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Abstract 

The development of artificial photoswitches, which can change their configuration upon 

activation with light, has paved the way to numerous applications. These applications include 

drugs that can be activated in the affected tissue and no longer cause side effects elsewhere 

in the body, peptide cross-linkers, allowing the investigation of complex interactions in 

biological systems with high spatiotemporal resolution and stress sensing polymers. So far, 

many of the available artificial photoswitches were suffering from imperfect photophysical 

properties limiting their use in practical applications. To achieve this objective, improved 

systems are required, which overcome the systematic limitations of their predecessors. With 

high quantum yields and superior switching efficiency, diazocines have the potential to meet 

these requirements. One major advantage is the fact that already the parent system switches 

upon irradiation with visible light. The diazocine, often referred to as bridged azobenzene, in 

contrast to azobenzene is thermally stable in its cis configuration and should thus be suitable 

for photopharmacology and as a mechanophore in mechanoresponsive materials. 

Furthermore, it should be advantageous as a cross-linker for macromolecules, since its 

structure reduces hydrophobic interactions. To demonstrate the applicability of diazocines in 

a broad range of fields, it was essential to develop a synthesis strategy, allowing specific 

functionalization. The synthesis started from commercially or synthetically available 

2-nitrotoluene derivatives. These were dimerized in an oxidative C-C coupling and 

subsequently converted either in reductive or oxidative azo cyclization reactions. In 

combination with a suitable protecting group strategy, several functional diazocines were 

synthesized and tested regarding their applicability in photopharmacology, molecular biology 

and materials science. In collaboration, diazocine-based synthetic neurotransmitters were 

synthesized and used to successfully activate and deactivate neuronal signaling and thereby 

prove the concept of diazocines in photopharmacology. Furthermore, it was shown that 

diazocines are suitable cross-linkers in both artificial and bio macromolecules.  

 

 



 

 

  



 

 

Kurzdarstellung 

Die Entwicklung künstlicher Fotoschalter, die bei Aktivierung mit Licht ihre Konfiguration 

ändern können, hat zu zahlreichen Anwendungen geführt. Diese reichen von Wirkstoffen, 

welche nur im betroffenen Gewebe aktiviert werden können und im übrigen Körper keine 

Nebenwirkungen mehr verursachen, über Peptid Cross-Linker, mit denen sich komplexe 

Wechselwirkungen in biologischen Systemen mit hoher räumlich-zeitlicher Auflösung 

untersuchen lassen bis hin zu stressempfindlichen Polymeren. Bisher verwendete 

Fotoschalter schränken die Möglichkeit einer kommerziellen Verwendung auf Grund ihrer 

nicht hinreichenden fotochemischen Eigenschaften oft ein. Um den erklärten Zielen näher zu 

kommen, bedarf es verbesserten Systemen, welche die systematischen Probleme ihrer 

Vorgänger umgehen. Mit hohen Quantenausbeuten und überlegener Schalteffizienz könnte 

das Diazocin ein geeignetes System darstellen, das ohne weitere Funktionalisierung bereits 

mit sichtbarem Licht schaltet. Das Diazocin, oft als verbrücktes Azobenzol bezeichnet, ist im 

Gegensatz zu diesem in der cis-Konfiguration thermisch stabil und sollte daher für die 

Photopharmakologie und als Mechanophor in mechano-sensitiven Materialien geeignet sein. 

Weiterhin sollte es als Cross-Linker für Makromoleküle vorteilhaft sein, da seine Struktur 

hydrophobe Wechselwirkungen nicht begünstigt. Um die Anwendbarkeit von Diazocinen zu 

demonstrieren, musste eine Synthesestrategie entwickelt werden, die die erforderliche 

Funktionalisierung ermöglicht. Es erschien sinnvoll, die Synthese von handelsüblichen oder 

synthetisch erhältlichen 2-Nitrotoluolderivaten aus zu beginnen. Diese wurden in einer 

oxidativen C-C-Kupplung dimerisiert und anschließend entweder in einer reduktiven oder 

oxidativen Azozyklisierung umgesetzt. In Kombination mit einer geeigneten 

Schutzgruppenstrategie wurden auf diese Weise eine Vielzahl funktionalisierter Diazocine 

synthetisiert und auf ihre Anwendbarkeit in der Photopharmakologie, Molekularbiologie und 

in responsiven Materialien getestet. In Zusammenarbeit wurden auf Diazocinen basierende 

synthetische Neurotransmitter genutzt, um die neuronale Reizleitung reversibel zu 

kontrollieren und auf diese Weise die Anwendbarkeit von Diazocinen in der 

Photopharmakologie zu erweisen. Weiterhin konnte gezeigt werden, dass Diazocine sowohl 

in künstlichen als auch in biologischen Makromolekülen als Cross-Linker geeignet sind. 
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1 Introduction 

All functions of the macroscopic world are accomplished on a molecular level. Each function 

is generally triggered by an external stimulus and causes a response that ultimately results in 

an effect. In nature, processes such as vision, ion and proton transport are just a few examples 

that are accomplished through a light-driven switching function. The group of retinal-carrying 

proteins (rhodopsin, halorhodopsin, bacteriorhodopsin) performs a number of biological 

functions through the photon-absorbing co-factor retinal.[1] Upon absorption of light the 

retinal residue undergoes a very fast and high-yielding cis → trans isomerization.[2] In the 

visual pigment rhodopsin, the formation of the photoproduct, photorhodopsin is 

accomplished within 200 fs and results in the activation of the visual phototransduction 

through the coupled G-protein transducin (Figure 1.1).[3]   

 

Figure 1.1: a) The first step in the visualization process is triggered through light-activated isomerization of 

11-cis retinal. After isomerization, rhodopsin undergoes conformational changes and all-trans retinal is 

cleaved. Thereupon the binding site for transducin becomes available and activates the transduction 

cascade.[4] b) Structure of all-trans retinal. 

The understanding of photo-induced control of biological function has inspired investigations 

on a number of artificial, biotic and abiotic functions using molecules that change their 

structure and properties upon the absorption of light similar to retinal. Research is focused on 
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the development of novel functional materials, miniaturization of technical processes, 

understanding of biological interactions and treating diseases more selectively.[5–10] The most 

frequently used artificial photoswitch is azobenzene.[11] It is thermodynamically stable in the 

planar and slender trans configuration. Upon excitation with light of 365 nm, trans → cis 

isomerization is induced, resulting in the formation of a metastable cis isomer, which 

isomerizes back to the trans isomer thermally or upon irradiation using 440 nm (Figure 1.2).[12] 

The utilization of azobenzene in biological systems and materials is dependent on the 

isomerization wavelength. UV light has a low tissue penetration depth and above all damages 

tissue.[13] The influence of substitution on the isomerization wavelength of azobenzene has 

been elucidated and particular, derivatives allow to some extend the isomerization of 

azobenzene with visible light.[14–16] 

Figure 1.2:  Azobenzene is thermodynamically stable in its planar trans configuration. Upon irradiation with 

UV light (365 nm), it is isomerized into the metastable cis configuration. The back-isomerization can be 

accomplished by irradiation with light of 440 nm or thermally.[11] 

The stimulation of molecular photoswitches like azobenzene with light holds a number of 

advantages, especially when applied to biological systems. Due to spatiotemporal resolution 

and selection of different wavelengths, light is a highly selective trigger, which allows fast and 

reversible control. The stimulation with visible light is neither invasive nor toxic and 

orthogonal to most biological processes.[17] Biological functions are controlled through a 

complex network of biochemical interactions, the relationships of which have not yet been 

fully determined.[18] To get a better understanding of the interaction pathways, mechanism 

and kinetics within a biological system, it would be ideal to switch the activity of the relevant 

component on and off with high spatiotemporal control. Introduction of photoswitchable 

molecules into bioactive compounds similar to retinal in rhodopsin has been a successful 

strategy towards this end.[7–10, 18] A photoswitchable molecule can be introduced into a 
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biologically active compound as part of an organic small molecule or as a macromolecule 

conjugate.[7, 10] Peptides and proteins have diverse functions inside biological systems and are 

involved in the largest part of interactions. Thus, they are ideal targets for the 

functionalization with photoswitchable molecules.  

 

Figure 1.3: One way to control the biological activity of peptides and proteins with high spatiotemporal 

resolution is by cross-linking it with a photoswitchable compound. Upon irradiation, a change in the 

properties of the photoswitch influences the fold and thereby the activity of peptides and proteins. 

The biological activity of peptides and proteins largely depends on their secondary and tertiary 

structure. Controlling the fold is therefore desired.[7, 9, 18] To achieve this, photoswitchable 

molecules can be introduced in the side-chain, in the backbone or as a cross-linker between 

attachment sides.[9] The functionalization of -helices with a photoswitchable cross-linker has 

proven to be a successful concept (Figure 1.3). Starting with the model peptide FK-11, Woolley 

et al. have introduced a number of azobenzene derivatives into -helical proteins and 

peptides, thereby successfully controlling the fold of the -helix and the activity in a reversible 

manner. Thereupon, but not limited to, DNA binding, transcription factor controlled gene 

expression, apoptosis and cell adhesion, have been investigated.[18] The use of 

photoswitchable molecules in biological systems, however, is not limited to an analytical tool 

but it has also been directly employed in the field of photopharmacology. The combination of 

photochemistry and pharmacology is defined as photopharmacology.[10] Photopharmacology 

aims to control the selectivity of active pharmaceutical ingredients (API) with high 

spatiotemporal resolution through the introduction of a photoswitchable 

moiety (Figure 1.4 a). Conventional drugs can cause side effects in the body before they reach 

the target and afterwards when entering the environment. The environmental contamination 

of APIs has been of particular interest in ongoing investigations concerning bacterial drug 
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resistance and the consequences. However, the environmental toxicity caused through APIs 

is not limited to antibiotics, but also hormones and anti-inflammatory products have 

contributed significantly.[19–22]  

 

Figure 1.4: a) Photopharmacology ideally aims to decrease side effects by only activating the drug at a 

desired location and time. To achieve this, the compound must undergo conformational changes upon 

irradiation, resulting in one conformation, which has a high affinity to the target, whereas the original 

configuration does not interact with the target. b) Through the introduction of azobenzene into existing 

drugs, a number of compounds were successfully tested. However, with the exception of quinolone-derived 

photopharmacophores, most compounds have been active in their dark-adapted state and only allow 

deactivation upon irradiation with light. 

Azobenzene has been implemented into the structures of numerous pharmaceutically active 

small molecules. A common target are gated ion channels, as the pharmacology of ion 

channels has been extensively investigated and matches the fast kinetics of photoswitches.[23] 

The early design of these photopharmacophores appeared to be rather simple. One of the 

first successfully tested components was an azobenzene-propofol analogue (Figure 1.4 b).[24] 

Propofol acts as an allosteric modulator at GABAA gated ion channels and is used as an 

anesthetic. This photopharmacophore simply consisted of an azobenzene with the 

substitution pattern of propofol. In a similar fashion, azobenzene was functionalized with the 

binding motif of lidocaine, which targets sodium channels to achieve local 

anesthesia (Figure 1.4 b).[25] In most reports, the planar trans configuration has an increased 

affinity to the binding pocket, in comparison to the sterically demanding and bent 
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cis configuration. The azobenzene-based quinolone derivative reported by Feringa, however, 

is an exception and has increased activity in the bulkier cis configuration (Figure 1.4 b).[26]  

Due to their key role in excitatory synaptic transmission in the nervous system, glutamate ion 

channels have been among the first targets of photopharmacology. The ionotropic glutamate 

receptors (iGluRs) are divided into groups depending on their genomic sequence and 

interaction with the agonists; AMPA (-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic 

acid), Kainate (kainic acid), NMDA (N-methyl-D-aspartate). They are activated upon 

presynaptic binding of glutamate, which ultimately results in postsynaptic neuronal firing. The 

action potential of neurons can easily be detected in patch-clamp and multielectrode arrays 

(MEA), which enable standardized in vitro and in vivo testing.  

 

Figure 1.5: Kainate receptors belong to the group of ionotropic glutamate receptors. These tetrameric cation 

channels open upon binding of presynaptically released glutamate. Photocontrol of postsynaptic action 

potentials have been achieved with azobenzene derivatives equipped with a glutamate moiety. In the 

slender trans configuration, these compounds show activity. After isomerization of azobenzene, binding is 

sterically prohibited and no action potential can be measured. 

A number of photoswitchable glutamate neurotransmitters have been synthesized and used 

to investigate the deactivation and activation of neuronal firing (Figure 1.5). Controlling the 

activity of single neurons has helped to understand the connectivity of the nervous system in 

more detail.[23]  
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1.1 Smart Materials 

Besides photopharmacology, additional strategies have been developed to decrease side 

effects of drugs.[17, 27–29] A prominent example is the spatiotemporally controlled release of 

drugs by smart materials.[30–32] Smart materials, also called intelligent or responsive materials, 

are defined by the ability to react to an external stimulus with a controlled change of material 

properties. A large number of materials have been engineered either by changing their 

sensitivity to the external stimuli, their polymer properties or the specific response of the 

material.[33] In order to stimulate the material, a responsive group needs to be incorporated 

into the material. Stimulation has been achieved mechanically, optically, thermally, 

electrically and chemically.[33, 34] The incorporation of novel mechano- and/or 

photoresponsive elements has increased the functionality of polymers and thereby enabled a 

great variety of applications ranging from rewritable optical storage, artificial muscles and 

catalysis.[34–36] In particular, stress indicating, drug and fragrance releasing and self-healing 

materials have recently been brought to attention.[34, 37, 38] Stress indication can be achieved 

by incorporation of mechanochromic groups into materials. These mechanophores change 

their color upon the application of force.[37] Ideally, this could prevent accidents caused by 

material exhaustion, simply by a change of color, visible to the eye.  

