

especially 14 and 16, in solution supports the suggestion of a sugar-forming iteration reaction 

of hydroxycarbenes and formaldehyde and might be helping to confirm 1,3-dioxolan-4-ol (27) 

as a storage compound and entry point of formose reaction between gas- and aqueous phase. 
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Scheme 14. Synthesis of McFadyen-Stevens precursors and new different precursor to extend 

the scope of the application of hydroxycarbenes in solution. 

In addition to different hydroxycarbene precursors in solution, trapping agents can also be 

exchanged by smaller molecules like formaldehyde (15) or acetaldehyde (96). In combination 

with 91 as precursor trapping with 15 leads to formation of glycolaldehyde (26) in solution as 

starting point for a sugar forming iteration reaction. Also, the generation of 

methylhydroxycarbene (16) in solution by using 92 and trapping with 15 and 96 leads to 

hydroxyacetone (97) and acetoine (98), respectively (Scheme 15). The formation of both 

molecules is already proven in gas-phase chemistry.[77] 

 

Scheme 15. Extended pool of trapping agents for a broader range of hydroxyketones. 

1.5.2 Chalcogen-radicals 

During this thesis we generated and spectroscopically characterized telluryl-radicals and 

studied their reaction with molecular oxygen by matrix isolation IR and UV/Vis spectroscopy 

and supported the findings with DFT-calculations. We provide the first spectroscopic data of 

phenyltelluryl-radical (63) and the generation of the new molecule phenyltelluroyl-radical. The 

generation of 63 offers the possibility to study the properties of this molecule and the reaction 

with molecular oxygen which was unknown before. During the reaction, the novel phenyltelluro 

hyperoxy radical formed. Photoirradiation at  = 436 nm leads to the thermodynamically more 
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stable by 21.9 kcal mol−1 phenyltelluroyl radical. A homodesmotic equation computed at the 

B3LYP/def2-QZVPP level of theory also demonstrates relatively high stability comparable 

with benzyl radical.[178] Following this project, we also generated and spectroscopically 

characterized vinyltelluryl-radical (86) as the parent radical of phenyltelluryl-radical using the 

same strategy. The stability of 86 is reflected by the low BDE of 47.2 kcal mol−1 of the Te-Te 

bond of the dimeric precursor. According to NRT analysis, the spin density is mainly located 

at the tellurium atom similar to 63. In comparison to 63, doping the matrix with molecular triplet 

oxygen leads to the formation of vinyltelluryl hyperoxy radical. The reaction also goes further 

by photoirradiation with  = 523 nm towards vinyltelluroyl radical.[194] Knowledge of the 

properties of these radicals provides valuable insights into the mechanism of the formation and 

their oxygen reactions. 

This project is expandable towards vinylthiyl- (100) and vinylselenyl-radical (102). While 100 

was spectroscopically observed,[196] 102 is unkown. While 102 is achievable over a similar 

precursor like 86, 100 needs a different strategy using 99 and eliminating ethene. Both 

compounds help to better understand the properties and reactivity of these type of radicals 

(Scheme 16). 

 

Scheme 16. Generation of vinylthiyl- 100 and vinylselenyl-radical 102. 

1.5.3 Chemistry of high-energy tautomers 

As side projects, we were working on enols as high-energy tautomers of prebiotic important 

molecules. Enols 35 – 37 are recently reported in Angew. Chem. Int. Ed.[82,84] and Chem. Sci.[85] 

and are prebiotic key molecules. These enols can store energy in form of a tautomer which is 

important for reactions in outer space with temperatures around absolute zero. Enol 35 is 

suggested to contribute to the formation of sugars (pentoses in this case) in early Earth 

environments.[197] The tautomer of 36 – glycolic acid – is found in sugar-rich plants and 

meteorites and is with other polyols and carboxylic acids relevant to glycolysis.[75,198–200] 

Finally, reported enol 37 is suggested as a key intermediate for acetamide.[201]  
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2 Publications 

