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Kurzdarstellung 

Die Inkorporation photoschaltbarer Moleküle in biologische oder technische Systeme ist ein 

vielversprechender Ansatz zur gezielten Beeinflussung derartiger Prozesse auf molekularer Ebene. 

Allerdings sind bisher viele bekannte molekulare Photoschalter aufgrund unzureichender 

photochemischer Eigenschaften in ihrer Anwendbarkeit eingeschränkt. Das Diazocin als 

Weiterentwicklung des am häufigsten verwendeten molekularen Photoschalters, dem Azobenzol, 

weist jedoch aufgrund erhöhter Rigidität eine hervorragende Schalteffizienz und sehr hohe 

Quantenausbeuten auf. Mittlerweile sind viele Methoden zur effektiven Darstellung und 

Derivatisierung auch asymmetrisch substituierter Diazocine bekannt, sodass ihr Anwendungsbereich 

und ihre Bedeutung bei der Entwicklung neuer lichtgesteuerter Moleküle stetig wachsen. Allerdings 

weist das Diazocin in Bezug auf die Unidirektionalität der Schaltbewegung, die Wellenlänge des für die 

Schaltung verwendeten Lichtes und die Wasserlöslichkeit noch einige Schwächen auf. Durch 

systematische Weiterentwicklung des ursprünglichen Diazocins konnten mit den 

Diindanodiazocinen (DIDs) und den N-Acetyl-Diazocinen (N-Ac Diazocin) eine vielversprechende 

αȊǿŜƛǘŜ DŜƴŜǊŀǘƛƻƴά ŜƴǘǿƛŎƪŜƭǘ ǿŜǊŘŜƴΣ ŘŜǊŜƴ ǿŜƛǘŜre Untersuchung und Derivatisierung im Fokus 

dieser Arbeit standen.  

Durch systematische Eliminierung aller konformationellen und rotatorischen Freiheitsgrade konnten 

bei der Entwicklung der DIDs die Quantenausbeuten, sowie die Unidirektionalität der Schaltbewegung 

enorm verbessert werden. Darüber hinaus entstehen bei der Synthese zwei Diastereomere, von denen 

das Racemat chiral ist. Im Rahmen dieser Arbeit konnte das Racemat in seine beiden Enantiomere 

aufgetrennt und ihre photochemischen Eigenschaften untersucht werden. Hierbei standen 

insbesondere die chiroptischen Schalteigenschaften im Fokus, wobei enorme Unterschiede zwischen 

den ὤ- und Ὁ-Konfigurationen beider Enantiomere festgestellt wurden. Zusätzlich konnte durch 

Schaltung in die Ὁ-Konfiguration mit zirkular polarisiertem Licht das korrespondierende Enantiomer 

gezielt in dieser Konfiguration angereichert werden und der Enantiomerenüberschuss bestimmt 

werden. Um das DID-System für eine weitere Funktionalisierung zugänglich zu machen, wurden 

Synthesestrategien für die Darstellung di- und tetrahalogenierter DID-Diastereomere entwickelt. Auf 

diesem Wege konnten vier neue halogenierte DID-Diastereomere erhalten und im Anschluss 

photochemisch charakterisiert werden. 

Im Gegensatz zum ursprünglichen Diazocin ist das N-Ac Diazocin intrinsisch wasserlöslich und die für 

die Schaltung adressierten ÎȤʌ* -Absorptionsbanden sind stark bathochrom verschoben, sodass sie für 

einen Einsatz als Photopharmakophor in der wässrigen Umgebung biologischer Systeme prädestiniert 

sind. Unter Verwendung unterschiedlicher Varianten Übergangsmetall-katalysierter Kreuzkupplungen 

konnten ausgehend von den bereits bekannten monohalogenierten N-Ac Diazocinen zwölf neue 

Derivate synthetisiert und sowohl in organischen Lösungsmitteln als auch in wässriger Umgebung 

photochemisch charakterisiert werden. Im Rahmen einer Kooperation konnte für einige Derivate eine 

starke Inhibierung des die Testosteronbildung-katalysierenden, körpereigenen 17̡HSD3-Enzyms 

festgestellt werden. Ein für den Einsatz in der Photopharmakologie notwendiger Wirkunterschied 

zwischen den ὤ- und Ὁ-Konfigurationen der Derivate konnte jedoch nicht beobachtet werden. 

Für eine Einbettung in größere und komplexere Systeme ist die beidseitige Funktionalisierung der 

N-Ac Diazocine notwendig. Als Ausgangspunkt hierfür konnte ein beidseitig bromiertes N-Ac Diazocin-

Derivat synthetisiert und photochemisch charakterisiert werden. Aufgrund der sehr niedrigen 

Ausbeuten wurden verschiedene neue Synthesestrategien entwickelt und zunächst mit der Synthese 

des unsubstituierten N-Ac Diazocins getestet. Mit den vielversprechendsten Strategien wurden 

ebenfalls Versuche zur Darstellung beidseitig substituierter N-Ac Diazocin-Derivate unternommen, die 

jedoch allesamt nicht zum Zielmolekül führten.  



   

  



   

Abstract 

The incorporation of photoswitchable molecules into biological or technical systems is a promising 

approach for the selective control of such processes at the molecular level. However, many known 

molecular photoswitches are limited in their applicability due to insufficient photochemical properties. 

Due to its increased rigidity, diazocine, a further development of the most frequently used molecular 

photoswitch, azobenzene, exhibits excellent switching efficiency and very high quantum yields. Many 

methods for the effective synthesis and derivatization are known to date, so that their range of 

application and importance in the development of new light-controlled molecules is constantly 

growing. However, the initial diazocine still has some weaknesses with regard to the unidirectionality 

of the switching movement, the wavelength of the light used for switching and its solubility in water. 

By systematic improvement of the original diazocineΣ ŀ ǇǊƻƳƛǎƛƴƎ άǎŜŎƻƴŘ ƎŜƴŜǊŀǘƛƻƴέ ǿŀǎ ŘŜǾŜƭƻǇŜŘ 

with the diindanodiazocines (DIDs) and the N-acetyl diazocines (N-Ac diazocines), whose further 

investigation and derivatization were the focus of this work. 

By systematically eliminating all conformational and rotational degrees of freedom, the quantum yields 

and the unidirectionality of the switching motion were improved enormously during the development 

of the DIDs. In addition, two diastereomers are formed during the synthesis, of which the racemate is 

chiral. In the course of this work, the racemate was separated into its two enantiomers and their 

photochemical properties were investigated. The focus here was particularly on the chiroptical 

switching properties, whereby enormous differences between the ὤ- and Ὁ-configurations of both 

enantiomers were observed. In addition, by switching to the Ὁ-configuration with circular polarized 

light, the corresponding enantiomer could be specifically enriched in this configuration and the 

enantiomeric excess could be determined. In order to make the DID-system accessible for further 

functionalization, synthesis strategies for the preparation of di- and tetrahalogenated 

DID-diastereomers were developed. This allowed four new halogenated DID diastereomers to be 

obtained and subsequently characterized photochemically. 