 

Figure 1.6: Spiropyran can act as a mechanosensitive unit when embedded into a polymer. When tensile 

force is applied, the shorter and colorless spiropyran is stretched into the elongated and colored 

merocyanine. The merocyanine can thermodynamically relax back to the spiropyran. Additionally, 

spiropyran-containing polymers can also change their properties through light-triggered isomerization of the 

spiropyran, thereby acting as mechano and photosensitive materials. 
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Spiropyran was used as a mechano and photoresponsive unit in the pioneering work of Sottos, 

Moore and White.[37–39] Spiropyran is thermodynamically stable in its colorless closed form, 

yet upon irradiation with UV light (photosensitive) or mechanical force (mechanosensitive) it 

undergoes ring opening and the colored merocyanine is formed (Figure 1.6). The merocyanine 

can be converted back to the spiropyran upon irradiation or by thermal relaxation.[40] 

Although the Spiropyran has served as an ideal model system for stress sensing, actuators and 

shape-recovery polymers, its applicability is limited. Irradiation with UV light causes material 

damage and the open merocyanine is unstable towards oxygen.[40] In contrast, azobenzene 

derivatives have proven to be stable under oxygen, and irradiation of tetra ortho substituted 

derivatives with visible light is possible.[12, 14, 16] However, azobenzenes are not suitable as 

mechanophores, as the thermodynamically stable but elongated trans configuration cannot 

be isomerized upon the application of force.[41] 

  



8  Introduction 

 

1.2 Requirements for Photoswitches 

Photoswitch-based investigations have opened up a number of very promising applications, 

but the photochemical properties of the implemented photoswitches must be further 

optimized prior to commercialization.  

To implement photopharmacology as a relevant alternative to conventional API treatment, 

the integrated photoswitch must be non-toxic and metabolically stable in aqueous solution, 

under physiological pH, high ionic strength and upon irradiation.[17] Additionally, high 

absorbance, quantum yields and conversion rates are ideal to generate high concentrations 

of the active pharmaceutical ingredient upon irradiation. When considering the advantages of 

photopharmacophores over conventional drugs, the ideal strategy is to administer the API in 

its dark adapted inactive state and to activate it upon irradiation at the site of interest. 

Although exceptions are reported, azobenzene derivatives are commonly isomerized upon 

irradiation with UV light. UV light is toxic and causes tissue damage.[13] Tetra ortho substituted 

derivatives are an exception, but might not be synthetically accessible in every required 

substitution pattern. Furthermore, affinity to the binding site can be disturbed by the steric 

hindrance and the change in dipole moment.[42] Additional attention must be paid to the 

substitution pattern in regard to the stability of azobenzene derivatives in the cellular 

environment.[43, 44] Especially the functionalization with electron-withdrawing or amino 

groups has increased the likelihood of glutathione-caused reduction. The reduction of 

azobenzenes to their corresponding anilines has been extensively investigated and 

correlations to a carcinogenic effect have been identified.[45, 46]  
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1.3 Diazocines 

Although already synthesized in 1910 by Duval, it was not until 2009 that bridged 

azobenzenes, also called diazocines, were investigated for the first time with regard to their 

photochemical properties by Herges and Temps.[47–50] Through addition of an ortho ethylene 

bridge, the diazocine forms an 8-membered ring with the diazene embedded. In contrast to 

azobenzene, diazocines are thermodynamically stable in their bent cis configuration 

(Figure 1.7 a). The twist and chair configurations are much more strained than the boat, which 

forces the azo group into the cis configuration. Upon irradiation with visible light, the 

diazocine can undergo a very fast and reversible isomerization to the twisted 

trans configuration. 

 

Figure 1.7: Diazocines have an inverse thermal stability in comparison to azobenzenes. The sterically 

demanding and bent cis isomer is thermodynamically stable and isomerizes upon irradiation with visible 

light. The isomerization is accompanied by a color change from yellow (cis) to red (trans). The back-

isomerization of the twisted trans isomer can be accomplished with green light or by thermal relaxation. 

It is worth noting that the n-* transition of the trans diazocine is shifted bathochromically 

enabling the isomerization with visible light. This is an advantage as compared to 

trans azobenzene, which isomerized upon excitation of the -* transition. The 

n-* transition of the cis and trans isomer are clearly separated by about 100 nm resulting in 

exceptionally high photostationary states (PSS) cis → trans (87%) and trans → cis 

isomerization (>99%) (Figure 1.7 b). Diazocines are stable under atmospheric conditions and 

no fatigue or photo degradation is observed after hundreds of switching cycles. The ethylene 

bridge suppresses the conformational freedom in diazocines; therefore it is more likely that 
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an excited state will follow the isomerization reaction path, resulting in exceptionally high 

quantum yields (parent diazocine ΦE→Z = 0.9, ΦZ→E = 0.72).[47, 51] The unique photochemical 

properties of diazocines render them as ideal photoswitches in biological systems and for 

photopharmacology. Due to the inverse stability, diazocines are an ideal replacement for a 

number of azobenzene-based photopharmacophores. Azobenzene derivatives are generally 

active in their dark-adapted state and can only be deactivated (Figure 1.8). To decrease side 

effects, the drug would have to be irradiated constantly, except in the affected tissue. 

Resulting from the investigations on azobenzene-derived photopharmacophores, diazocine-

based pharmacophores should be inactive in their dark-adapted cis configuration and 

activated upon irradiation with visible light. Additionally, diazocines are less prone to 

hydrophobic interactions in the sterically demanding cis configuration and in the twisted trans 

configuration, which has caused problems when switching azobenzene derivatives in 

biological systems and materials.[35]  

 

Figure 1.8: Most azobenzene-derived drugs are active in their dark-adapted state and deactivated upon 

irradiation with UV or visible light. The inverse stability of diazocines render them as an ideal system to avoid 

constant irradiation. Only when activated upon irradiation the drug would be active and could relax back to 

the inactive isomer or isomerize with light of a different wavelength. 
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Due to the reverse stability, diazocines are suitable as a mechanosensitive units in 

mechanoresponsive materials.[35] When incorporated into a suitable polymer, the short, 

yellow cis diazocine isomerizes into the stretched, red trans isomer upon the application of 

tensile force. In consequence, this system is a valid alternative to the currently investigated 

spiropyrans in stress-sensing and shape recovery polymers. (Figure 1.9).  

 

Figure 1.9: When a force is applied on the shorter and bent cis isomer, embedded into a polymer, it can be 

stretched into the longer and twisted trans isomer, thereupon changing the color from yellow to red and 

functioning as a stress sensing tool. 

Since the parent diazocine has very promising photochemical properties, it is interesting to 

see whether the properties can be further optimized. Because of the difficult synthesis in 

comparison to azobenzene, only little is known on the effect of derivatization of diazocine. So 

far modified diazocines were investigated by the introduction of a heteroatom in the -C-C- 

ethylene bridge. It is known that ortho substitution in azobenzene has shifted the 

n-* transition of the trans isomer bathochromically and thus improved the separation of 



12  Introduction 

 

absorption bands. By substitution of a methylene group of the bridge with a 

heteroatom (NR, O, S) the absorption of the diazocine has also shifted bathochromically and 

allowed isomerization with near infrared light.[51, 52] Through the introduction of an additional 

5-membred bridge, chiral diazocines have been developed. They are particularly interesting 

for the chiral induction of liquid crystal phasing with circular polarized light and directional 

motion on surfaces.[53]  
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2 Scope 

Due to their unique properties, diazocines are suitable for various applications.[35, 53–58] 

Because of their inverse stability, they are of specific interest in photopharmacology and for 

the development of mechano- and photoresponsive materials.[35, 51, 59] Preliminary work has 

focused on investigating and improving the photochemical properties of the diazocine parent 

system for example by substitution of a bridge methylene group with a heteroatom.[51, 52] In 

order to design drugs using diazocines as cross-linkers in peptide and protein chemistry or in 

mechanosensitive materials, it was necessary to develop a synthetic strategy, which allows a 

desired functionalization of diazocines. In contrast to azobenzene very little was known about 

the synthesis of substituted diazocines.[49, 53, 56–58] A small number of functionalized diazocines 

have been published previously; the synthesis, however, appeared to be limited to few 

functional groups and the yields were low and unreliable. In addition to the difficult synthesis, 

in some cases, the chosen substitution pattern resulted in the loss of the excellent 

photochemical properties.[54, 56–58] Thus, strategies were sought to achieve functionalization 

that would allow the implementation into macromolecules, but also retain the photochemical 

properties. After the development of a suitable synthesis strategy, selected compounds for 

photopharmacology and cross-linkage of macromolecules were synthesized and characterized 

with regard to their photochemical properties. In order to validate the concepts, these 

compounds were tested in collaborations concerning their behavior after implementation in 

biological systems and materials.  
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3 Publications 

3.1 Diazocine Synthesis 

Despite the promising features of diazocines in photopharmacology, materials science and 

supramolecular chemistry, after the discovery of their photochemical properties by Herges 

and Temps, diazocines were mainly used as a reference substance to azobenzene-based 

photoswitches.[47, 60–62] Only a limited number of new diazocines and applications were 

published.[43, 55–57] The synthetic procedures in each of the published works varied and was 

never mechanistically elusive. It appeared that the original synthesis of Duval and later 

Paudler had good yields but still was not considered ideal. Alternative syntheses failed to be 

reproducible, high yielding, reliable, versatile for derivatization or up-scalable.[47, 55–57, 63] In 

comparison to the azobenzene synthesis, diazocine synthesis generally includes one 

additional C-C coupling step. In principle, the C-C coupling can be accomplished before or after 

the azo cyclization step (Figure 3.1.1). However, there was no reported synthesis of diazocines 

in which the azo cyclization was followed by the C-C coupling (Figure 3.1.1 b).  

 

Figure 3.1.1: There are generally two conceivable routes for the synthesis of diazocine, a) and b). a) A two-

step diazocine synthesis starting from 2-nitrotoluene has, however, only been accomplished through C-C 

coupling in the first step followed by azo cyclization. b) So far, it has not been possible to form the ethylene 

bridge following the azo cyclization. 

  

N N NO2 NO2O2N

N N N N NO2
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Using a reductive azo cyclization starting from a dinitro precursor would allow a desired two-

step diazocine synthesis (Figure 3.1.1 a). The dinitro precursor can be synthesized in an 

oxidative C-C coupling starting from 2-nitrotoluene.[64] These derivatives are commercially 

available and easy to synthesize. Thus, they would be ideal starting compounds for the 

derivatization of diazocines if the two consecutive steps were reliable and high yielding.  
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3.1.1  Summary of Solvent-Free Synthesis of Diazocine 

In this work we developed a convenient two-step diazocine synthesis starting from the 

commercially available 2-nitrotoluene. At first, we investigated the oxidative C-C coupling of 

2-nitrotoluene. Addition of potassium butoxide leads to deprotonation of the -proton to 

form an anion, which is stabilized by the nitro group in ortho position. As a result of 

delocalization, the anion can no longer act as a nucleophile in substitution reactions. Upon 

addition of an oxidant, the anions are oxidized to form radicals, which dimerize 

subsequently.[64]  The original reaction by Chaudhuri and Ball was carried out with air as 

oxidant.[64] However, it was difficult to reproduce the reaction conditions including 

parameters such as temperature, stirring speed and water content of the air. The use of 

bromine as an oxidant allowed to establish a reliable reaction. Further optimization of reaction 

conditions resulted in a reliable, fast and high yielding C-C coupling of 2-nitrotoluene 

(Figure 3.1.2).  

 

Figure 3.1.2: The developed synthesis of the diazocine starts from commercially available 2-nitrotoluene, 

which is deprotonated and oxidized to form radicals, that dimerize. The dinitro dimer was converted in a 

two-step azo cyclization using Zn, Ba(OH)2 to form the hydrazine, which was subsequently oxidized with CuCl2 

and air. To avoid a two-step synthesis we investigated the reduction of the dinitro dimer in a ball mill with 

lead under nitrogen atmosphere. 

As the reductive azo cyclization is the second step in this diazocine synthesis strategy, we 

investigated the procedure by Duval and Paudler with regard to the formation of 

intermediates during the reaction.[49, 65] This reaction allows reduction of the dinitro precursor 
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to the hydrazine using Zn, Ba(OH)2 under conditions, which prevent the formation of diamines. 

In a second step, the hydrazine is oxidized quantitatively to the diazocine with highly toxic 

mercury oxide. In previous experiments, the outcome of the reaction very much varied in 

dependence of the zinc quality. Based on the monitoring of the reaction conditions a method 

was developed that allows to perform the reaction, independent of the zinc reactivity. 

Additionally the use of mercury oxide was avoided by implementing CuCl2 and air as an 

alternative. (Figure 3.1.2).  