2.1 Generation and Reactivity of Phenylhydroxycarbenes in Solution 

 

 

 

Abstract. We provide evidence for the first successful generation of phenylhydroxycarbene 

and 4-trifluoromethylphenylhydroxycarbene in solution. The carbene tautomers of the 

corresponding benzaldehyde derivatives had been prepared under cryogenic matrix-isolation 

conditions before but their reactivity, apart from a prototypical quantum mechanical tunneling 

[1,2]-H-shift reaction, had not been studied. Here our strategy is to employ suitable carbene 

precursors for the McFadyen–Stevens reaction, to generate the parent and the para-CF3-

substituted phenylhydroxycarbenes, and to react them with benzaldehyde or acetone in a highly 

facile, allowed six-electron carbonyl-ene reaction toward the corresponding α-hydroxy ketones. 

Our findings are supported by computations at the DLPNO-CCSD(T)/cc-pVQZ//B3LYP/def2-

TZVP level of theory. 

Reference. Generation and Reactivity of Phenylhydroxycarbene in Solution, F. Keul, A. 

Mardyukov, Peter R. Schreiner, J. Phys. Org. Chem., 2022, 35, e4315, DOI: 10.1002/poc.4315. 
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2.2 Spectroscopic identification of the phenyltelluryl radical and its reactivity toward 

molecular oxygen 

 

 

 

Abstract. The phenyltelluryl radical was prepared by high-vacuum flash pyrolysis of diphenyl 

ditelluride and was chacracterized by matrix isolation IR and UV/Vis spectroscopy. After 

doping the matrix with molecular oxygen and allowing bimolecular reactions, the hitherto 

unkown phenyltelluro peroxy radical formed and was identified via IR spectroscopy. Irradiation 

with light at  = 436 nm leads to isomerization to the thermodynamically more stable novel 

phenyltelluroyl radical. All experimental findings agree well with density functional theory 

(UB3LYP/Def2QZVPP and UM06-2X/Def2QZVPP) computations. 

 

 

Reproduced from Reference “Spectroscopic identification of the phenyltelluryl radical and its 

reactivity toward molecular oxygen”, F. Keul, A. Mardyukov, P. R. Schreiner, Phys. Chem. 

Chem. Phys., 2019, 21, 25797-25801, DOI: 10.1039/C9CP05112K with permission from the 

Royal Society of Chemistry. 

  



37 

 

 

 

 

 

 

 



38 

 

 

 

 

 

 

 



39 

 

 

 

 

 

 

 



40 

 

 

 

 

 

 

 



41 

 

 

 

 

  



42 

 

2.3 Generation and Reactivity of the Vinyltelluryl Radical 

 

 

 

Abstract. The vinyltelluryl radical was prepared by high-vacuum flash pyrolysis from the 

corresponding divinylditelluride and trapped in an argon matrix at 10 K.  The title compound 

was characterized by IR and UV/Vis spectroscopy and all experimental data match well with 

the density functional theory at UB3LYP/def2-QZVPP level.  According to UB3LYP/def2-

QZVPP computations, the electron density is mainly localized on the Te atom.  The vinylogy 

principle for the vinyltelluryl radical is not applicable due to the lack of delocalization of spin 

density.  Upon irradiation of the matrix vinyltelluryl radical with light  = 365 nm rearranges 

to H−Te•…acetylene complex.  Doping the matrix with molecular oxygen leads to the hitherto 

unknown vinyltelluro peroxy radical.  The latter isomerizes to the thermodynamically more 

stable vinyltelluroyl radical by irradiation with light  = 523 nm. 

 

Reproduced from Reference “Generation and Reactivity of the Vinyltelluryl Radical”, F. 

Keul, A. Mardyukov, Phys. Chem. Chem. Phys., 2022, 24, 5129-15134, DOI: 

10.1039/d2cp01658c with permission from the Royal Society of Chemistry. 
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