In contrast to the original diazocine, the N-Ac diazocine is intrinsically water-soluble and the 

ƴˉϝ-absorptionbands addressed for switching are strongly bathochromically shifted. These properties 

make the N-Ac diazocines perfectly suitable for use as a photopharmacophore in the aqueous 

environment of biological systems. Using different variants of transition metal-catalyzed cross-

couplings, twelve new derivatives were synthesized from the already known monohalogenated 

N-Ac diazocines. The new derivatives have been photochemically characterized both in organic 

solvents and in an aqueous environment. As part of a collaboration, a strong inhibition of the 

ŜƴŘƻƎŜƴƻǳǎ мтʲI{5о ŜƴȊȅƳŜ ŎŀǘŀƭȅȊƛƴƎ ǘŜǎǘƻǎǘŜǊƻƴŜ ŦƻǊƳŀǘƛƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ŦƻǊ ǎƻƳŜ ŘŜǊƛǾŀǘƛǾŜǎΦ 

However, a difference in efficacy between the ὤ- and Ὁ-configurations of the derivatives which would 

be necessary for use in photopharmacology could not be observed. For embedding in larger and more 

complex systems, the two-sided functionalization of the N-Ac diazocines is necessary. As a starting 

point, a two-side brominated N-Ac diazocine derivative was synthesized and photochemically 

characterized. As a result of the very low yields for the synthesis of two-side brominated 

N-Ac diazocine, various new synthesis strategies were developed and initially tested with the synthesis 

of the unsubstituted N-Ac diazocine. Using the most promising strategies, attempts were also made to 

synthesize N-Ac diazocine derivatives substituted on both sides, but none of these led to the target 

molecule. 
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1. Introduction 

Molecular switches play a key role in biology as a part of complex processes such as ion and proton 

transport or vision.[1-3] The process of switching generally takes place between at least two different 

states of a multistable system following the principle of bistability as a response to an external stimulus. 

Often the switching process results in a change of the molecules properties.[4-7] In contrast to a 

molecular motor, where the work performed upon stimulation drives a system as a function of 

trajectory, the work performed by a molecular switch affects a system as a function of the state of the 

switch itself. As a consequence, the work performed by the switch is reset to net zero after being 

switched back to its ground state.[8-10] Incorporated into more complex molecules or molecular 

assemblies, molecular switches are able to perform specific tasks in response to an external stimulus 

as part of a molecular machine.[6]  

The photon-absorbing co-factor retinal is one of the best studied natural molecular switches. With the 

group of retinal-carrying retinylidene proteins, it performs a multitude of biological functions, though 

it is especially known for its role in mammalian eyesight.[3,11,12] In the process of vision retinal undergoes 

a very fast and high yielding ὤ- to Ὁ-isomerization upon irradiation with light when bound to the 

protein rhodopsin (scheme 1.1). This leads to the coupling of rhodopsin with G protein transducin 

followed by the activation of visual phototransduction.[13]   

 

 

Scheme 1.1: Overview of the retinoid (visual) cycle including ὤ- to Ὁ-photoisomerization of retinal bound to the protein 
rhodopsin (blue box) leading to the signal transduction induced by G protein activation.[12,14] Afterwards regeneration of 
retinal takes place in both the photoreceptor and the retinal pigment epithelium mediated by various enzymes (red).[14] 
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Eyesight is one of many examples of light in the visible region of the electromagnetic spectrum 

regulating biological processes.[15] These have inspired many researchers for development of 

numerous artificial photosensitive systems among them low bandgap polymers for photovoltaic 

cells,[16] photochemical synthesis[17] or photopharmacology.[18-20] These systems exploit the properties 

of light as an external stimulus for molecular switches: it allows precise control over intensity, 

wavelength and polarization while also affording spatiotemporal and traceless application.[19,21-23] 

1.1 Artificial Photoswitches 

Just like their naturally occurring counterparts, artificial photoswitches undergo a reversible change in 

their molecular properties such as molecular geometry, rigidity, dielectric constant or refractive 

index.[24] By incorporation of artificial photoswitches into molecular systems or materials these 

changes on the molecular level can be used to reversibly affect and control targeted macroscopic 

properties.[24] 

For the development and application of artificial photoswitches it is worth taking a look at their current 

or considered photochemical parameters: addressability, switching efficiency, thermal stability and 

reliability. The addressability describes the wavelength used for targeting the photoswitch and is 

defined by the absorption maxima (‗max) and the separation of the absorption bands of the stable and 

the metastable form of the photoswitch.[23] Moreover, the band separation has an immense influence 

on the switching efficiency which is quantified by the photostationary state (PSS) (ɜ). The PSS 

characterizes the maximum percentage accumulation of each isomer after irradiation and depends on 

the irradiation wavelength and quantum yield (ɮ).[23,25] Thermal stability is quantified by the thermal 

half-life (ὸϳ ) of thermal back isomerization at constant temperature. The reliability of a photoswitch 

is based on the fatigue resistance which describes the amount of decomposition or side reactions 

taking place in competition with the photoisomerization over numerous switching cycles.[23] 

Artificial photoswitches are classified by the type of their light-induced isomerization reaction. Possible 

reactions are for example: bond dissociation, hydrogen transfer, cycloaddition, electrocyclization or 

Ὁ/ὤ-isomerization, with the last two categories mentioned being the most frequent (scheme 1.2).[23] 

Although most of the above photoswitches are still subject of current research they have successfully 

found their way into application. However, the most frequently used artificial molecular photoswitches 

are by far the azobenzene-based photoswitches, which are structurally similar to the stilbene.[26,27] 
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Scheme 1.2: Examples of molecular photoswitches with electrocyclization (top) and Ὁ/ὤ-isomerization (bottom) as 
underlying principle behind the switching mechanism. 
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1.2 Azobenzene-based Photoswitches 

The core structure of initial azobenzene photoswitch consists of two phenyl rings connected via a 

diazene bridge, the so-called azo group. In its thermodynamically stable Ὁ-configuration, azobenzene 

exhibits a nearly planar structure with a barely existing dipole moment.[28] Upon irradiation with UV 

light (‗ = 300-350 nm), the molecule undergoes a drastic structural change towards the metastable 

ὤ-configuration.[29] Here, the planes of the phenyl rings intersect with an angle of 56 ° due to a rotation 

of the phenyl rings around the C-N=N-C-dihedral angle. This is caused by both the reduction of distance 

between the para-carbon atoms from 9.0 Å to 5.5 Å and steric repulsion occurring after Ὁ- to 

ὤ-photoisomerization. This twisted structure leads to an increased dipole moment of А Ғ 3 D.[30,31] 

Back-isomerization can be achieved either by irradiation with blue light (‗ = 430-480 nm) or by thermal 

relaxation (scheme 1.3).[29]   

 

 

Scheme 1.3: The thermodynamically stable Ὁ-azobenzene can be converted into the metastable ὤ-configuration by 

irradiation with UV light. Back-isomerization can be achieved either by irradiation with blue light or thermally. 

The Ὁ-configuration exhibits an intense ʌȤʌᶻ-transition at ‗ = 314 nm and a ÎȤʌᶻ-transition in the 

visible range at ‗ = 435 nm.[32] Due to the symmetry prohibition the ὲȤʌᶻ-transition shows a low 

intensity, so Ὁ-azobenzene is usually irradiated with UV light for photoisomerization.[29] In contrast to 

this, the ὲȤʌᶻ-transition of ὤ-azobenzene at ‗ = 440 nm is not forbidden for symmetrical reasons and 

thus, much more intense. Also, ὤ-azobenzene shows two ʌȤʌᶻ-absorption bands at ‗ = 280 nm and 

‗ = 240 nm.[33] Because of this overlap in the absorption bands of both Ὁ- and ὤ-azobenzene, light-

induced photoisomerization leads to PSS values of ɜᴼ   (317 nm) = 90% or ɜᴼ  (440 nm) = 79% 

without a complete formation of either configuration being possible.[29,32] Both transitions exhibit 

quantum yields of ɮ ᴼ  = 0.14 and ɮ ᴼ  = 0.47.[34] However, they vary and show a strong 

dependency from solvent and temperature.[35-39] Besides these relatively poor quantum yields 

azobenzene has many conformational degrees of freedom and therefore, exhibits a high flexibility. 