To avoid the second oxidation step we investigated a one-step solvent-free azo cyclization, 

using lead powder in a ball mill under nitrogen atmosphere, which yielded 51% 

(Figure 3.1.2).[66] In view of possible applications in pharmacology, the stability of diazocine 

towards glutathione was tested. It appeared that the parent diazocine is stable when 

isomerized under the presence of glutathione. Thus, it can be expected to be intracellularly 

stable and not carcinogenic.[45, 46]  
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3.1.2 Solvent-Free Synthesis of Diazocine 
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Scientific contribution to this paper 

I developed the synthetic route. I carried out all the syntheses and investigations, with the 

help of Daniel Langbehn as in his role as a research associate. Prof. Dr. R. Herges and I wrote 

the manuscript. 
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3.2 Synthesis of Functionalized Diazocines 

Due to their inverse stability in comparison to azobenzenes, diazocines are suitable as 

mechanochromic mechanophores. The bent and yellow cis-configuration should be stretched 

into the longer and red trans-configuration with the application of force. The isomerization of 

Spiropyran has been used to establish stress-indicating materials and shape recovery 

polymers in a similar manner.[37–39] However, this mechanophore is partially oxidized in the 

open merocyanine form, wherby restricting its use.[40] Not only is the diazocine more stable, 

it also has improved photochemical properties which makes them suitable for 

photoresponsive materials.[47, 48] 

To achieve this, functionalized diazocines need to be synthetically accessible, the 

functionalization needs to enable cross-linkage and implementation must retain the excellent 

photochemical properties. Hitherto only a few diazocines have been implemented into 

macromolecules.[35, 54] In those, the chosen substitution pattern resulted in poor cis → trans 

isomerization rates and thus did not implement the improved photochemical properties of 

the diazocine parent system (Figure 3.2.1).[43, 56]  

 

 

Figure 3.2.1: UV-spectra of the parent diazocine (left), 3,3’-diaminodiazocine (middle) and 

4,4’-diaminodiazocine (right) in acetonitrile. The 3,3’-diaminodiazocine (middle) and 4,4’ diaminodiazocine 

(right) have both been implemented in macromolecules but show uncharacteristic photochemical properties 

in comparison to the parent system (left). It appears that the * transition of the trans-isomer is 

bathochromically shifted and thus interfering with the n-* transition of the cis-isomer, resulting in poor 

photostationary states. 
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3.2.1 Summary of Synthesis of Functionalized Diazocines for Application 

as Building Blocks in Photo- and Mechanoresponsive Materials  

In this work, the photochemical properties of previously published diazocines used as 

photoswitches in macromolecules were compared with several new functionalized diazocines 

in solution.[54, 56] To enable a comparison of photochemical properties of different compounds, 

these needed to be tested under the same conditions. Thereupon we synthesized and 

investigated the previously published 3,3’-diaminodiazocine, 4,4’-diaminodiazocine and 

parent diazocine. The PSS385 nm of both amino substituted diazocines were evidently poor. We 

attributed this to the electronic interactions between the substituents and azobenzene and 

concluded that electronic decoupling of the azobenzene unit and its substituents by insertion 

of one or two CH2 groups would improve the PSS at 385 nm. Consequently, a synthesis route 

for seven symmetrically functionalized diazocines bearing the functional groups amine, 

alcohol, azide and vinyl, was developed. The synthesis route was based on the previously 

published oxidative C-C coupling and reductive azo cyclization, which have shown to be 

suitable for derivatization of diazocines (Figure 3.2.2 a).[67]  

 

Figure 3.2.2: a) The previously published procedure starting from 2-nitrotoluene derivatives was applied to 

synthesize seven symmetrically substituted diazocines. b) The introduction of a methylene group between 

the aromatic ring and the functional group improved the photostationary states at 385 nm. 
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The photochemical properties of the diazocines were investigated in UV-vis and NMR 

experiments. The switching efficiency was significantly improved (PSS385 nm: 74-85%) in 

comparison to the diaminodiazocines (PSS385 nm: 25-30%) (Figure 3.2.2 b) and thus enable the 

use of diazocines with improved photochemical properties in a variety of polymers such as 

polyurethanes, polyesters, polyamides, polyureas and polyolefines. 
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Scientific contribution to this paper 

I developed the synthetic route. I carried out the syntheses and investigations together with 

Daniel Langbehn. Prof. Dr. Herges and I wrote the manuscript. 
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3.3 Diazocine-based Photocontrol of the Trp-cage Fold 

It is required to understand and unravel the complex network of interactions in biological 

systems in order to find new targets and treatments of complex diseases. Photocontrol of the 

biological activity of peptides and proteins is a novel approach to accomplish this.[7, 9, 18] In 

numerous studies, the control of peptide and protein activity has been achieved through the 

isomerization of a conjugated azobenzene.[18] However, when hydrophobic interactions are 

the driving force for the formation of tertiary structures, the hydrophobic character of the 

planar trans-azobenzene can be disruptive. The tendency to form aggregates through - 

interactions with aromatic amino acids could be reduced through the utilization of diazocine 

cross-linkers. Diazocines are stable in the bent and sterically demanding cis-configuration and 

can be isomerized to the twisted trans-configuration. Both isomers are less prone towards 

aggregation and thus an alternative to azobenzene-based cross-linkers.   

In a previous study, Woolley and co-workers were able to incorporate a diazocine cross-linker 

between two side-chains of an -helix. Upon irradiation with visible light, the originally 

unfolded FK-11 model peptide formed the characteristic -helix in a reversible manner.[54] 

This observation is raising the question, if this approach can be extended to reversible fold 

and unfold the tertiary structure through a single, solvent-exposed α-helix of particular 

importance to the fold of a small, but stable protein. Although Woolley’s concept proved the 

applicability of diazocines as cross-linkers in peptide and protein chemistry, the 

photochemical properties of the chosen 4,4’-diaminodiazocine were not beneficial. To 

comprise the excellent photochemical properties of diazocines a new diazocine cross-linking 

strategy was necessary. As reported in earlier studies the implementation of a methylene or 

ethylene group between the aromatic rings of the diazocine and the functional group has 

improved the photostationary states significantly in organic solvents.  
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3.3.1 Summary of Visible-Light-Driven Photocontrol of the Trp-cage 

Protein Fold by a Diazocine Cross-Linker 

In this work a functionalized diazocine cross-linker was used to reversibly fold and unfold the 

tertiary structure of the globularly folded Trp-cage, the smallest protein with a fold and thus 

an ideal system for the elucidation of protein folding (Figure 3.3.1 a). Under assistance of 

computational calculations, an appropriate conjugation strategy was established, utilizing a 

novel dicarboxylic diazocine linker. This linker, functionalized as NHS active ester, enabled the 

incorporation through amino group-bearing residues (Figure 3.3.1 b). The design aimed to 

attach the diazocine cross-linker at the side-chains of the -helix, one of the secondary 

structures of the Trp-cage, and thereby stabilizing the tertiary structure. Upon irradiation with 

visible light, the bent, shorter cis-diazocine should be isomerized to the longer trans-diazocine, 

leading to a destabilization of the -helix (Figure 3.3.1 a). Assuming that the -helix serves as 

a folding nucleus, not only the -helix is unfolded but the complete tertiary structure of the 

Trp-cage. 

 

Figure 3.3.1: a) The switchable Trp-cage called switch cage (SC) is stable in the dark-adapted cis-state of the 

diazocine or upon irradiation with light of 530 nm. Irradiation with light of 385 nm leads to cis → trans 

isomerization and thus prevents the formation of the helix and the associated tertiary structure. b) The 

diazocine cross-linker was attached at side-chain 4 and 8 of the Trp-cage. 
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The chosen peptide sequence (Ac-DAYΓQWLΓDGGPSSGRPPPS) was synthesized using Fmoc-

based solid phase peptide synthesis. L-2,3-diaminopropionic acid (Γ) was used as a lysine 

homologue with decreased side-chain length thereby limiting flexibility upon conjugation in 4 

and 8 position. The synthesis of the diazocine cross-linker was based on the previously 

reported oxidative C-C coupling and reductive azo cyclization.[67] Following conjugation, the 

switch cage (SC) was investigated in NMR and CD measurements to confirm the 

concept (Figure 3.3.2 a). The peptide was significantly stabilized upon cross-linking. 

Irradiation with visible light of 385 nm achieved a PSS of around 46% trans-SC and complete 

unfolding of the tertiary structure in the trans-SC. Irradiation with 530 nm and thermal 

relaxation completely recovered the original Trp-cage fold confirming the reversibility of this 

process.  

 

 

 

 

 

Figure 3.3.2: a) The CD spectrum of cis-SC (green) shows two minima at 206 nm and 222 nm indicating an 

α-helix. The minimum at 222 nm is significantly reduced after irradiation with 385 nm (blue) confirming the 

destabilization of the α-helix. b) The PSS of diazocine ester 11 was compared with the SC. in organic solvents. 

In the context of the folded protein in aqueous solution, the PSS at 385 nm (46 % trans-isomer) 

of the chosen diazocine cross-linker (Figure 3.3.1 b) is hampered in comparison with the 

ester 11 in organic solvents (MeOH: 78% trans-isomer, MeCN: 82% trans-isomer) 

(Figure 3.3.2 b). Most recent research suggests that this effect is more heavily influenced by 

the highly polar solvent (water) than by the folded protein environment.[23, 59, 68] Nevertheless, 

this concept has proven that it is possible to reversibly fold and unfold the tertiary structure 

through a single, solvent-exposed α-helix of particular importance to the tertiary structure, of 

a globularly folded protein using diazocines as photoswitchable cross-linkers. Accordingly, it 

should be possible to apply this concept to larger proteins with biological activity. 

N N O

O

O

O

OH

OH

OH

OH

HO

HO

11

b



Diazocine-based Photocontrol of the Trp-cage Fold 37 

 

3.3.2 Visible-Light-Driven Photocontrol of the Trp-cage Protein Fold by a 

Diazocine Cross-Linker 
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Scientific contribution to this paper 

Nils Preußke, Matthias Lipfert and I developed the concept. Nils Preußke planned and 

performed the MD simulations, the synthesis and characterization of the Trp-cage and 

switch-cage. I planned and performed the synthesis and characterization of the cross-linker. 

Nils Preußke and I prepared the original draft. Prof. Dr. F. D. Sönnichsen and Prof. Dr. R. Herges 

revised the manuscript.  
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3.4 Synthetic Photoswitchable Neurotransmitters 

Arguably, the most important requirement for a drug is selectivity. Therapeutics have to 

interact with one specific target thereby avoiding side effects.[10, 17] Small molecules are known 

to be less selective than peptide and protein-based therapeutics.[69] However, peptide and 

protein therapeutics have short lifetimes in blood plasma and their bioavailability is 

comparatively low. To the discomfort of the patients, peptide and protein-based therapeutics 

have to be injected, often on a daily basis.[69] Especially in continuous treatment, the oral 

administration of tablets is favored and gives the small molecules an advantage in the highly 

competitive pharmaceutical market. For this reason, it would be all the more important to 

increase the selectivity of small molecule therapeutics. Photopharmacology tries to achieve 

this through the implementation of photoswitchable molecules into therapeutically active 

compounds.[10, 17] This concept is aiming to change the affinity of the photo drug towards the 

target through a light induced configurational change. Diazocines allow the administration of 

diazocine-based therapeutics in their inactive dark-adapted state and enable reversible 

activation upon irradiation, thereby living up to the full potential of photopharmacology. To 

prove this concept, ionotropic glutamate receptors appeared to be a suitable target as they 

have been extensively investigated in previous studies in photopharmacology, allowing 

standardized testing in vitro and in vivo.  
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3.4.1 Summary of Synthetic Photoswitchable Neurotransmitters Based 

on Bridged Azobenzenes  

This research is aiming to demonstrate that diazocines have an inverse activity in comparison 

to azobenzenes.[70] Two photoswitchable neurotransmitters were derived from a novel 

dibromo-substituted diazocine derivative, which was synthesized in an oxidative azo 

cyclization using oxone as oxidant. The glutamate moiety containing compounds were 

characterized and tested regarding their activity towards ionotropic kainate receptors (GluK). 

Whole-cell voltage clamp recordings were accomplished on HEK293 cells expressing GluK. 

Upon irradiation with 405 nm, the diazocine neurotransmitters were isomerized to the 

twisted trans-isomer. The higher affinity towards GluK of the trans-isomer was detected in the 

voltage clamp recordings. This proof of concept was subsequently tested in vivo on GluK-

expressing rat hippocampal neurons. No activity was observed in the dark as expected. 

However, upon irradiation Glu_brAzo 2 showed activity (Figure 3.4.1).  

 

Figure 3.4.1: a) Glu_brAzo2 not only showed activity in vitro but also in vivo.  b) and c) Whole-cell current 

clamp recordings of rat hippocampal neurons in culture after perfusion of Glu_brAzo2 (30 μM). Irradiation 

at 390 nm (purple) and 530 nm (green) with light pulses of b) 5s and c) 1s resulted in a reversible change of 

current.  
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Voltage clamp recordings could demonstrate that the activation was reversible upon 

irradiation with 530 nm and no fatigue in activation was observed (Figure 3.4.1 b-c). However, 

the activation upon irradiation with 405 nm was hampered by decreased photostationary 

states of Glu_brAzo 1 (47%) trans-isomer and Glu_brAzo 2 (60%) trans-isomer in 

PBS:DMSO 1:1. As expected the deactivation of both Glu_brAzo 1 and Glu_brAzo 2 upon 

irradiation with 532 nm was quantitative. This change in switching behavior of diazocines in 

water has been observed in earlier publications on diazocine peptide cross-linkers and was 

confirmed by the work of both Ellis and Trauner who separately presented similar results on 

diazocine-based neuron activation.[23, 59]   
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3.4.2 Synthetic Photoswitchable Neurotransmitters Based on Bridged 

Azobenzenes 
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Scientific contribution to this paper 

The syntheses of (Z)-8-bromo-11,12-dihydrodibenzo[c,g][1,2]diazocine-3-carbonitrile was 

developed by me. Based on this intermediate Gisela Cabré and I evolved the synthesis route. 

Further synthesis and biological testing was carried out by Cabré and co-workers. 
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3.5 Co-Polymerization of Diazocines 

Stress indication is one of many interesting applications, which can be envisioned by the 

incorporation of mechanochromic mechanophores into materials. These mechanophores 

change their color upon the application of stress. When incorporated into a material in a 

corresponding ratio, this color change should be visible to the eye and could possibly prevent 

accidents caused by material exhaustion. To achieve this, thin stress indicating films need to 

be deposited on the chosen material. Common wetchemistry polymerization is limited in 

precision and reproducibility with respect to film thickness and the use of solvents prevents 

the applicability on chemically sensitive materials.[71, 72]  

Thin film fabrication via initiated chemical vapor deposition (iCVD) is a promising solvent-free 

method, allowing the production of well-defined thin films on 3D structures from the gas 

phase (Figure 3.5.1).[73, 74] A number of functional coatings have been achieved,[75–78]  raising 

the question if suitable photo- and/or mechanoswitchable molecules can be polymerized from 

the gas phase using iCVD. 

 

Figure 3.5.1: Preheated N2 is used as carrier gas to transport both initiator and monomers into the iCVD 

reactor. The initiator is thermally decomposed by the high temperatures of the heated filaments 

(200-360 °C). Formed radicals and monomers are adsorbed from the vapor phase onto the surface and thus 

enable polymerization upon the substrate.[75, 79] 
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3.5.1  Summary of Fabrication of Diazocine-based photochromic organic 

thin films via initiated Chemical Vapor Deposition 

The bifunctional styrenediazocine was used for the synthesis of photoswitchable co-polymer 

thin films via initiated chemical vapor deposition (iCVD). This was possible because the 

styrenediazocine has a relatively low melting point of 98 °C allowing the use in iCVD as tested 

prior to the polymerization by sublimation. After initiation with di-tert-butylperoxide (DTPO), 

the styrenediazocine was co-polymerized, using 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane 

(V3D3), a commonly used monomer for the synthesis of highly cross-linked organosilicon thin 

films (Figure 3.5.2 a). The customized reactor enabled the synthesis of co-polymer thin films 

with an average roughness of 2.57 nm (+/- 0.06 nm), showing the homogeneity of the 

deposition. The composition of V3D3 and styrenediazocine at a ratio of 2.4:1 was confirmed in 

XPS and FT-IR measurements. The photochemical properties of the polymerized diazocine was 

investigated by UV-vis spectroscopy. Reversible isomerization was applicable and visible to 

the bare eye (Figure 3.5.2 b). This work has proven that diazocines can be used to produce 

thin films by the use of iCVD and switching inside the polymer is possible.  

 

Figure 3.5.2: a) The polymerization of V3D3 and bifunctional styrenediazocine was initiated through DTPO, 

resulting in a highly cross-linked co-polymer. b) The diazocine-containing co-polymer appears yellow and 

changes its color upon irradiation, confirming successful switching of the diazocine inside the polymer. 
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3.5.2 Fabrication of Diazocine-based photochromic organic thin films via 

initiated Chemical Vapor Deposition 
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Scientific contribution to this paper 

The synthesis of bifunctional styrenediazocine was performed by me. Polymer synthesis and 

the iCVD setup was developed and carried out by Burk and co-workers.  
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4 Oxidative C-C Coupling 

Although all relevant details have been mentioned for each of the previously published 

systems it is helpful for future syntheses to summarize the details of the oxidative C-C coupling 

using KOtBu and bromine. Generally, both bromine and iodine were used successfully as 

oxidants. However, it is more practical to use bromine, as iodine does not dissove in THF 

sufficiently to perform the reaction in homogeneous solution. The mechanism of this reaction 

strongly depends on the deprotonation of the -protons. The use of substrates with other 

more acidic protons leads to the formation of the constitutional isomer (Figure 4.1 a). This is 

a detrimental side-reaction in diazocine synthesis but shows that the reaction is not limited to 

2-nitrotoluene derivatives and can be beneficial in the synthesis of different coupling patterns. 

 

 

Figure 4.1: a) When coupling (4-methyl-3-nitrophenyl) methane derivatives the CH-acidity of the methyl 

group in 4-position must always exceed all further CH groups in the molecule. Otherwise, the C-C coupling 

will form an unwanted stereoisomer. b) Substitution of the nitro group with other EWGs like an ester or 

nitrile prevented the reaction. c) EWGs will cause the formation of stilbenes as side-products if reaction 

temperature, excess of KOtBu and concentration are not adjusted.  
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The above stated findings seemingly lead to the conclusion that the nitro group could be 

substituted by another electron-withdrawing group (EWG) like an ester or nitrile. This was not 

successful suggesting that the nitro group is essential in the reaction 

mechanism (Figure 4.1 b).  

In addition to the acidity, the influence of the electronic nature of the substituents on the 

C-C coupling must be taken into account. Electron-withdrawing substituents like halogens, 

nitriles or esters can lead to the formation of a double bond (Figure 4.1 c). It is conceivable 

that the formation of a double bond proceeds according to a similar mechanism. However, it 

is sterically demanding in comparison to the formation of the first C-C bond and thus the 

temperature of the reaction influences the formation of the stilbene. Furthermore, it is 

necessary to work under high concentrations in order to favor the intermolecular over the 

intramolecular reaction. However, this is limited to the solubility of KOtBu in THF. While the 

single C-C coupling is completed within several minutes, the formation of the double bond can 

take place even hours after addition of bromine, requiring the hydrolyzation of the reaction 

around 10 min after addition of bromine is completed. In general, a higher acidity of the 

benzylic protons leads to a more exothermic reaction. Thus, consistent cooling and slow 

addition of bromine is required to prevent stilbene formation. Using substrates with additional 

EWG requires the use of equivalent amounts of KOtBu. In contrast, when electron-donating 

groups are present, the reaction often needs elevated temperatures and an excess of KOtBu.  
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5 Conclusion 

Because of the difficult synthesis of substituted diazocines, their excellent photochemical 

properties have rarely been exploited. This work was dedicated to the synthesis of diazocines 

for applications in photopharmacology, molecular biology and materials science.  

To develop a practical synthesis procedure for diazocines, previous approaches were critically 

evaluated. Several apparently viable approaches notwithstanding, starting the synthesis from 

2-nitrotoluene derivatives seemed to be advantageous (Figure 5.1). These were often 

commercially available or synthetically accessible and allow for a two-step synthesis. The 

2-nitrotoulene derivatives were dimerized via an optimized oxidative C-C coupling reaction, 

using KOtBu as a base for the abstraction of the -toluene protons and bromine for the 

subsequent oxidation of the carbanions to radicals. C-C bond formation between a radical and 

a carbanion forming a radical anion, followed by oxidation yielded the dinitro diazocine 

precursor. The reaction conditions were adjusted to prevent the formation of the stilbene 

side-product and to achieve high yields for a number of substrates. Not only is this procedure 

very fast, easy to handle and versatile but it can be scaled from 100 mg to 10 g. 

 

Figure 5.1: Starting from 2-nitrotoluene derivatives an oxidative C-C coupling with KOtBu and bromine 

resulted in dimerization in almost quantitative yields. Reduction to the diazocine was achieved in one step, 

solvent-free in a ball mill with lead or in two-steps by reduction to the hydrazine with Zn/Ba(OH)2 and 

reoxidation with CuCl2/O2 to yield the diazocine. The combination of these reactions was successfully tested 

on a large number of substituted diazocines.  
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A number of procedures for the azo cyclization of dinitro precursors had been published prior 

to this work, but none was sufficiently practicable and versatile to form the basis of this work. 

The procedures of Duval and later of Paudler successfully yielded diazocines, however, they 

were unreliable and the yields were not reproducible. Therefore, these procedures were 

investigated in detail to elucidate the problems. Concluding that the reactivity and quality of 

the zinc has a large influence on the success of the reaction, a procedure was implemented 

which allows the control of the reaction process. (Figure 5.1). At first the dinitro precursor was 

reduced with Zn and Ba(OH)2 to the hydrazine compound under conditions which did not 

allow further reduction to the diamine. This is beneficial because the hydrazine can be 

oxidized easily to the diazocine with CuCl2 and air without prior isolation. This procedure 

allowed the synthesis of a number of substituted diazocine derivatives. To simplify the 

synthesis a direct azo cyclization was investigated using lead powder as reducing agent 

without solvents in a ball mill. (Figure  5.1). This solvent-free synthesis of diazocine provided 

similar yields in one step but is restricted to a very limited number of functionalized diazocines, 

due to interactions of many relevant functional groups with lead. The reductive azo cyclization 

of halogen-substituted dinitro diazocine precursors during the synthesis of glutamate 

neurotransmitters appeared to be hampered and only achieved very low yields. To improve 

this reaction, an oxidative approach for the azo cyclization was developed starting from a 

diamino diazocine precursor using oxone® as oxidant. Although the yields were significantly 

improved, Trauner and co-workers pointed out that the application of a milder peroxide 

reagent and high dilution conditions during the cyclization could further enhance the yield.[42] 

Aiming at the implementation of diazocines as cross-linkers for the photo control of 

macromolecules, it was necessary to achieve a significant change of length during the 

isomerization. The biggest difference in length can be gained by attaching diazocine 

substituents in either para or meta position to the azo group. Para substituents affect the 

photochemical properties more strongly than the meta substitution. Thus, this work focused 

on the synthesis of bifunctional meta substituted diazocines (Figure 5.2). Nevertheless, the 

direct functionalization of diazocines particularly with amines impairs that the superior 

photochemical properties of the diazocine parent system, even when introduced in meta 

position. Electronic decoupling between the aromatic ring and the functional group, through 

insertion of one or two methylene groups clearly improved the PSS (Figure 5.2).  
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Figure 5.2: Several bifunctional meta substituted diazocines were prepared and investigated with regard to 

their photochemical properties. The insertion of one or two methylene groups between functional groups 

and aromatic ring significantly improved the photochemical properties in organic solvents. 

Following the successful synthesis and optimization of photochemical properties in organic 

solvents, the application of the substituted diazocine as cross-linker in biological and artificial 

macromolecules as well as in photopharmacology were investigated in collaboration with 

expert groups in the these fields. 

The Trp-cage miniprotein was an ideal system to investigate the hypothesis, that a single 

solvent-exposed -helix with particular importance for the fold of a globular protein can be 

used to manipulate the entire fold by attaching a diazocine cross-linker to the -helix. In this 

work, a diazocine substituted with two carboxylic acids was used to fold and unfold the Trp-

cage miniprotein reversibly (Figure 5.3). As predicted from computational calculations, the 

-helix and the tertiary structure were stabilized upon cross-linkage. Irradiation with light of 

385 nm resulted in a cis → trans isomerization and a complete unfolding of the Trp-cage was 

observed. The reversibility of this process could be achieved upon irradiation with light of 

530 nm or through thermal relaxation.  

 

Figure 5.3: Equipped with a diazocine cross-linker the globular fold of the Trp-cage miniprotein was reversibly 

controlled.  
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Surprisingly the cis → trans isomerization upon irradiation with 385 nm was only achieved 

with 46%. By comparing the conversion rates with those achieved in organic solvents it 

became clear that aqueous environment deteriorated the photochemical properties of the 

diazocine. An effect, which was also observed when investigating diazocine-based 

neurotransmitters on the neuronal signaling of glutamate ionotropic kainate receptors (GluK).  

In comparison to azobenzene, diazocines have an inverse configurational stability and are 

thermally stable in the more bulky cis configuration. The vast majority of azobenzene-

containing photopharmacophores have shown activity in their dark-adapted trans 

configuration.[10] A diazocine-based drug could be administered in the dark-adapted and 

inactive cis configuration and selectively activated at the site of interest upon irradiation. This 

strategy would exploit the fundamental advantage of photopharmacology. Glutamate 

substructure containing diazocine neurotransmitters were synthesized starting from a 

dibromo diazocine in order to prove the advantage of diazocines over azobenzenes in 

photopharmacology. Two neurotransmitters with different steric claim were tested in vitro 

and in vivo. Voltage clamp recordings on HEK293 cells revealed that both compounds were 

only active upon isomerization into the trans configuration (Figure 5.4). This proof of concept 

was confirmed for one of the compounds in vivo on GluK expressing rat hippocampal neurons. 

 

Figure 5.4: In this concept, diazocines equipped with a glutamate moiety were prepared to demonstrate the 

inverse activity of diazocine-based drugs in comparison to azobenzene and thus applicability in 

pharmacology. 
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The PSS of the cis → trans isomerization of both compounds upon irradiation with 405 nm in 

a PBS:DMSO 1:1 mixture was relatively low with 47% and 60%, concluding that the switching 

efficiency is hampered in an aqueous surrounding. 