Thus, a switching process of azobenzene does not include directional movement.[40-42]   

However, the lack of directional motion and the insufficient switching properties are compensated by 

a short synthesis path and good accessibility for derivatization since a wide range of synthesis 

procedures with a high tolerance for various functional groups are known in current 

literature (scheme 1.4).[43,44] The resulting wide range of derivatives enables a multitude of possible 

applications for example in photopharmacology,[18,20] material science[45,46] or energy-[25,47] and data 

storage systems.[48] 
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Scheme 1.4: Examples of the most frequently used reaction types for azobenzene synthesis: a) Initial azo-coupling reaction 
of an electron poor diazonium salt generated from an aniline which contains electron withdrawing substituents (EWG) and 
an arene which contains an electron donating substituent (EDG).[43,44] A more recent procedure describes the reaction of 
diazonium salts with metal-containing aromatic precursors.[49] b) BAYER-MILLS-reaction of electron poor anilines after oxidation 
to the corresponding nitroso compound, with an electron rich aniline.[43,44] c) Oxidation of anilines to the corresponding azo-
bridged dimer.[43,44,50] 

1.3 Modification of Azobenzenes 

Several approaches for the improvement of photoswitching behavior are known in current literature, 

mainly targeting a significant bathochromic shift of absorption bands via reduction of the 

HOMO-LUMO energy difference. This, however, also affects the remaining switching parameters 

consequently.[15] By substitution with either electron donating (-OMe, -NR2)[15,50-53] or electron 

withdrawing groups (-F, -Cl, -Br, -NO2)[15,50,52,54,55] a significant bathochromic shift of ÎȤʌᶻ-transitions 

can be achieved with accompanying extension of the thermal half-life. A combination of electron 

donating and withdrawing substituents όάǇǳǎƘ-Ǉǳƭƭέ-system) results in a significant bathochromic shift 

of ʌȤʌᶻ-absorption bands while the ÎȤʌᶻ-transitions are almost unaffected resulting in a higher overlap 

of absorption bands, though at the same time it causes an extremely shortened thermal half-life.[15,52,55] 

The same effect applies for the extension of “-systems leading to significant bathochromically shifted 

ʌȤʌᶻ-transition.[15] Also, the extension of “-systems is accompanied by accelerated thermal 

relaxation.[15,56]   
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In a different approach the photoswitching properties of azobenzene can be affected by either 

substitution of at least one benzene ring by five- or six-membered heteroarenes (azoheteroarenes) or 

by induction of geometric tension[15,57] and reduction of degrees of conformational 

freedom (diazocines, see chapter 1.4).[42] This so-called second generation of azobenzene-based 

photoswitches allows enhanced functionality compared to the initial azobenzene.[58]   

Since a large number of heteroaromatics is known, a wide range of heteroaromatic azo photoswitches 

is accessible and therefore, a broader structural diversity combined with very different spectral 

properties is emerging. However, heteroarenes primarily containing nitrogen, or heteroarenes 

containing a different heteroatom (S, O) in addition to one nitrogen are most frequently 

used (scheme 1.5).[59] Compared to azobenzene, the introduction of heteroarenes leads to shifted 

transitions and therefore, to highly separated absorption bands, whereby different absorption bands 

are addressed depending on the used heteroarene. However, this allows good to nearly quantitative 

photoswitching in both directions. Moreover, superior quantum yields and extended half-lives 

compared to azobenzenes can be achieved easily.[58-62]  

 

Scheme 1.5: Chemical structures of arylazopyrazole (top) and mixed heteroarene azo photoswitch containing a benzimidazole 
and a pyrazole moiety (bottom). Heteroarenes lead to shifted transitions and higher absorption band separation resulting in 
improved photochemical properties compared to parent azobenzene. 

As an advantage of the use of five-membered heterocycles in ὤ-configuration, a new conformation is 

accessible that cannot be reached if six-membered aromatic rings are used. This conformation can be 

tuned sterically by substitution at the five-membered heterocycle with a drastic effect on the 

photochemical properties.[60-62] Furthermore, a higher water solubility and a high stability against 

glutathione are very good prerequisites for use in the field of photopharmacology.[58] 

1.4 Diazocines 

The ortho-ethylene bridging of azobenzene is another possible way to alter its photochemical 

properties by the introduction of geometric tension and reduction of degrees of conformational 

freedom.[15,42,57] The synthesis and structure of such a bridged azobenzene, also called diazocine, was 

already been published by DUVAL[63] in 1910, while its photochemical characterization only followed in 

2009 in a publication by HERGES and TEMPS et al.[57] The additional ethylene bridge results in the 

formation of a strained eight-membered cycle in the center of the diazocine framework whose 

thermodynamically most favorable structure is the boat-conformation. This results in a ὤ-configuration 
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for the C-N=N-C bond, although usually Ὁ-configurations are preferred for azo compounds. This 

indicates an inverse thermodynamic stability of the diazocinesΩ Ὁ- and ὤ-configurations with respect 

to azobenzene and azoheteroarenes (scheme 1.6). However, density-functional theory (DFT) 

calculations revealed two possible Ὁ-conformations, with the Ὁ-twist-configuration being more 

thermodynamically favorable than the Ὁ-chair-conformation.[57,64,65]  

 

Scheme 1.6: Photoswitching of parent diazocine starting from thermodynamically stable ὤ-configuration with violet light to 
the metastable Ὁ-twist-configuration. Complete back isomerization can be achieved either with green light or thermal 
relaxation. 

Due to geometric tension the ÎȤʌ* -transitions are significantly shifted compared to azobenzene. The 

ÎȤʌ* -transition of the ὤ-configuration undergoes a hypsochromic shift to ‗ = 404 nm while 

Ὁ-ÎȤʌ* -transition is bathochromically shifted to ‗ = 490 nm, resulting in a high separation of 

absorption bands in the visible range of the electromagnetic spectrum.[57] Therefore, parent diazocine 

exhibits exceptionally high PSS values of ɜᴼ  (385 nm) = 92% for ὤ- to Ὁ- and ɜᴼ  (530 nm) = >99% 

for Ὁ- to ὤ-photoisomerization.[57] Furthermore, the rigidity introduced by the ethylene bridge allows 

a more defined and directional motion induced upon photoisomerization as the free rotation of the 

phenyl rings is prevented. This results in extraordinarily high quantum yields of ɮ ᴼ  = 0.72 and 

ɮ ᴼ  = 0.90.[57] These superior photochemical properties indicate that diazocines are promising 

candidates for application as molecular switches. Accordingly, diazocines have already been 

implemented in photoresponsive materials,[66], surface functionalization[67] or in biological applications 

such as photopharmacology.[68-74] 

1.4.1 Synthesis of Diazocines 

While the preparation of diazocines was initially associated with low reproducibility, low yields and low 

tolerance to functional groups, a number of methods have been developed in recent years that have 

largely overcome these problems, with the methods of MOORMANN et al.[75] (reductive coupling), 

MAIER et al.[76] (oxidative coupling) and LI et al.[77] (C-N-cascade-coupling) appearing to be the most 

promising as these methods are used in most publications on diazocine synthesis (scheme 1.7). There 

are other methods, including electrochemical cyclization,[78] BAYER-MILLS-reaction[64] or metal-catalyzed 

deoxygenation,[65,79-81], but these methods either resulted in insufficient yields, low reproducibility or 

an increased occurrence of overoxidation to the corresponding azoxy-compound. However, all of the 

above-mentioned synthesis procedures have in common that the phenyl rings are linked via the 

ethylene bridge in the first step followed by the formation of the azo group closing the eight membered 

cycle as second step.   