The previously published bifunctional styrenediazocine is an ideal system to investigate the 

mechanochromic properties of highly cross-linked polymers and thus the possibility to utilize 

diazocines as mechanophores in stress-sensing applications. Due to its functionalization and 

low melting point, the styrenediazocine is suitable for initiated chemical vapor deposition 

(iCVD), a method that allows coating without the use of solvents. The polymerization of the 

diazocine with 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3) was initiated with Di-tert-

butyl peroxide (DTPO). The resulting polymer film showed reversible switching upon 

irradiation, confirming iCVD as a successful method for the synthesis of diazocine-based stress 

indicating thin films. 
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6 Outlook 

The development of the diazocine synthesis in this and other works enables the 

reconsideration of a number of projects, which had to be stopped due to the difficult synthesis 

of diazocines.[42, 80] For example, the proposed amine- and carboxyl-functionalized diazocine 

was a promising target as peptide backbone cross-linker in photopharmacology and structural 

biology but was never synthesized (Figure 6.1). An azobenzene with equivalent 

functionalization was used amongst others for optical control of insulin secretion and 

receptor-linked guanylyl cyclase.[81, 82]  

 

 

Figure 6.1: The synthesis of the amine- and carboxyl-functionalized diazocine failed in the azo cyclization 

step. Applying the developed procedure with Zn, Ba(OH)2 should finalize this project after deprotection in 

the last step.  

Having proven the applicability of diazocine in photopharmacology, it is purposeful to 

determine suitable targets and treatments. Since the penetration depth of wavelength 

currently needed to activate diazocine-based drugs is smaller than one mm, targets that can 

be reached by exposure from outside the body are certainly and foremost suitable.[83] Already, 

investigated problems such as vision restoration or bacteria-caused skin infection appear to 

be ideal starting points. Previously, photoswitchable anticataract agents have been 

investigated. Cataract is caused by an over-activated protease called calpain, which cleaves 

eye lens protein and thereby disturbs vision.[84] Azobenzene-based calpain inhibitors have 

shown a switchable activity upon irradiation with UV light. Designing a diazocine-based calpain 

inhibitor would allow to only activate the drug when it reaches its target by irradiation of 

natural visible daylight (Figure 6.2).[85] 
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Figure 6.2: Transforming the previously investigated photoswitchable calpain inhibitor to a diazocine-based 

system would enable to use natural visible light to activate the inhibitor. To enhance the activation of these 

inhibitors in aqueous solution upon irradiation it appears practical to use N-Acetyl (NAc) bridged systems 

instead of the parent diazocine. 

As experienced in this work, the switching efficiency of diazocines in water is hampered in 

comparison to organic solvents. However, it is still in the range where activation of a dark-

adapted inactive drug is sensible.[23, 59, 68] Although it is possible to deliver light to most organs 

with small optic fiber through an incision, it is to the unease of the patient and thus not ideal 

for applied research.[17, 86] To avoid this and to further implement diazocines in 

photopharmacology the development of the photochemical properties such as switching 

efficiency in water and switching within the bio optical window should be further investigated. 

Recently published nitrogen bridged diazocines by Lentes et al. show interesting 

improvements.[51] The trans → cis isomerization of both NMe and NEt bridged diazocines was 

achieved upon irradiation in the near infrared region (720 nm), resulting in a bathochromic 

shift of 64 nm in comparison to the parent diazocine. All previously published diazocine 

systems have in common that they are insoluble in water without further aromatic 

substitution. The N-Acetyl (NAc) bridged analogue however is soluble in water and the 

switching efficiency of back and forth isomerization is not hampered. Since all parent 

diazocine based systems have a lack of switching efficiency in water, it is practical to focus 

future investigation on the NAc bridged diazocine (Figure 6.2). 
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In contrast to in vivo applications, the parent diazocine appears to be the appropriate system 

in materials science. The switching efficiency is not hampered when the photoswitch is 

incorporated into a polymer and functionalized diazocines proved to be just as stable and 

resistant as the parent system.[35, 68, 87] Hetero-bridged diazocines on the other hand are not 

as robust.[51, 52] After the successful co-polymerization of a bi functional styrenediazocine with 

iCVD, it is essential to produce materials, which allow investigations on the mechano-

sensitivity of diazocines. Due to the large number of functional diazocines that are now 

available, an almost unlimited amount of material properties should be designable in order to 

get closer to the goals of stress sensing and drug release.  
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I. Analytical equipment 

 

NMR spectroscopy 

NMR spectra were measured in deuterated solvents (Deutero). To reference the NMR spectra the 

following solvent signals were used:  

 

solvent degree of deuteration 
1
H signal 

13
C signal 

acetone-d6 99.8 % 2.05 (quintet) 29.84 (septet) 

chloroform-d1 

acetonitril-d3 

99.8 % 

99.8 % 

7.26 (s) 

1.94 (quintet) 

77.16 (triplet) 

118.26 (septet) 

D2O 99.8 % 4.76 (s)  

 

NMR measurements were performed with a Bruker DRX 500 (
1
H-NMR: 500 MHz, 

13
C-NMR: 

125 MHz) and a Bruker AV 600 (
1
H-NMR: 600 MHz, 

13
C-NMR: 150 MHz).  

 

Melting point 

Melting points were measured with a Melting Point B-560 (Büchi) in melting point tubes. 

 

Mass spectrometry 

The high resolution (HR-EI) mass spectra were measured with an AccuTOF GCv 4G (Joel) with 

ionization energy of 70 eV. High resolution (APCI) mass spectra were measured with a Thermo 

Fischer Q Exactive Plus MS, Hybrid Quadrupol-Orbitrap and ASSY-APCI Probe-USI 4-4.7 kV by 

Dynamic Integrated Solutions. 

 

IR spectroscopy 

Infrared spectra were measured on a Perkin-Elmer 1600 Series FTIR spectrometer with an A531-G 

Golden-Gate-Diamond-ATR-unit. Signals were abbreviated with w, m, s, vs for weak, medium, strong 

and very strong signal intensity. 

 

UV–vis spectroscopy 

UV–vis spectra were recorded with a Lambda 14 UV/Vis spectrometer, Perkin–Elmer. Quartz cuvettes 

of 10 mm optical path length were used. 
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Chromatography stationary phases 

Flash column chromatography purfications were performed on a Biotage
®
 type Isolera one with 

Biotage
®
 Ultra cartridges (Biotage

®
, HP-Sphere

TM
, particle diameter: 25 μm, cartridges sizes: 10 g, 

25 g, 50 g and 100 g) were used. Rf values were determined by thin layer chromatography on 

Polygram
®
 SilG/UV254 (Macherey Nagel, 0.2 mm particle size) and ALUGRAM

®
 Xtra SIL G/UV254 

(Macherey Nagel, 0.2 mm particle size). 

 

Light sources 

 

The irradiation of the samples was performed with LEDs with a wavelength of 385 and 530 nm 

from SAHLMANN PHOTOCHEMICAL SOLUTIONS with followed specifications: 

 

 385 nm: 12 x Nichia NCSU034A, FWHM = 9 nm, P(opt) = 12 x 340 mW, 

 530 nm: 16 x Luxeon LXML-PM01-0080, FWHM = 33 nm, P(opt) = 16 x 200 mW], 
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II. Syntheses 

II.1. Synthesis of 4-(tert-butoxymethyl)-2-nitrotoluene (9a) 

 

 

 

Under a N2 atmosphere 4-hydroxymethyl-2-nitrotoluene (8a, 20.0 g, 120 mmol) was dissolved in 

300 mL dry DCM, followed by the addition of isobutylene in DCM (300 mL, 251 mmol) and 

concentrated sulfuric acid (1.25 mL, 23.3 mmol). The reaction mixture was stirred for 16 h at room 

temperature and diluted with saturated sodium hydrogen carbonate (250 mL). The organic layer was 

separated and the aqueous layer was extracted with DCM (200 mL). The combined organic layers 

were washed with saturated sodium chloride solution, dried over magnesium sulfate and the solvent 

was removed in vacuo. The crude product was purified on silica flash column chromatography 

(cyclohexane/ethyl acetate, ethyl acetate 10% → 100%) to obtain a yellow oil (24.9 g, 111 mmol, 

93%). 

Rf : 0.60 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K):  = 7.96 (d, 

4
J = 1.5 Hz, 1 H, H-3), 7.47 (dd, 

3
J = 7.8 Hz, 

4
J = 1.5 Hz, 1 H, H-5), 7.29 (d, 

3
J = 7.8 Hz, 1 H, H-6), 4.47 (s, 2 H, 

t
BuO-CH2), 2.57 (s, 3 H, CH3), 

1.30 (s, 9 H, H-
t
Bu) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K):  = 149.1 (C-2), 139.5 (C-4), 132.6 (C-6), 132.1 (C-1), 131.7 

(C-5), 123.3 (C-3), 73.9 (C-(CH3)3), 62.8 (CH2), 27.6 (C-(CH3)3), 20.2 (CH3) ppm. 

IR (ATR): ῦ = 2974 (m), 2933 (w), 2870 (w), 1526 (s), 1453 (w), 1389 (w), 1346 (s), 1235 (w), 1192 

(s), 1089 (m), 1025 (w), 883 (m), 814 (s), 755 (w), 680 (w) cm
-1

. 

MS (EI, 70 eV): m/z (%) = 150 (100), 208 (16), 104 (6). 

MS (EI, HR, 70 eV): C12H17NO3, m/z = calc.: 223.1208, found: 223.1211. 
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II.2. Synthesis of 1,2-bis(4-(tert-butoxymethyl)-2-nitrophenyl)ethane (10a) 

 

 

Under a N2 atmosphere 4-(tert-butoxymethyl)-2-nitrophenyl)ethane (9a, 1.00 g, 4.48 mmol) was 

dissolved in 90 mL dry THF, cooled to −5 °C, followed by potassium butoxide addition (653 mg, 5.82 

mmol). The reaction mixture was stirred for 30 s before the addition of bromine (274 µL, 5.38 mmol). 

After further stirring for 10 min the reaction mixture was added to 1 L ice. The precipitate was filtered 

and recrystallized from ethanol to obtain colourless crystals (816 mg, 1.84 mmol, 82%). 

 

melting point: 131 °C.  

Rf : 0.80 (cyclohexane/ethylacetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 7.95 (d, 

4
J = 1.5 Hz, 2 H, H-3), 7.51 (dd, 

3
J = 7.8 Hz, 

4
J = 1.5 Hz, 2 H, H-5), 7.38 (d, 

3
J = 7.8 Hz, 2 H, H-6), 4.49 (s, 4 H, 

t
BuO-CH2), 3.19 (s, 4 H, C2H4), 

1.31 (s, 18 H, H-
t
Bu) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 149.1 (C-2), 140.2 (C-4), 134.7 (C-1), 132.4 (C-6), 131.9 

(C-5), 123.3 (C-3), 74.8 (C-CH3), 62.7 (
t
BuO-CH2), 34.2 (C2H4), 27.6 (C-(CH3)3) ppm. 

 

IR (ATR): ῦ = 2977 (m), 1569 (w), 1520 (vs), 1390 (m), 1362 (s), 1344 (s), 1195 (vs), 1120 (m), 

1063 (s), 1025(m), 888 (s), 833 (s), 814 (s), 750 (m), 677 (m) cm
-1

. 

 

 

MS (APCI): m/z (%) = 483 (100) [M+K], 467 (12) [M+Na]. 

 

MS (APCI): m/z (%) = [C24H32O6N2
39

K], m/z = calc.: 483.1892, found: 483.1890. 

           = [C24H32O6N2
23

Na], m/z = calc.: 476.2153, found: 476.2152. 
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II.3. Synthesis of (Z)-3,8-bis(tert-butoxymethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine (11a) 

 

 

 

 

A mixture of 1,2-bis(4-(tert-butoxymethyl)-2-nitrophenyl)ethane (10a, 193 mg, 434 µmol), Ba(OH)2 

8H2O (411 mg, 1.30 mmol) and zinc powder (454 mg, 6.94 mmol) were dissolved in an ethanol/water 

mixture (60 mL, 2:1) and stirred for 5 h under reflux. After filtration trough Celite and evaporation of 

the solvent under reduced pressure, the crude product was dissolved in 0.1 M methanolic NaOH 

solution (150 mL), CuCl2 (5.00 mg, 37.2 µmol) was added, and air was led trough the solution for 4 h. 

The reaction mixture was neutralized with 2 M HCl and the aqueous layer was extracted with DCM 

(3 × 75 mL). The combined organic layers were washed with a saturated sodium chloride solution and 

dried over magnesium sulfate. The solvent was evaporated in vacuo and the crude product was 

purified by flash column chromatography (cyclohexane/ethyl acetate, ethyl acetate 10% → 100%) to 
afford the product as a yellow solid (93.1 mg, 245 µmol, 56%). 

melting point: 128 °C. 

Rf : 0.59 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K):  = 6.99 (dd, 

3
J = 7.8 Hz, 

4
J = 1.7 Hz, 2 H, H-5), 6.92 (d, 

3
J = 7.8 Hz, 2 H, H-6), 6.84 (d, 

4
J = 1.7 Hz, 2 H, H-3), 4.35 (d, 

4
J = 3.6 Hz, 4 H, CH2), 3.01-2.65 (m, 

4 H, C2H4), 1.24 (s, 9 H, H-
t
Bu) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K):  = 155.2 (C-2), 138.7 (C-4), 129.5 (C-6), 126.6 (C-1), 125.8 

(C-5), 117.9 (C-3), 73.5 (C-(CH3)3), 63.4 (CH2), 31.5 (C2H4), 27.6 (C-(CH3)3) ppm. 

IR (ATR): ῦ = 2974 (s), 2872 (w), 1458 (w), 1388 (m), 1361 (s), 1192 (s), 1061 (s), 1022 (m), 902 

(m), 830 (s), 814 (m), 771 (m) 746 (w) cm
-1

. 

MS (EI, 70 eV): m/z (%) = 380 (37), 323 (1), 307 (7), 279 (100), 193 (72). 

MS (EI, HR, 70 eV): C24H32N2O2, m/z = calc.: 380.2463, found: 380.2463. 
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II.4. Synthesis of (Z)-(11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)dimethanol (4a) 

 

Under a N2 atmosphere (Z)-3,8-bis(tert-butoxymethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine (11a, 

100 mg, 260 µmol) was dissolved in 1 mL dry DCM, cooled to 0 °C and TiCl4 (90.0 µL, 789 µmol) 

was added. After 1 min 20 mL saturated potassium carbonate solution were added. The solution was 

acidified with 1 M hydrochloric acid solution and extracted with DCM. The combined organic layers 

were washed with saturated sodium chloride solution 50 mL, dried over magnesium sulfate and the 

solvent was removed in vacuo. The crude product was purified on silica flash column chromatography 

(cyclohexane/ethyl acetate) to obtain a yellow solid. (70.0 mg, 260 µmol, 99%). 

 

melting point: 133 °C.  

Rf : 0.11 (cyclohexane/ethylacetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 7.00 (dd, 

3
J = 8.0 Hz, 

4
J = 1.6 Hz, 2 H, H-5), 6.96 (d, 

3
J = 7.9 Hz, 2 H, H-6), 6.83 (d, 

4
J = 1.1 Hz, 2 H, H-3), 4.56 (s, 4 H, CH2-OH, 2.95 (s, 2 H, C2H4), 2.77 

(s, 2 H, C2H4)  ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 155.4 (C-2), 139.6 (C-1), 129.9 (C-6), 127.3 (C-4), 125.6 

(C-5), 117.4 (C-3), 64.5 (CH2-OH), 31.4 (C2H4) ppm. 

 

IR (ATR): ῦ = 3258 (m), 2939(w), 2884 (w), 1525 (w), 1459 (w), 1405 (m), 1353 (w), 1276 (w), 

1225 (w), 1092 (w), 1019 (vs), 996 (vs), 889 (m), 833 (s), 818 (s), 751 (s), 724 (m), 701 (m), 620 (m) 

cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 268 (100), 236 (83), 207 (56). 

 

MS (EI, HR, 70 eV): C16H16N2O2, m/z = calc.: 268.1212, found: 268.1199. 
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II.5. Synthesis of (Z)-3,8-bis(azidomethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine (5a) 

 

 

 

Under a N2 atmosphere (Z)-(11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)dimethanol (4a, 1.00 g, 

3.73 mmol) was dissolved in dry THF (20 mL). 2-Azido-1,3-dimethylimidazolinium 

hexafluorophosphate (2.65 g, 9.29 mmol)) and DBU (1.71 g, 11.2 mmol) were added slowly. After 

stirring for 30 min at room temperature the reaction mixture was diluted with saturated potassium 

carbonate solution. The organic layer was separated and the aqueous layer was extracted with DCM 

(3 × 50 mL), washed with saturated sodium chloride solution and dried over magnesium sulfate. The 

solvent was evaporated in vacuo and the crude product was then purified by flash column 

chromatography (cyclohexane/ethyl acetate, ethyl acetate 10% → 100%) to obtain a yellow solid 

(956 mg, 3.00 mmol, 81%). 

melting point: 62 °C. 

Rf : 0.50 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (600.1 MHz, CDCl3, 300 K):  = 7.01-6.95 (m, 4 H, H-5, H-6), 6.76 (d, 

4
J = 1.2 Hz, 2 H, H-

3), 4.22 (m, 4 H, CH2), 3.04-2.72 (m, 4 H, C2H4) ppm. 

13
C-NMR (150.9, CDCl3, 300 K):  = 155.6 (C-4), 134.2 (C-2), 130.3 (C-6), 128.2 (C-1), 126.7 (C-5), 

118.3 (C-3), 53.9 (CH2), 31.3 (C2H4) ppm. 

IR (ATR): ῦ = 2931 (w), 2093 (s), 1451 (w), 1338 (m), 1247 (s), 1092 (w), 874 (m), 826 (s), 807 (m), 

750 (m), 630 (w), 611 (w) cm
-1

. 

MS (EI, 70 eV): m/z (%) = 318 (15), 262 (4), 248 (13), 233 (15), 178 (100). 

MS (EI, HR, 70 eV): C16H14N8, m/z = calc.: 318.1341, found: 318.1339. 
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II.6. Synthesis of (Z)-(11,12-dihydrodibenzo[1,2]diazocin-3,8-diyl)dimethanamine (6a) 

 

 

(Z)-(11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)dimethanol (5a, 78 mg, 245 µmol) and 

triphenylphosphine (141 mg, 540 µmol) were dissolved in dry THF. After the addition of water 

(88 µL, 490 µmol) the reaction mixture was stirred for 1 h at room temperature and afterwards diluted 

with water. The solution was acidified with 1 M hydrochloric acid solution and washed with DCM (3 × 

50 mL). The aqueous solution was neutralized with 1 M sodium hydroxide solution and extracted at 

pH > 7 with DCM. The combined organic layers were washed with saturated sodium chloride 

solution, dried over magnesium sulfate and the solvent was removed in vacuo to obtain a yellow solid. 

(62.9 mg, 236 µmol, 96%). 

 

melting point: 118 °C.  

Rf : 0.01 (cyclohexane/ethylacetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 6.97 (dd, 

3
J = 7.7 Hz, 

4
J = 2.1 Hz, 2 H, H-5), 6.95 (d, 

3
J = 7.7 Hz, 2 H, H-6), 6.81 (d, 

4
J = 1.1 Hz, 2 H, H-3), 3.78 (s, 4 H, CH2-NH2), 3.02-2.70 (m, 4 H, 

C2H4) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 155.4 (C-2), 141.9 (C-4), 129.8 (C-6), 126.4 (C-1), 125.8 

(C-5), 117.5 (C-3), 45.8 (CH2-NH2), 31.4(C2H4) ppm. 

 

IR (ATR): ῦ = 2871 (m), 1556 (s), 1455 (vs), 1372 (s), 1297 (vs), 911 (m), 811 (vs), 695 (m) cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 266 (59), 237 (100) 220 (82). 

 

MS (EI, HR, 70 eV): C16H18N4, m/z = calc.: 266.1532, found: 266.1543. 
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II.7. Synthesis of 4-(2-(tert-butoxy)ethyl)-2-nitrotoluene (9b) 

 

 

 

Under a N2 atmoshere 4-(2-(hydroxy)ethyl)-2-nitrotoluene (8b, 2.63 g, 14.5 mmol) was dissolved in 

150 mL dry DCM, followed by the addition of isobutylene in DCM (150 mL, 126 mmol) and 

concentrated sulfuric acid (700 L, 13.1 mmol). The reaction mixture was stirred for 15 h at room 

temperature and afterwards diluted with saturated sodium hydrogen carbonate (50 mL). The organic 

layer was separated and the aqueous layer was extracted with DCM (3 × 50 mL). The combined 

organic layers were washed with saturated sodium chloride solution, dried over magnesium sulfate and 

the solvent was removed in vacuo. The crude product was purified on silica flash column 

chromatography (cyclohexane/ethyl acetate, ethyl acetate 10% → 100%) to obtain a yellow oil 
(3.28 g, 13.6 mmol, 95%). 

Rf : 0.63 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K):  = 7.87 (d, 

4
J = 1.7 Hz, 1 H, H-3), 7.37 (dd, 

3
J = 7.8 Hz, 

4
J = 1.7 Hz, 1 H, H-5), 7.23 (d, 

3
J = 7.8 Hz, 1 H, H-6), 3.56 (t, 

3
J = 6.8 Hz, 2 H, 

t
BuO-CH2), 2.85 (t, 

3
J = 6.8 Hz, 2 H, 

t
BuO-CH2-CH2), 3.22 (s, 3 H, CH3), 1.15 (s, 9 H, H-

t
Bu) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K):  = 149.0 (C-2), 139.1 (C-4), 133.9 (C-5), 132.5 (C-6), 131.1 

(C-1), 125.0 (C-3), 73.0 (C-(CH3)3), 62.0 (
t
BuO-CH2), 36.3 (

t
BuO-CH2-CH2), 27.5 (C-(CH3)3), 20.1 

(CH3) ppm.  

IR (ATR): ῦ = 2973 (m), 2933 (m), 2870 (w), 1526 (s), 1498 (w), 1453 (w), 1362 (m), 1345 (m), 1193 

(m), 1079 (m), 1022 (w), 940 (w), 889 (w), 807 (m), 738 (m), 679 (w) cm
-1

. 

MS (EI, 70 eV): m/z (%) = 238 (8), 207 (52), 182 (42), 151 (100), 134 (88). 

MS (EI, HR, 70 eV): C13H20NO2, m/z = calc.: 238.1443, found: 238.1445. 
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II.8. Synthesis of 1,2-bis(4-(2-(tert-butoxy)ethyl)-2-nitrophenyl)ethane (10b) 

 

 

 

 

Under a N2 atmosphere 4-(tert-butoxyethyl)-2-nitrophenyl)ethane (9b, 4.00 g, 16.9 mmol) was 

dissolved in 80 mL dry THF, cooled to −5 °C, followed by potassium butoxide addition (2.65 g, 

23.6 mmol). The reaction mixture was stirred for 30 s before the addition of bromine (1.12 mL, 

21.9 mmol). After further stirring for 20 min the reaction mixture was added to 1 L ice. The precipitate 

was filtered and recrystallized from ethanol to obtain colourless crystals (2.97 g, 6.29 mmol, 75%). 

 

 

melting point: 72 °C.  

Rf : 0.51 (cyclohexane/ethylacetate, 3:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 7.85 (d, 

4
J = 1.7 Hz, 2 H, H-3), 7.40 (dd, 

3
J = 7.8 Hz, 

4
J = 1.7 Hz, 2 H, H-5), 7.30 (d, 

3
J = 7.8 Hz, 2 H, H-6), 3.57 (t, 

3
J = 6.8 Hz, 2 H, (

t
BuO-CH2), 3.19 (s, 

4 H, C2H4), 2.87 (t, 
3
J = 6.7 Hz, 2 H, (

t
BuO-CH2-CH2), 1.16 (s, 18 H, H-

t
Bu) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 149.2 (C-2), 140.0 (C-1), 134.7 (C-4), 134.1 (C-5), 132.1 

(C-6), 125.09 (C-3), 73.1 (C-CH3), 62.0 (
t
BuO-CH2), 36.6 (

t
BuO-CH2-CH2) 34.2 (C2H4), 27.3 (C-

(CH3)3) ppm. 

 

IR (ATR): ῦ = 2974 (m), 2872 (w), 1566 (w), 1526 (vs), (1463 (w), 1392 (w), 1362 (s), 1348 (s), 

1266 (m), 1196 (s), 1079 (s), 1029 (w), 939 (w), 894 (w), 843 (m), 830 (w), 806 (m), 766 (w), 736 

(w), 677 (w) cm
-1

. 

 

MS (APCI): m/z (%) = 511 (100) [M+K]. 

 

MS (HR-APCI): m/z (%) = [C26H36O6N2
39

K], m/z = calc.: 511.2205, found: 511.2204. 
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II.9. Synthesis of (Z)-3,8-bis(2-(tert-butoxy)ethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine (11b) 

 

 
 

 

To a solution of 1,2-bis(4-(2-(tert-butoxy)ethyl)-2-nitrophenyl)ethane (10b, 900 mg, 1.90 mmol) in 

105 mL of ethanol, Ba(OH)2·8H2O (1.80 g, 5.71 mmol) in 50 mL of H2O and zinc powder (1.99 g, 

30.5 mmol) were added, and the mixture was stirred for 5 h under reflux. The reaction mixture was 

filtered through Celite, and the solvent was removed under reduced pressure. The crude product was 

dissolved in DCM, filtered through Celite, and the solvent was removed under reduced pressure. The 

crude product was dissolved in 120 mL 0.1 M methanolic sodium hydroxide solution, CuCl2 (20 mg, 

149 μmol) was added and air was led through the solution until completion of the reaction. The 

reaction mixture was neutralized with 6 M HCl solution. After the addition of saturated sodium 

bicarbonate solution the aqueous layers were extracted with DCM. The combined organic layers were 

dried over MgSO4 and the solvent was reduced under reduced pressure. The crude product was 

purified by flash column chromatography (cyclohexane/ethyl acetate, 3:1) to obtain a yellow oil 

(466 mg, 1.14 mmol, 60%). 

 

 

Rf : 0.44 (cyclohexane/ethyl acetate, 3:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 6.88 (m, 4 H, H-5, H-6), 6.67 (s, 2 H, H-3), 3.45 (t, 

3
J = 7.1 Hz, 4 H, 

t
BuO-CH2-CH2), 2.82 (m, 4 H, C2H4), 2.70 (t, 

3
J = 7.1 Hz, 4 H, 

t
BuO-CH2-CH2), 1.08 

(s, 18 H, H-
t
Bu) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 155.2 (C-2), 138.2 (C-4), 129.4 (C-6), 127.8 (C-1), 125.7 

(C-5), 119.4 (C-3), 72.8 (C-(CH3)3), 62.5 (
t
BuO-CH2), 36.7 (

t
BuO-CH2-CH2), 31.4 (C2H4), 27.4 (C-

(CH3)3) ppm. 