The formation of the ethylene linkage itself already represents a crucial step as it is a limiting factor for 

the range of accessible substituents. The initial procedure via oxidative dimerization of 

o-nitrotoluenes (scheme 1.7) developed by CHAUDHARI et al.[82] and improved by MOORMANN et al.[75] 

provides very good yields for symmetrical target molecules, but is not very suitable for asymmetric 

target compounds. These are only accessible with low yields due to the low selectivity of the reaction 

giving a statistical distribution of different products if two different starting molecules are to be 

combined.[69] Furthermore, the oxidative dimerization reaction is causing problems for sensitive 

functional groups since a strong base and an oxidizing agent are required for successful coupling. A 
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well thought-out protecting group strategy or easily feasible late stage modification not affecting the 

azo group is therefore essential.[68,72,83]  

The reductive dimerization developed by LI et al.[77] requires neither strong bases nor oxidizing agents 

and instead uses organolithium compounds, so that even in this case sensitive the introduction of 

functional groups is only accessible via protecting groups or late-stage modification. In addition, 

asymmetrically substituted diazocines have not yet been synthesized via this method.[77]   

Using either a WITTIG-reaction according to LANGBEHN et al.[84] and SAMANTA et al.[50] or a SONOGASHIRA-

coupling according to MAIER et al.[76], dimerizations are feasible under significantly milder conditions. 

These methods also allow a selective preparation of asymmetric diazocine precursors.[84,85] However, 

the preparation of the starting molecules is more difficult and functional groups must be resistant to 

reduction. Moreover, the double or triple bonds formed during the reaction still have to be reduced to 

the ethylene bridge.[86,87] 

 

Scheme 1.7: Overview of the most common synthesis strategies for the formation of the diazocine framework: a) Oxidative 
azo condensation of dianiline precursors obtained by reduction of dinitro compounds which in turn can be prepared via 
WITTIG-reaction, SONOGASHIRA-coupling or oxidative dimerization. b) Reductive azo condensation of dinitro precursors usually 
synthesized via oxidative dimerization. c) Ring closure of aryl halogenide with protected hydrazine in a C-N-cascade-coupling 
reaction resulting in the formation of the diazocine after subsequent deprotection and oxidation. Aryl halogenides are 
prepared via reductive dimerization. 
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Reductive intramolecular azo condensation of o-ethylene bridged bis-nitrotoluenes has been 

performed with various reducing agents such as zinc[88] or glucose[89,90] under basic conditions in a one-

step synthesis resulting yields that are both low and not reproducible. A two-step synthesis initially 

published by PAUDLER et al.[91], which includes a reductive step with zinc under basic conditions and an 

oxidative step with catalytic copper(II)chloride and oxygen, provides higher yields. Investigations of the 

reaction mechanism of the reduction step by MOORMANN et al.[75] showed that the corresponding 

azoxy-compound, initially formed in a BAYER-MILLS-like reaction from a nitroso and a hydroxylamine 

moiety reductively generated from the dinitro precursor, is subsequently reduced via diazocine 

intermediate giving a hydrazine derivative as main product. This is subsequently oxidized quantitatively 

in the second step to the corresponding diazocine. Due to this, the yield and the reproducibility of the 

reductive azo condensation could be significantly improved by tuning of the reaction parameters and 

elongation of reaction time.[75] However, the yields vary depending on the substituents and their 

positions. In addition, solubility problems occur in the polar solvent required for the reaction. To 

overcome these problems several procedures for the reductive reaction pathway have been 

developed. Examples include the preparation of the hydrazine derivative with lithium aluminum 

hydride,[92] the oxidation of the hydrazine derivative with mercury oxide,[93] synthesis of the azoxy-

compound under ultrasonication with subsequent reduction to diazocine with phosphorous 

trichloride[79,81] or the solvent-free synthesis of diazocine with lead powder in a ball mill.[75] However, 

these methods play a subordinate role in diazocine synthesis.  

In contrast to the reductive azo condensation the oxidative synthesis path is starting from a dianiline 

precursor. By addition of meta-chloroperbenzoic acid (mCPBA) one aniline moiety is oxidized to the 

corresponding nitroso group which subsequently undergoes an intramolecular BAYER-MILLS reaction 

with the remaining aniline moiety. However, the reaction remains sensitive to polymerization and 

formation of the overoxidized azoxy-side product. While polymerization can be suppressed by high 

dilution, the formation of azoxy-side product can be prevented by adding the oxidizing mCPBA not all 

at once but slowly over time, since the azoxy-compound is preferably formed by intramolecular 

coupling of overoxidized nitroso-hydroxylamine side product.[76]  

Whereas the two previous synthesis strategies start from dianiline or dinitro compounds, the ring 

closing in the method presented by LI et al.[77] is based on intramolecular C-N-coupling of aryl iodides 

with tert-butoxycarbonyl (Boc) protected hydrazine via a diamine ligand-catalyzed ULLMANN-GOLDBERG-

amidation cascade. The diazocine synthesis is then completed by LEWIS acid-induced cleavage of the 

Boc-protecting groups and subsequent oxidation resulting in the formation of the azo group. However, 

the practicability of the synthesis path is severely limited by both the high number of reaction steps 

and the optimization required for different substituents.[77]  

1.5 Functionalization of Diazocines 

For the incorporation of diazocines into functional materials or biological active compounds an 

additional functionalization of the diazocine framework is necessary. Unfortunately, a method for 

direct substitution at the aromatic system of the diazocine framework has not yet been explored due 

to the sensitivity of the azo group to many reaction conditions. Although one procedure describing an 

electrophilic substitution of the overoxidized azoxy-compound has been published, which, however, 

needs two additional reaction steps in the form of reduction of the azoxy to the hydrazine intermediate 

and subsequent oxidation forming the azo bond. While this procedure does result in the desired 

halogenated diazocine, the yields are insufficient.[79] Therefore, functional groups or halogens as 

starting points for subsequent derivatization have to be part of the building blocks for the dimerization 

reaction.[83] This requirement, though, limits the choice of functional groups, as the reaction conditions 

of the dimerization reactions are harsh and the oxidative or reductive conditions of the azo 

condensation require a suitable protecting group strategy. For this reason, a late-stage conversion of 
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functional groups into other functional groups is another possibility for diazocine framework 

functionalization. The limitation, in this case, is that the azo group is not inert under oxidative, 

reductive or basic conditions limiting the range of accessible functional groups as well.[76,83] But still, 

there are a few examples of different kinds of late-stage functionalization giving acetamides[89,94-96], 

ethers[95], amines[95] or activated carboxylic esters[72,95,97] which do not require functionalization by 

cross-coupling reaction.  

For azobenzenes transition metal-catalyzed cross-coupling reactions have been a door opener for late-

stage functionalization and derivatization. In these reactions azobenzenes have been used both as 

formal nucleophilic and formal electrophilic components.[98] For diazocines few examples are known 

in current literature, but the range of different cross-coupling reactions already proves the great 

potential for late-stage derivatization and functionalization (scheme 1.8). With diazocines as formal 

electrophilic components procedures for SUZUKI-[99], STILLE-[66,84,99,100], BUCHWALD-HARTWIG-[76,85], 

ULLMANN-[101], NEGISHI-[71], HECK-[68] and SONOGASHIRA-cross-coupling reactions[88,102] are known, while 

diazocines have been used as formal nucleophilic components only in SUZUKI- and STILLE-coupling 

reactions.[99] However, the cross-coupling of diazocines remains challenging since procedures using 

azobenzene components cannot be adapted without limitations. One reason for the problems in cross-

coupling reactions of diazocines might be the electronic structure. More precisely, the problem might 

be rooted in the orientation of the lone electron pairs of both nitrogen atoms, which, in contrast to 

azobenzene, are not aligned with the “-system of the aromatic rings. Besides, sterical issues might also 

play an important role.[98] 

 

Scheme 1.8: Overview of cross-coupling procedures already known for parent diazocine starting from the corresponding 
halogenated compound. Except for SUZUKI- and STILLE-cross-coupling reactions, diazocines have only been used as formal 
electrophilic halogenated components in cross-coupling reactions.  

The derivatization of diazocines, however, involves more than just the mere choice of substituents. 

Since targeted substitution of azobenzene is used to specifically affect its switching properties, a similar 

behavior can also be expected for diazocines.[15] Thus, if the switching behavior is not to be affected by 

the substituent(s), care must be taken to prevent the electronic influence on the azo group. The 

derivatization of azobenzene showed that the influence of substituents is at its maximum in ortho-[51,54] 

and para-positions,[50] which must therefore be avoided for a functionalization without influence on 

the switching behavior. An attenuation of the conjugation can be achieved by substitution in the meta-

position, so that the influence on the switching behavior is reduced.[103,104] Another approach is the use 

of bridging methylene groups between the photoswitch and the substituent to disrupt the electronic 
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interactions between functional group and diazocine.[83,105] It is important to note, however, that the 

free rotation of bridging methylene groups introduces unwanted flexibility into the system.[103,104] By 

using bridging alkynes instead, rigidity can be maintained while at the same time interrupting the 

electronic coupling between the substituent and photoswitch.[102,106] 

1.6 Limitations of Parent Diazocine 

1.6.1 Undirectional Motion 

Azobenzenes and diazocines are not unidirectional switches and therefore do not allow any 

unidirectional movement. In the case of azobenzenes two enantiomers are formed during 

photoisomerization, which interconvert rapidly at room temperature while in both ὤ- and 

Ὁ-configuration both phenyl rings rotate freely.[42] This rotation is suppressed in the diazocine 

framework by the ethylene linkage between both phenyl rings.[57] Despite the increased rigidity, 

conformational movements are still possible. However, these are limited to twist- and 

twist-chair-inversion in Ὁ- and boat-inversion in ὤ-configuration.[42,64] To overcome these degrees of 

conformational freedom the introduction of even more rigidity compared to parent diazocine seems a 

promising approach.[42] In addition to the directed motion achieved in this way, increased quantum 

yields of light-induced switching processes could be a side effect, since unproductive relaxation 

pathways are suppressed.[42,57]  

1.6.2 Irradiation Wavelengths 

Compared to most photoswitches parent diazocine exhibits bathochromically shifted ÎȤʌ* -transitions 

suitable for induced isomerization with light in the visible range of the electromagnetic spectrum.[57,107] 

Nevertheless, parent diazocine is usually switched from ὤ- to Ὁ-configuration with light at 385 nm[57] 

which is still close to high energetic UV irradiation potentially damaging sensitive materials or biological 

tissue.[108] Additionally, light in the near infrared area between 680 nm and 900 nm has the largest 

penetration depth in aqueous and blood supported biological tissue compared to visible or 

UV light.[108,109] For this reason, further shift of ÎȤʌ* -transitions is required to achieve light induced 

isomerization in the so called biooptical window.[64] For azobenzenes a bathochromic shift of 

absorption wavelengths has been achieved by ortho-/para-substitution with electron withdrawing 

substituents such as fluorine[54], push-pull systems[15] or by substitution of at least one phenyl ring with 

a heteroarene.[60-62] Due to the differences in the electronic structure of azobenzenes and diazocines 

this approach would likely prove unsuccessful.[98] However, DFT-calculations showed promising results 

concerning bathochromically shifted ÎȤʌ* -transitions for diazocines in whose ethylene bridge a carbon 

atom has been substituted by a heteroatom (see 1.8 Heteroatom-bridged Diazocines).[64,65] 

1.6.3 Water Solubility 

Parent diazocine exhibits superior photochemical properties compared to azobenzene.[57] Yet, the 

application in aqueous media faces similar problems, since parent diazocine like azobenzene is mostly 

insoluble in pure water without the addition of highly polar organic solvent additives like dimethyl 

sulfoxide (DMSO) or acetonitrile (MeCN).[110] Concerning the applicability this is not a big obstacle, 

since it is common to utilize notable concentrations of MeCN[111] or DMSO[69,74,111,112] in stock solutions 

of nonpolar inhibitors or drugs which in turn are used in pharmacological testing via cell essays to 

prevent precipitation. However, even small quantities of organic solvents in water may alter the 

photochemical and even possibly the biological properties of the photoswitch, since it might be 

surrounded by a solvating shell of organic solvent instead of water.[110] Investigations of the 

photoconversion rates ɜᴼ  as a function of the water content in MeCN revealed a significant decrease 
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in the conversion rates from initially ɜᴼ  = 88% to ɜᴼ  =73% at 90% water content until precipitation 

at 100% water content.[110] Therefore, the addition of functional groups to increase the polarity and as 

a result also the solubility in water is required. This can be achieved by introduction of amino or 

carboxylic acid substituents that are separated from the diazocine framework by a bridging methylene 

group to prevent significant impact on the switching characteristics. This separation is necessary, 

because especially anilines are known to significantly deteriorate switching.[89,110] These derivatives are 

soluble in pure water, however, they have the disadvantage that they also show a significant decrease 

in photoconversion yields by about 30%.[110] Moreover, for a successful application both the solubilizing 

and the functional groups have to be present in the molecule at the same time, which makes the 

synthesis of water soluble and functionalized molecules even more difficult. In conclusion, it is required 

to achieve an intrinsic water solubility of the diazocine framework to make it suitable for application 

especially in aqueous media and a biological environment. 

1.7 Heteroatom-bridged Diazocines 

TD-DFT calculations revealed that if one carbon atom in the ethylene bridge of the diazocine 

framework is substituted by either an oxygen or sulfur atom, the ÎȤʌ* -transitions of their respective 

Ὁ-configurations would bathochromically shift and an absorption band separation of about 100 nm 

could be expected. This assumption has been confirmed by UV-vis spectra showing maxima of the 

ÎȤʌ* -transitions for ὤ-configurations at ‗ = 405 nm (S-diazocine) and ‗ = 385 nm (O-diazocine) and 

Ὁ-configurations at ‗ = 525 nm for both diazocines. Furthermore, the absorption bands of their 

Ὁ-configurations are significantly broadened up to 700 nm, allowing quantitative back isomerization 

with red light at 660 nm.[65] The photoconversion yields of both S- (ɜᴼ  (405 nm) = 70%) and 

O-diazocinesΩ (ɜᴼ  (385 nm) = 80%) ὤ- to Ὁ-isomerization are lower than for parent diazocines. This 

significantly lower photoconversion yield of S-diazocine can be explained by an additional absorption 

band at 380 nm overlapping with the ÎȤʌ* -transition of its ὤ-configuration.[65] In contrast to O- and 

parent diazocine, the relative energy difference between thermodynamically favored Ὁ-twist- and 

unfavored Ὁ-chair-conformation is only 1.6 kcal mol-1, resulting in a significantly more frequent 

formation of unfavored Ὁ-chair-conformation due to fast interconversion (scheme 1.9). Therefore, the 

additional absorption band can be assigned to the Ὁ-chair-conformation.[64,65] Another difference 

between both heteroatom-bridged diazocines is their respective thermal half-live. The more strained 

O-diazocine exhibits a drastically shortened half-life of 89 s while the half-life of S-diazocine is 

elongated to 84 h.[65] 

 