 

IR (ATR): ῦ = 2972 (m), 2866 (w), 1611 (w), 1566 (w), 1491 (w), 1390 (m), 1362 (s), 1233 (w), 

1194 (s), 1078 (vs), 1020 (w), 939 (w), 879 (m), 811 (m), 740 (m), 628 (w) cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 408 (40), 321 (18), 293 (82), 279 (28), 264 (16), 208 (100). 

 

MS (EI, HR, 70 eV): C26H36N2O2, m/z = calc.: 408.2777, found: 408.2771. 
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II.10. Synthesis of (Z)-2,2'-(11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)bis(ethan-1-ol) (4b) 

 

 

 
Under a N2 atmosphere (Z)-3,8-bis(2-(tert-butoxy)ethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine 

(11b, 340 mg, 833 µmol) was dissolved in 3 mL dry DCM, cooled to 0 °C and TiCl4 (90.0 µL, 

789 µmol) was added. After 30 s 20 mL saturated potassium carbonate solution were added. The 

solution was acidified with 1 M hydrochloric acid solution and extracted with DCM. The combined 

organic layers were washed with saturated sodium chloride solution (50 mL), dried over magnesium 

sulfate and the solvent was removed in vacuo. The crude product was purified on silica flash column 

chromatography (cyclohexane/ethyl acetate, 1:1) to obtain a yellow solid. (221 mg, 746 µmol, 90%).  

 

 

melting point: 94 °C.  

Rf : 0.09 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 6.90 (d, 

3
J = 7.8 Hz, 2 H, H-6), 6.96 (dd, 

3
J = 7.5 Hz, 

4
J = 1.6 Hz 2 H, H-5), 6.67 (d, 

4
J = 1.6 Hz, 2 H, H-3), 3.72 (t, 

3
J = 6.2 Hz, 4 H, HO-CH2), 2.82 (s, 4 H, 

C2H4), 2.73 (t, 
3
J = 6.4 Hz, 4 H, HO-CH2-CH2 ) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 155.7 (C-2), 137.7 (C-4), 130.0 (C-6), 126.4 (C-1), 127.8 

(C-5), 118.9 (C-3), 63.7 (HO-CH2), 38.8 (HO-CH2-CH2), 31.4 (C2H4) ppm. 

 

IR (ATR): ῦ = 3294 (m), 2918 (m), 1402 (m), 1329 (m), 1068 (s), 1030 (vs), 886 (w), 860 (w), 797 

(s), 618 (s) cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 296 (32), 265 (10), 237 (100), 219 (32), 204 (55). 

 

MS (EI, HR, 70 eV): C18H18N2O2, m/z = calc.: 296.1525, found: 296.1509. 
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II.11. Synthesis of (Z)-3,8-bis(2-azidoethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine (5b) 

 

 

 

 

Under a N2 atmosphere (Z)-2,2'-(11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)bis(ethan-1-ol) 

(4b, 132 mg, 445 µmol) was dissolved in 2 mL dry THF. 2-Azido-1,3-dimethylimidazolinium 

hexafluorophosphate (316 mg, 1.11 mmol) and DBU (199 µL, 1.34 mmol) were added, the reaction 

was stirred for 2 h at room temperature and stopped by the addition of 20 mL saturated potassium 

solution. After extraction with DCM the combined organic layers were washed with saturated sodium 

chloride solution, dried over magnesium sulfate and the solvent was removed in vacuo. The crude 

product was purified on silica flash column chromatography (cyclohexane/ethyl acetate, 1:1) to obtain 

a yellow oil. (121 mg, 350 µmol, 79%). 

 

 

Rf : 0.8 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 6.93 (d, 

3
J = 7.8 Hz, 2 H, H-6), 6.87 (dd, 

3
J = 7.8 Hz, 

4
J = 1.7 Hz 2 H, H-5), 6.70 (d, 

4
J = 1.6 Hz, 2 H, H-3), 3.41 (t, 

3
J = 5.8 Hz, 4 H, N3-CH2), 2.94 (s, 4 H, 

C2H4), 2.78 (t, 
3
J = 7.1 Hz, 4 H, N3-CH2-CH2 ) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 155.5 (C-2), 136.8 (C-4), 129.6 (C-6), 127.5 (C-1), 126.6 

(C-5), 119.0 (C-3), 52.1 (N3-CH2), 34.8 (N3-CH2-CH2), 31.4 (C2H4) ppm. 

 

IR (ATR): ῦ = 2928 (w), 2087 (vs), 1685 (w), 1610 (w), 1566 (m), 1492 (m), 1485 (m), 1437 (m), 

1346 (m), 1252 (s), 1137 (w), 1091 (w), 1043 (w), 979 (w), 948 (w), 887 (m), 809 (m) cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 346 (34), 262 (18), 234 (22), 218 (30), 202 (67), 191 (100). 

 

MS (EI, HR, 70 eV): C18H18N8, m/z = calc.: 346.1654, found: 346.1650. 
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II.12. Synthesis of (Z)-2,2'-(11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)bis(ethan-1-amine) 

(6b) 

 

 

 

(Z)-3,8-Bis(2-azidoethyl)-11,12-dihydrodibenzo[c,g][1,2]diazocine (5b, 68 mg, 196 µmol) and 

triphenylphosphine (113 mg, 431 µmol) were dissolved in dry THF. After the addition of water 

(71.0 µL, 392 µmol) the reaction mixture was stirred for 4 h at room temperature and afterwards 

diluted with water. The solution was acidified with 1 M hydrochloric acid solution and washed with 

DCM (3 × 50 mL). The aqueous solution was neutralized with 1 M sodium hydroxide solution and 

extracted at pH > 7 with DCM. The combined organic layers were washed with saturated sodium 

chloride solution, dried over magnesium sulfate and the solvent was removed in vacuo to obtain a 

yellow solid. (55.0 mg, 187 µmol, 95%). 

 

Rf : 0.01 (cyclohexane/ethyl acetate, 1:1). 

1
H-NMR (500.1 MHz, D2O, 300 K): δ = 7.11 (d, 

3
J = 7.9 Hz, 2 H, H-6), 7.03 (dd, 

3
J = 7.9 Hz, 

4
J = 1.7 Hz, 2 H, H-5), 6.83 (d, 

4
J = 1.6 Hz, 2 H, H-3), 3.17 (t, 

3
J = 6.2 Hz, 4 H, H2N-CH2), 2.87 (s, 

4 H, C2H4), 2.86 (m, 4 H, H2N-CH2-CH2 ) ppm. 

13
C-NMR (125.8 MHz, D2O, 300 K): δ = 154.1 (C-2), 136.7 (C-4), 130.7 (C-6), 128.5 (C-1), 128.1 

(C-5), 119.0 (C-3), 40.1 (N3-CH2), 32.1 (N3-CH2-CH2), 30.5 (C2H4) ppm. 

 

IR (ATR): ῦ = 2944 (w), 1777 (w), 1671 (s), 1520 (w), 1469 (w), 1434 (w), 1135 (vs), 962 (m), 839 

(m), 812 (s), 797 (s), 750 (w), 723 (s), 704 (s)  cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 294 (1), 265 (100), 236 (11), 220 (35), 205 (54). 

 

MS (EI, HR, 70 eV): C18H22N4, m/z = calc.: 294.1845, found: 294.1839. 
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II.13. Synthesis of (Z)-3,8-divinyl-11,12-dihydrodibenzo[c,g][1,2]diazocine (7) 

 

 

Under a N2 atmosphere tosylchloride (325 mg, 1.71 mmol) and DMAP (27 mg, 223 µmol) were 

dissolved in 4 mL dry DCM and TEA (414 mL, 2.97 mmol) was added. (Z)-2,2'-(11,12-

Dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)bis(ethan-1-ol) (4b, 220 mg, 742 µmol) was dissolved in 

7 mL dry DCM and added dropwise over a period of 10 min. The reaction mixture was stirred for 5 h 

at room temperature, followed by the addition of saturated sodium carbonate solution. After extraction 

with DCM the combined organic layers were washed with water and saturated sodium chloride 

solution and dried over magnesium sulfate. The solvent was removed in vacuo and the crude product 

was purified on silica flash column chromatography (cyclohexane/ethyl acetate, 1:1). The isolated 

product from step one was dissolved under N2 atmosphere in dry THF and potassium butoxide 

(151 mg, 1.35 mmol) was dissolved in dry THF and added dropwise at 0 °C. The reaction mixture was 

stirred at 0 °C for 30 min and diluted in ethyl acetate and water. After separation, the aqueous phase 

was extracted with ethyl acetate twice, washed with saturated sodium chloride solution twice, and 

dried over magnesium sulfate. The solvent was removed under reduced pressure and the residue 

purified by silica flash column chromatography (cyclohexane/ethyl acetate, 1:1) to obtain yellow 

crystals. (139 mg, 534 µmol, 72%). 

 

 
melting point: 98 °C.  

Rf : 0.65 (cyclohexane/ethyl acetate, 2:1). 

1
H-NMR (500.1 MHz, CDCl3, 300 K): δ = 7.06 (dd, 

3
J = 7.8 Hz, 

4
J = 1.7 Hz 2 H, H-5), 6.94 (d, 

3
J = 7.9 Hz, 2 H, H-6), 6.87 (d, 

4
J = 1.7 Hz, 2 H, H-3), 6.59 (dd, 

2
J = 17.6 Hz, 

3
J = 10.9 Hz, 2 H, CH-

CH2), 5.66 (dd, 
3
J = 17.6 Hz, 

4
J = 0.7 Hz, 2 H, CH-CH2 trans), 5.21 (dd, 

3
J = 10.9 Hz, 

4
J = 0.6 Hz, 2 H, 

CH-CH2 cis), 2.86 (m, 4 H, C2H4) ppm. 

13
C-NMR (125.8 MHz, CDCl3, 300 K): δ = 155.4 (C-2), 136.2 (C-4), 135.8 (CH-CH2), 129.9 (C-6), 

127.6 (C-1), 124.9 (C-5), 116.7 (C-3), 114.5 (CH-CH2), 31.5 (C2H4), ppm. 

 

IR (ATR): ῦ = 2021 (w), 1836 (w), 1556 (w), 1487 (w), 1434 (w), 1267 (w), 1093 (w), 997 (m), 986 

(m), 956 (m), 914 (vs), 900 (s), 884 (m), 819 (s), 749 (m), 707 (w) cm
-1

. 

 

MS (EI, 70 eV): m/z (%) = 260 (78), 215 (53), 202 (100). 

 

MS (EI, HR, 70 eV): C18H16N2, m/z = calc.: 260.1313, found: 260.1317. 
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III. NMR spectra 

 

 

         Figure S1: 
1
H-NMR spectrum of compound 9a measured in deuterated chloroform. 

 

        Figure S2: 
13

C-NMR spectrum of compound 9a measured in deuterated chloroform. 
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         Figure S3: 
1
H-NMR spectrum of compound 9b measured in deuterated chloroform. 

 

        Figure S4: 
13

C-NMR spectrum of compound 9b measured in deuterated chloroform. 
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         Figure S5: 
1
H-NMR spectrum of compound 10a measured in deuterated chloroform. 

 

         Figure S6: 
13

C-NMR spectrum of compound 10a measured in deuterated chloroform. 
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         Figure S7: 
1
H-NMR spectrum of compound 10b measured in deuterated chloroform. 

 

        Figure S8: 
13

C-NMR spectrum of compound 10b measured in deuterated chloroform. 
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         Figure S9: 
1
H-NMR spectrum of compound 11a measured in deuterated chloroform. 

 

        Figure S10: 
13

C-NMR spectrum of compound 11a measured in deuterated chloroform. 
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         Figure S11: 
1
H-NMR spectrum of compound 11b measured in deuterated chloroform. 

 

        Figure S12: 
13

C-NMR spectrum of compound 11b measured in deuterated chloroform. 
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         Figure S13: 
1
H-NMR spectrum of compound 4a measured in deuterated chloroform. 

 

        Figure S14: 
13

C-NMR spectrum of compound 4a measured in deuterated chloroform. 
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         Figure S15: 
1
H-NMR spectrum of compound 4b measured in deuterated chloroform. 

 

        Figure S16: 
13

C-NMR spectrum of compound 4b measured in deuterated chloroform. 
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         Figure S17: 
1
H-NMR spectrum of compound 5a measured in deuterated chloroform. 

 

        Figure S18: 
13

C-NMR spectrum of compound 5a measured in deuterated chloroform. 
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         Figure S19: 
1
H-NMR spectrum of compound 5b measured in deuterated chloroform. 

 

        Figure S20: 
13

C-NMR spectrum of compound 5b measured in deuterated chloroform. 
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         Figure S21: 
1
H-NMR spectrum of compound 6a measured in deuterated chloroform. 

 

        Figure S22: 
13

C-NMR spectrum of compound 6a measured in deuterated chloroform. 
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         Figure S23: 
1
H-NMR spectrum of compound 6b measured in deuterated water. 

 

        Figure S24: 
13

C-NMR spectrum of compound 6b measured in deuterated water. 
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         Figure S25: 
1
H-NMR spectrum of compound 7 measured in deuterated chloroform. 