Scheme 1.9: Photoswitching of heteroatom-bridged diazocines. ὤ- to Ὁ-photoisomerization can be achieved with blue light 
at approximately 400 nm. Two conformations are accessible of which the Ὁ-twist-conformation is thermodynamically favored 
over the Ὁ-chair-conformation. Back switching can be achieved with light up to 740 nm or via thermal relaxation. 
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The substitution of one carbon atom of the ethylene bridge by a heteroatom leads to an advantage in 

the synthesis of diazocines since the bridge can now be linked by nucleophile substitution under mild 

conditions which in turn allows the introduction of sensitive substituents and asymmetric substitution 

patterns.[65] However, the final formation of the azo bond remains difficult, since the reductive reaction 

pathway following the procedure of MOORMANN et al.[75] resulted in no formation of corresponding 

heteroatom-bridged diazocine due to polymerization or (thio)ether cleavage under basic conditions.[65] 

Finally, following the reductive conditions of YAN et al.[79,81], the S- and O-diazocines were synthesized 

with lead powder under less basic conditions resulting, however, in insufficient yields.[65] This synthesis 

strategy, therefore, is rarely found in current literature.[74,113] Usage of C-N-cascade-coupling following 

the procedure of LI et al.[77] for ring closure led to little improvement of the obtained yields.[114]  

Besides oxygen- and sulfur-bridged diazocines, nitrogen-bridged diazocines have been taken into 

account. Here, TD-DFT calculations also predicted ÎȤʌ* -absorption band separation of more than 

100 nm between ὤ- and Ὁ-configurations for N-H diazocine as well as for alkyl or acyl derivatives since 

nitrogen-bridging opens the field of additional and easy bridge functionalization.[64] UV-vis spectra of 

all N-diazocine derivatives confirmed the very good band separation with maxima for the 

ÎȤʌ* -transitions of the ὤ-configurations between 385 nm and 410 nm, while Ὁ-configurations exhibit 

absorption maxima around 520 nm for acyl derivatives and even around 560 nm for unsubstituted and 

alkylated derivatives. Additionally, the alkylated derivatives show broadened absorption bands for 

Ὁ-configurations, allowing quantitative light induced back isomerization with near-infrared light 

between 520 nm and 740 nm.[64] However, the photoconversion yields of ὤ- to Ὁ-photoisomerization 

are rather low with ɜᴼ  (405 nm) = 45-50% for alkylated and ɜᴼ  (405 nm) = 65% for unsubstituted 

N-diazocines, while acylated derivatives show significantly higher photoconversion yields of 

ɜᴼ  (405 nm) = 80-85%. The lower photoconversion yields of unsubstituted and alkylated derivatives 

are rooted in the higher overlap of the absorption bands due to their broadness.[64]   

The preparation of unsubstituted N-H-diazocine is considerably more complex than the synthesis of 

parent diazocine, S- or O-diazocine since six reaction steps are required (scheme 1.10). The reason for 

this is the necessity of a well-thought-out orthogonal protecting group strategy due to the sensitivity 

of the bridging nitrogen atom towards side reactions. The key steps are the protection of the bridging 

secondary amine with a fluorenylmethoxycarbonyl (Fmoc) protecting group and the ring closing 

reaction under formation of the azo group. Therefore, an intramolecular BAYER-MILLS-reaction was 

used, though it suffered from low reproducibility and insufficient yields.[64] 
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Scheme 1.10: Synthesis path for the preparation of the unsubstituted N-H-diazocine. Key steps are introduction of the 
Fmoc-protecting group and the azo group-forming ring closing reaction. This can either be carried out via intramolecular 
BAYER-MILLS-reaction.[64] 

Functionalization of bridging nitrogen can only be achieved with strong reagents under mild conditions 

since the secondary amine is not as reactive due to the neighboring azo group and the azo group itself 

being sensitive for drastic reaction conditions (scheme 1.11). Strong alkylating agents like MEERWEIN-

salts are necessary for alkylation of N-diazocine. Acetylation can be achieved with propanephosphonic 

acid anhydride (T3P) which activates the carboxylic acid for nucleophilic attack by the bridging 

nitrogen.[64] 

 

Scheme 1.9: Derivatization of N-H-diazocines. Alkylation can be achieved by methyl or ethyl MEERWEIN-salts while acetylation 
can be performed by T3P-mediated ester synthesis with acetic acid.[64] 

The introduction of an acetyl group via substitution at the bridging nitrogen atom leads to a higher 

polarity of the whole molecule and leads to an intrinsic water solubility (ḑ1 mM) without any further 

functionalization.[64,110] UV-vis measurements in water revealed a slight hypsochromic shift of 

ÎȤʌ* -transitions of both ὤ- and Ὁ-configurations and thermal half-life twice as long as in organic 
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solvents. At the same time the photoconversion yield of ὤ- to ὉȤisomerization in water is just about 

10% lower than in organic solvents while back isomerization can still be achieved quantitatively. 

Furthermore, quantum yields seem not to be affected by the change of solvent from organic to 

water.[64] This is a big advantage, since conversion rates, quantum yields and thermal half-lives are 

often observed to be significantly lower in water.[111,115] Thus, acetylated nitrogen bridged diazocines 

are a powerful tool and promising candidate for application in aqueous and biological environments 

for example as photoswitches in light activatable drugs.  

1.7 Diindanodiazocines 

Since rotational degrees of freedom have been eliminated in the development stage from azobenzene 

to parent diazocine, only elimination of conformational degrees of freedom remains in the way of 

turning azobenzene into directional photoswitches.[42,57] The introduction of two additional ethylene 

bridges between positions 1 and 12 and positions 10 and 11 significantly increases the rigidity already 

present in the parent diazocine framework and ensures that the last conformational degrees of 

freedom are eliminated as intended. The resulting diindanodiazocine (DID) no longer shows any 

inversion between different boat- or twist-conformations, since both ὤ- and Ὁ-configurations are 

limited to only one conformation due to the increased rigidity.[42] Moreover, the two additional 

ethylene bridges cause the formation of two stereocenters, resulting in a meso-compound and a 

racemic mixture (rac) (scheme 1.12a). The photochemical properties of both diastereomers can be 

investigated separately, as conversion is not possible because an inversion on a sp3-carbon would be 

necessary.[42] Surprisingly, the two diastereomers show distinct differences in their switching 

properties, particularly with regard to their thermal relaxation. While the thermal half-life of 

rac-DID (117 h) is about four times as long as of parent diazocine (27.6 h), thermal relaxation of 

meso-DID (3 s) is four orders of magnitude faster. This may be caused by the differences in the relative 

energies of ὤ- and ὉȤconfigurations of both diastereomers. The ὤ-configuration of meso-DID is 

thermodynamically more favored over the highly strained Ὁ-meso-configuration by a relative energy 

difference of approximately 18.5 kcal mol-1. In contrast, the difference in relative energies between 

ὤ-rac-DID and Ὁ-rac-DID is much smaller (3.5 kcal mol-1) resulting in a significantly longer half-life.[42] 

The UV spectra of meso -DID is quite similar to those of parent diazocine with absorption maxima at 

‗ = 411 nm (ὤ-configuration) and ‗ = 468 nm (Ὁ-configuration) indicating almost completely 

separated ὲȤ“* -transitions. This leads to a photoconversion of ɜᴼ  (385 nm) = 84% and almost 

quantitative back isomerization (ɜᴼ  (530 nm) = >99%). Since the ÎȤʌ* -transition of the 

ὤ-configuration of rac-DID (‗ = 431 nm) is shifted significantly to higher wavelengths, it overlaps with 

transition of the Ὁ-configuration (‗ = 478 nm). This leads to lower photoconversion yields for ὤ- to 

Ὁ-photoisomerization ɜᴼ  (385 nm) = 76% and complete back isomerization is only accessible via 

thermal relaxation, as a PSS of merely ɜᴼ  (530 nm) = 94% can be achieved by 

irradiation (scheme 1.12b).[42] 
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Scheme 1.12: Structures of rac- and meso-DID diastereomers (top) and photoisomerization of rac-DID (bottom). Light induced 
ὤ- to Ὁ-isomerization can be achieved with blue light, while back isomerization can be performed either by green light up to 
the PSS or completely by thermal relaxation. 

Due to the elimination of all unproductive rotational and conformational degrees of freedom the 

photoconversion yields of both diazocine diastereomers are exceptionally high. With photoconversion 

yields of ɮ ᴼ  = 0.7 and ɮ ᴼ  = 0.9 for the meso-compound and ɮ ᴼ  = 0.8 and ɮ ᴼ  = 0.9 for the 

racemic mixture, both diastereomers exceed all known artificial and naturally occurring 

photoswitches.[42] In addition, the racemic diastereomer consists of two chiral enantiomers and 

therefore exhibits intrinsic chirality, which makes it the smallest chiral photoswitch known to date.[42] 

Because of the significant differences in their photochemical properties, the two diastereomers are 

suitable for very different applications. The very short half-life and excellent photoconversion yields 

make the meso-diastereomer an ideal candidate as actuator for driving molecular machines, while 

rac-DID as a chiral photoswitch is ideally suited for chiroptical switching and controlling of chirality for 

example in liquid crystals.[42,116-119] 

 

  



2. Scope 

  17 

2. Scope 

Parent diazocines exhibit superior photochemical properties and have therefore generated a high level 

of interest in the field of photopharmacology[68,74] and the development of mechano- and 

photoresponsive materials.[66,67] However, with regard to the usable wavelength range, solubility and 

switching properties in aqueous media and the non-directional motion during the switching process, 

they still have some weaknesses. These have been addressed by further development either by 

systematic elimination of conformational degrees of freedom resulting in the DID[42] or by substitution 

of one carbon atom in the ethylene bridge by a nitrogen and subsequent introduction of a polar acetyl 

substituent resulting in the water soluble N-Ac diazocine.[64] These two further developments of parent 

diazocine can therefore be described as second-generation diazocines.  

During the formation of the DID framework two diastereomers are formed of which the racemic form 

is a chiral photoswitch.[42] The chiroptical properties of both racemate-forming enantiomers could not 

yet be investigated. Thus, separation of both enantiomers should be achieved via high performance 

liquid chromatography (HPLC) for determination of their absolute configuration via single crystal 

structure analysis and subsequent characterization of their chiroptical properties. Furthermore, it 

should be investigated whether an enantiomeric excess could be achieved within the DID-racemate by 

ὤ- to Ὁ-photoisomerization with circular polarized light (CPL). In order to make the chiroptical 

properties of rac-DID accessible for further applications, synthesis strategies should be developed for 

halogen functionalization.   

Nitrogen-bridged diazocines offer great potential for application in photopharmacology since they 

offer red-shifted ÎȤʌᶻ-absorption bands and intrinsic water solubility.[64] For intended application 

derivatization and incorporation into bigger molecules is required. Therefore, bromine and iodine 

substituents should be introduced as starting points for further derivatization. Additionally, reaction 

conditions for further derivatization of functionalized N-Ac diazocines should be identified. For this 

purpose, reaction conditions for a wide range of cross-coupling reactions should be screened. Of the 

derivatives obtained in this way, the influence of the new substituents on the switching behavior was 

to be investigated in organic and aqueous solvents.  

Since the synthesis of N-Ac diazocines via the initial synthesis path developed by LENTES et al.[64,120] is 

quite complex with at least seven synthesis steps, new synthesis strategies should be developed and 

tested, which are characterized by higher overall yields with a simultaneous reduction in the number 

of synthesis steps. After successful preparation of the unsubstituted N-Ac diazocine via the new 

developed synthesis route, the suitability for different functional groups should be investigated. 

 

  



3. Chiroptical Switching, Enrichment of Enantiomeric Excess and Derivatization of Diindanodiazocines 

 

18   

3. Chiroptical Switching, Enrichment of Enantiomeric Excess and 
Derivatization of Diindanodiazocines 

In structural chemistry chirality is defined by the symmetry of the corresponding molecules or 

supramolecular assemblies. Systems that either have no symmetry or only rotational axes (Cn) are 

chiral. Therefore, the absence of mirror planes, inversion centers and rotational reflection axes is a 

basic requirement for the presence of chirality in a molecule. At the molecular level, this means that 

there are two isomeric compounds of a chiral molecule, the so-called enantiomers, which cannot be 

superimposed with the aid of symmetry operations.[121,122] In organic chemistry, a distinction is made 

between chirality based on stereogenic centers, axial or planar chirality and helicity.[121] In nature a 

countless amount of molecules is chiral and therefore they often only occur as enantiomerically pure 

compounds[122] such as L-amino acids, D-saccharides or L-phospholipids.[123] Thus, interactions between 

chiral compounds or assemblies and their biosynthesis in biological systems hold a key position in 

nature.[124,125] Therefore, the control over stereochemical information under the influence of external 

stimuli like heat, solvent, redox reaction, pH or light has generated a great deal of interest aiming for 

the development of new functional materials.[123] Especially light-induced isomerization has proven to 

be a versatile tool since it is a non-destructive and traceless stimulus with a high spatiotemporal 

resolution and precisely adjustable wavelength.[126] Molecules that show a significant change in their 

chiral properties induced by stimuli mentioned above are called chiroptical switches.[5] Upon switching 

there are three conceivable effects: First, selective on-off switching of molecular chirality can be 

achieved. Second, the already existing chirality can be amplified upon stimuli induced switching and 

third an inversion of chirality can occur (figure 3.1).[125] 

 

Figure 3.1: Possibilities of influencing optical activity upon switching: a) turning on and off of optical activity by switching. 
b) signal of optical activity is amplified or weakened due to stimuli induced switching. c) inversion of optical activity by 
switching. The change in optical activity is detectable via measurement of specific rotation or circular dichroism.[125] 

Helical structures are a dominant structural element in biological systems and therefore dynamic 

control over helical chirality is a key process making numerous biological functions even 

accessible.[127,128] For this reason, control over helicity by chiroptical switching has generated a great 

deal of interest in the fields of medicine, biochemistry and polymer chemistry.[123] Especially 

overcrowded alkene photoswitches and motors with an intrinsic helical chirality induced by sterical 

hinderance initially developed by FERINGA et al. outgoing from the stiff-stilbene system have proven to 

be powerful tools.[129-132] Incorporated into helical structures helical chirality could be inverted 

reversibly during photoisomerization.[129-132] Besides controlling intermolecular interactions between 

helicates by chiroptical switching these molecules have been used to differentiate between several 

catalytic reactions.[133] Moreover, azobenzenes have been attached to helical polymer backbones as 

side chains. Irradiation of these helical polymers also resulted in an inversion of helical chirality due to 

light-induced azobenzene isomerization leading to a change in non-covalent interactions between 

polymer strings.[134,135] Furthermore, a three state switch consisting of two azobenzene moieties 

connecting two imidazole-containing clamps has been developed.[136] Starting from Ὁ,Ὁ-ground state 

in a first photoisomerization to ὤ,ὤ-state ὓ-helicity can be induced which subsequently is turned into 

ὖ-helicity in a second photoisomerization where the Ὁ,ὤ-isomer is formed.[136] Of other types of 
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chirality like planar chirality, axial chirality or chirality induced by stereogenic centers, there are 

significantly fewer examples in current literature relating to chiroptical switching induced by 

unpolarized light.[123]   

At the same time the idea of using circular polarized light (CPL) as stimulus for chiroptical switches 

emerged (figure 3.2). This approach is based on the property of CPL to interact differently with the 

enantiomers depending on the direction of rotation of the electric field vector and therefore, being 

used for enantioselective photodecomposition of chiral molecules in a racemic mixture.[137-140] Also CPL 

has been observed in regions of the universe were young stars are formed and for this reason might 

be the origin of molecular asymmetry in nature.[141-143]  

 

Figure 3.2: Schematic illustration of left-handed (green, ὰ-CPL) and right-handed circular polarized light (blue, ὶ-CPL). CPL is a 
superposition of two different waves polarized in orthogonal planes (blue and red curves) with a relative shift of a quarter of 
the corresponding wavelength resulting in an electric field vector (black) rotating around the axis of light propagation. 
Clockwise rotation of the electric field vector results in right-handed CPL (ὶ-CPL) while anticlockwise rotation gives left-
handed CPL (ὰ-CPL).[144,145] 

Starting from a racemic mixture of a molecule with axial or helical chirality both enantiomers can 

reversibly interconvert into its mirror image enantiomer in the process of photoresolution under 

irradiation with CPL. Thereby, the irradiation of a racemic mixture with CPL selectively excites the 

corresponding enantiomer leading to subsequent racemization under formation of an excess of the 

respective mirror image enantiomer and vice versa.[140,146,147] The selectivity to be expected during 

photoresolution can be estimated by Kuhn anisotropy factor Ὣ which can also be used to calculate a 

theoretical enantiomeric excess (equation 1) using the molar circular dichroism Ў‐ and molar 

extinction coefficient ‐.[148] However, it must be noted that ὩὩ achieved by photoresolution rarely 

exceeds 0.5%, as values of less than 0.01 are usually achieved for the molecular anisotropy 

factor.[146,149] 

ὩὩ
Ў

      (1) 

Photoresolution can also be achieved by switching between two interconvertable enantiomers of 

chiroptical photoswitches with CPL from a racemic mixture. The possibility to interconvert selectively 

between both enantiomers without photodegradation, a high Ὣ factor, thermally stable enantiomers 

and an efficient photoracemization with high quantum yields are therefore necessary requirements 

for a successful CPL switch.[146] This type of dynamic photoresolution has been achieved for 

overcrowded alkenes[138] and bicyclic ketones,[140,150] whereby these molecules are brought to an 

excited state via CPL in which racemization of the enantiomer corresponding to the handedness of the 

used CPL occurs.[146] Another example are mono-[151] and bicyclic azobenzene derivatives[152] as 

chiroptical switches for photoresolution although this takes place via a different reaction pathway. 

Outgoing from the thermodynamically stable Ὁ-configuration cyclic azobenzenes are excited to 

ὤ-ground state where fast racemization of the enantiomer corresponding to the CPL used for excitation 

takes place.[151,152]  
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CPL can also be used for asymmetric synthesis aiming for the introduction of chirality into an achiral 

precursor resulting in an enantiomeric imbalance. However, the conversion of achiral diarylolefines 

into their chiral helicene derivatives is the only example in current literature for this type of irreversible 

chirality induction.[153-157] The only example of dynamic asymmetric synthesis resulting in an 

enantiomeric imbalance starting from an achiral photoswitchable compound was provided by the 

TAMAOKI group and is based on an Ὁ,Ὁ-azobenzene dimer.[158] Irradiation of the Ὁ,Ὁ-dimer with CPL 

results in formation of a racemic mixture of two Ὁ,ὤ-enantiomers whereby an ὩὩ of the enantiomer 

corresponding to the handedness of the used CPL could be achieved. The chirality can be removed by 

either switching to the ὤ,ὤ-configuration or thermal or respectively light-induced relaxation to the 

initial Ὁ,Ὁ-configuration. Basic requirement is that both enantiomers cannot be interconverted into 

each other.[158]  

In terms of their use, a wide range of applications for light-controlled chiroptical switches are 

conceivable. For example, enormous potential is offered in the field of asymmetric synthesis, where 

chiroptical switches could be incorporated into catalysts with switchable chirality. For targeting a 

specific enantiomer, the corresponding chiral catalyst is required. If the opposite enantiomer is 

targeted the same catalyst could be used with inverted chirality adjusted by external 

CPL-stimulus.[123,133,159] Besides, light-driven chiroptical switches have been incorporates into helical 

foldamers for inversion and affection of their chirality for application in molecular recognition[134,135] or 

host-guest chemistry.[136] Furthermore, great potential is offered in the field of tunable liquid crystals. 

There are already examples in current literature, where light-induced chiroptical switching of chiral 

liquid crystalline polymers has affected their macromolecular organization and therefore an 

interconversion between various liquid crystal phases could be induced.[116,160]   

Although azobenzenes as direct predecessors of diazocines have been applied in a variety of ways in 

the field of light-driven chiroptical switching the parent diazocine itself has not been used as a 

chiroptical photoswitch so far. The rac-DID recently reported from the HERGES group[42] could bring 

bridged azobenzenes into the focus of chemists working on chiroptical photoswitches due to its 

superior photochemical properties and its intrinsic chirality. Therefore, the intention of this project 

was to investigate the chiroptical properties of rac-DID in detail and to make the molecule accessible 

for subsequent application by derivatization. 
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3.1 Summary of Determination of Enantiomeric Excess by Photoswitching of Chiral 
Diindanodiazocine Racemic Mixture with Circular Polarized Light 

Previously our group reported the successful synthesis of rac- and meso-DID diastereomers.[42] Both 

are photoswitches in which unproductive conformational and rotational degrees of freedom have been 

eliminated in favor of improved switching characteristics. The synthesis results in two diastereomers 

of which the racemate consists of two non-convertible chiral enantiomers whereby chirality is induced 

by the presence of two stereogenic centers in the molecule.[42] Within the scope of this work we 

developed a method to separate both enantiomers via chiral HPLC. Single crystal structures of both 

enantiomers could be obtained and with the help of specific rotation measurements as well as 

quantum-mechanical calculations absolute configuration could be determined. Measurements of 

specific rotation before and after photoisomerization showed a huge difference of optical activity 

between ὤ- and Ὁ-configuration in form of massive amplification of optical activity. This is supported 

by spectra of circular dichroism (CD) showing significantly different spectra for both ὤ- and 

Ὁ-configuration as well.  

Since TAMAOKI et al. showed that enantiomeric excess (ὩὩ) could be obtained after irradiation of a 

prochiral azobenzene dimer with CPL, we aimed for selective photoresolution of one rac-DID 

enantiomer after irradiation of the racemic mixture with the corresponding CPL.[151,158] For this 

purpose, the ὩὩ to be expected was calculated with help of molecular dissymmetry (Ὣ-factor) using 

molar extinction coefficient (‐ and molar circular dichroism (Ў‐ of rac-DID at irradiation wavelength 

giving theoretical ὩὩ values of about 0.32%. In the following a solution of rac-DID was irradiated with 

CPL and from the ellipticity measured at defined wavelength in the CD spectrometer under assumption 

of the PSS as quasistationary state the ὩὩ could be calculated with values of about 0.35% being slightly 

higher than the theoretical value but still in very good agreement (scheme 3.1). 

 

Scheme 3.1: Photoisomerization of ὤ-rac-DID (yellow) after irradiation with ὶ-CPL or ὰ-CPL respectively of 405 nm 
wavelength. By this way of photoresolution ὩὩ values of 0.34% for ὶ-CPL and 0.36% for ὰ-CPL could be achieved for the 
corresponding Ὁ-enantiomers (red). 

Besides being the smallest chiral photoswitch known to date superior switching characteristics and 

chiroptical switching properties presented in this article make rac-DID a promising candidate for 

application in chiral smart materials or liquid crystals. 
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3.2 Determination of Enantiomeric Excess by Photoswitching of Chiral 
Diindanodiazocine Racemic Mixture with Circular Polarized Light 
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