 

        Figure S26: 
13

C-NMR spectrum of compound 7 measured in deuterated chloroform. 
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IV. UV–vis spectra  
 

The functionalized diazocines 1–7,11a and 11b were dissolved in acetonitrile (0.05 mM) under 

exclusion of light and UV–vis cis spectra (black) were recorded. Then the solutions were irradiated at 

385 nm for 2 min and the UV–vis PSS spectra (red) were measured. 

 

 

 

Figure S27: UV–vis spectra of functionalized diazocines 1, 2, 3, 4a, 4b and 5a spectra measured at 

25 °C in acetonitrile (0.05 mM). The black line is the spectrum of the pure cis compound and in red 

the PSS after irradiation at 385 nm. 
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Figure S28: UV–vis of functionalized diazocines 5b, 6a, 6b, 7, 11a and 11b spectra measured at 

25 °C in acetonitrile 0.05mM. The black line is the spectrum of the pure cis compound and in red the 

PSS after irradiation at 385 nm. 
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Figure S29: UV–vis spectra of functionalized diazocines 1 (2.0 mM), 2 (1.3 mM), 3 (1.3 mM), 4a 

(1.5 mM), 4b (1.5 mM) and 5a (1.0 mM) spectra measured at 25 °C in acetonitrile. The black line is 

the spectrum of the pure cis compound and the red the PSS after irradiation at 385 nm. 
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Figure S30: UV–vis of functionalized diazocines 5b (1.7 mM), 6a (1.2 mM), 6b (1.6 mM), 7 

(1.6 mM), 11a (1.5 mM) and 11b (1.5 mM) spectra measured at 25 °C in acetonitrile. The black line is 

the spectrum of the pure cis compound and in red the PSS after irradiation at 385 nm. 

 

 

 

 



S34 

 

V. Photochemical experiments 

 

Photostationary states (PSS 385 nm) 
 

Photostationary states (PSS) were investigated by 
1
H-NMR spectroscopy and measured in acetonitrile-

d3 at 300 K. Samples of 10 mM were prepared under exclusion of light and measured without 

irradiation. Afterwards the samples were irradiated for 5 min at 385 nm outside the NMR spectrometer 

and under ventilation. After recording the samples were irradiated again under the same conditions to 

guarantee no further isomerization and recorded a second time. Integration of the relevant signals in 

the 
1
H-NMR spectra leads to the PSS at 385 nm. 

 

 

 

NMR spectra at PSS (385 nm) 

 

 

 

 

         Figure S31: 
1
H-NMR spectrum of compound 11a at PSS (385 nm). 
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Figure S32: 
1
H-NMR spectrum of compound 11b at PSS (385 nm). 

 

 

Figure S33: 
1
H-NMR spectrum of compound 4a at PSS (385 nm). 
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Figure S34: 
1
H-NMR spectrum of compound 4b at PSS (385 nm). 

 

 

Figure S35: 
1
H-NMR spectrum of compound 5a at PSS (385 nm). 
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Figure S36: 
1
H-NMR spectrum of compound 5b at PSS (385 nm). 

 

 

Figure S37: 
1
H-NMR spectrum of compound 6a at PSS (385 nm). 
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Figure S38: 
1
H-NMR spectrum of compound 6b at PSS (385 nm). 

 

 

Figure S39: 
1
H-NMR spectrum of compound 7 at PSS (385 nm). 
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Figure S40: 
1
H-NMR spectrum of compound 1 at PSS (385 nm). 

 

 

Figure S41: 
1
H-NMR spectrum of compound 3 at PSS (385 nm). 
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Thermal half-lives determined by UV–vis spectroscopy 

 
The functionalized diazocines 1–7,11a and 11b were dissolved in acetonitrile under the exclusion of 

light and UV–vis cis spectra were recorded at 298.15 K. Then the solutions were irradiated at 385 nm 

for 2 min. Spectra were recorded in appropriate intervals until complete relaxation. The absorption 

maxima were plotted as a function of time and the reaction time constants were determined after 

exponential fitting. 

 

 

 

Table S1: Thermal half-lives (298.15 K), determined by UV–vis spectroscopy in acetonitrile.  

molecule concentration 

[mM] 

t1/2(UV) [h]  at 

298.15 K 

standard 

error [h] 

1 2.0 15.3 0.32 

2 1.3 24.8 0.57 

3 1.3 20 0.80 

4a 1.5 11.4 0.01 

4b 1.5 16.7 0.87 

5a 1.0 11.2 0.22 

5b 1.7 14.0 1.10 

6a 1.2 14.7 0.29 

6b 1.6 10.1 0.47 

7 1.6 13.1 1.03 

11a 1.5 10.2 0.01 

11b 1.5 15.9 0.36 

 

 



1 

Supplementary Information 

Visible-Light-Driven Photocontrol of the Trp-cage Protein Fold by a Diazocine 

Cross-Linker 

 

Nils Preußke, Widukind Moormann, Katrin Bamberg, Matthias Lipfert, Rainer Herges, Frank D. Sönnichsen 

 

Otto Diels-Institute for Organic Chemistry, Christian-Albrechts-University of Kiel, 24119 Kiel, Germany 

 

Contents 

1. Distance Computation ....................................................................................................................... 3 

2. Characterization of TC(4,8) ................................................................................................................ 3 

2.1. UHPLC-HRMS ............................................................................................................................. 3 

2.2. NMR data ................................................................................................................................... 4 

2.2.1. Trp-cage by-forms ............................................................................................................. 5 

2.3. Determination of midpoint of thermal unfolding of TC(4,8) .................................................... 5 

3. Characterization of the folded cis-switch-cage ................................................................................. 6 

3.1. UHPLC-HRMS ............................................................................................................................. 6 

3.2. NMR data ................................................................................................................................... 8 

3.2.1. Chemical shifts ................................................................................................................... 8 

3.2.2. Chemical shift deviations................................................................................................... 9 

3.3. Determination of midpoint of thermal unfolding of the switch cage ..................................... 11 

4. Switching properties of the switch cage ......................................................................................... 11 

4.1. UV/vis spectroscopy ................................................................................................................ 11 

4.2. Photostationary state at 385 nm and relaxation rates ........................................................... 12 

4.2.1. Experimental setup.......................................................................................................... 12 

4.2.2. Selecting the nuclei for the determination of the PSS at 385 nm and the relaxation rate

 12 

4.2.3. Determination of the PSS at 385 nm ............................................................................... 13 

4.2.4. Determination of the relaxation rate .............................................................................. 14 



2 

4.2.5. Results ............................................................................................................................. 14 

4.3. Photostationary state at 530 nm............................................................................................. 16 

4.4. Mechanism of interconversion between cis-SCa and cis-SCb .................................................. 17 

5. Cross-linker synthesis and characterization .................................................................................... 17 

5.1. Devices..................................................................................................................................... 17 

5.1.1. Chromatography stationary phases ................................................................................ 17 

5.1.2. Melting point determination ........................................................................................... 17 

5.1.3. NMR spectroscopy........................................................................................................... 18 

5.1.4. IR spectroscopy ............................................................................................................... 18 

5.1.5. Mass spectrometry .......................................................................................................... 18 

5.2. Synthetic procedures and analysis results .............................................................................. 19 

5.2.1. Synthesis of (3-methyloxetan-3-yl)methyl 2-(4-methyl-3-nitrophenyl)acetate (8) ........ 19 

5.2.2. Synthesis of 4-methyl-1-(4-methyl-3-nitrobenzyl)-2,6,7-trioxabicyclo[2.2.2]octane (9) 21 

5.2.3. Synthesis of 1,2-bis(4-((4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)methyl)-2-

nitrophenyl)ethane (10) .................................................................................................................. 23 

5.2.4. Synthesis of (Z)-bis(3-hydroxy-2-(hydroxymethyl)-2-methylpropyl) 2,2'-(11,12-

dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)diacetate (11) ............................................................. 25 

5.2.4.1. Determination of the PSS of diazocine 11 ............................................................... 27 

5.2.5. Synthesis of (Z)-bis(2,5-dioxopyrrolidin-1-yl) 2,2'-(11,12-

dihydrodibenzo[c,g][1,2]diazocine-3,8-diyl)diacetate (1) ............................................................... 28 

6. References ....................................................................................................................................... 30 

 

 

  



3 

1. Distance Computation 

 

Fig. S 1: The same computed distances of the switchable Trp-cage ‘cis-SCa’ (open), the uncross-linked Trp-cage 

‘TC(4,8)’ (red), as well as the diazocines cis-5 (gray) and trans-5 (blue) as in Fig. 3 (in the paper) are here displayed 

on a logarithmic scale. 

 

 

2. Characterization of TC(4,8) 

2.1. UHPLC-HRMS 

 

Fig. S 2: Chromatogram of TC(4,8). Peaks after 9 min are background noise. 

 

 

Fig. S 3: Mass spectrum of TC(4,8) at a retention time of 4.93 min. The peaks at 535, 701 and 1051 result from 

different charged states of TC(4,8). The small peaks immediately to the right of peak 701 and peak 1051 

correspond to adducts of TC(4,8) with Na+ and/or K+. The peak at 1402 corresponds to the non-covalent 

homodimer of TC(4,8) [2M + 3H]3+. The peaks at 644 and 965 belong to a side product from solid phase synthesis 

of TC(4,8) that possesses a similar retention time as TC(4,8). Based on the MS-detected chromatogram the sample 

is at least 80% pure.  
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Fig. S 4: The expansion of the mass spectrum in Fig. S 3 in the range between 700 and 704 demonstrates that the 

isotopic pattern of TC(4,8) (top) is identical with the isotopic pattern calculated based on its sum formula 

[C91H133N27O31 + 3H]3+ (bottom).  

 

2.2. NMR data 

Tab. S 1: Proton chemical shifts of the folded main form of TC(4,8). 

No. Res. Proton: Shift / ppm 

00   Ac Me: 2.074 

01   D HN: 8.245, Hα: 4.565, Hβ2/β3: 2.828/2.726 

02   A HN: 8.658, Hα: 4.185, Hβ: 1.389 

03   Y HN: 8.771, Hα: 4.248, Hβ: 3.093, Hδ: 7.098, Hε: 6.832 

04   Γ HN: 8.622, Hα: 4.473, Hβ: 3.470 

05   Q HN: 8.465, Hα: 4.019, Hβ: 2.114, Hγ: 2.311, Hε21/ε22: 7.618/6.870 

06   W HN: 8.228, Hα: 4.396, Hβ2/β3: 3.394/3.204, Hδ1: 7.091, Hε1: 9.873, Hζ2: 7.308, Hη2: 7.221, Hε3: 7.135, Hζ3: 7.226 

07   L HN: 8.415, Hα: 3.696, Hβ2/β3: 1.721/1.472, Hγ: 1.547, Hδ1/δ2: 0.937/0.854 

08   Γ HN: 8.276, Hα: 4.467, Hβ2/β3: 3.490/3.418 

09   D HN: 8.055, Hα: 4.628, Hβ2/β3: 2.840/2.699 

10   G HN: 7.773, Hα2/α3: 4.100/3.657 

11   G HN: 8.201, Hα2/α3: 3.420/1.983 

12   P Hα: 4.551, Hβ2/β3: 2.440/2.040, Hγ: 2.102, Hδ2/δ3: 3.740/3.471 

13   S HN: 7.963, Hα: 4.468, Hβ: 3.906 

14   S HN: 8.207, Hα: 4.260, Hβ2/β3: 3.885/3.635 

15   G HN: 8.071, Hα2/α3: 4.163/3.861 

16   R HN: 8.096, Hα: 4.878, Hβ: 1.819, Hγ2/γ3: 1.727/1.657, Hδ: 3.228, Hε: 7.425 

17   P Hα: 4.708, Hβ2/β3: 2.317/1.816, Hγ: 1.997, Hδ2/δ3: 3.837/3.634 

18   P Hα: 3.254, Hβ2/β3: 1.547/1.046, Hγ: 1.816, Hδ2/δ3: 3.602/3.531 

19   P Hα: 4.376, Hβ2/β3: 2.228/1.984, Hγ: 1.890, Hδ2/δ3: 3.369/3.180 

20   S HN: 7.871, Hα: 4.191, Hβ: 3.801 

 

Assignments are according to IUPAC nomenclature.1 
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Fig. S 5: 1D 1H-NMR spectrum of TC(4,8) in water with 10% D2O at pH = 5.3, 298 K and a concentration of 1.6 mM. 

The expansion between 10.3 ppm and 9.7 ppm highlights the indole region. The highest peak (9.873 ppm) belongs 

to the Trp6 indole proton (Hε1) of the folded main form. Additional peaks in the indole region indicate unfolded 

by-forms of the Trp-cage with chemical shifts of the Trp6 indole proton (Hε1) around 10.15 ppm. 

 

2.2.1. Trp-cage by-forms 

Apart from the folded main-form described above, several by-forms of the Trp-cage are apparent in the 

indole NH-region in the 1H-NMR spectrum (resonances between 9.7 ppm and 10.3 ppm). These by-

forms belong to TC(4,8). They make up approximately 36% of the sample as determined by integration 

of the indole region (Fig. S 5) while ultra-high performance liquid chromatography coupled to high 

resolution mass spectrometry (UHPLC-HRMS) determined the amount of impurities of the sample to be 

<20% (Fig. S 2 and Fig. S 3). These unfolded by-forms are detectable in NMR spectroscopy as separate 

resonances, because they are in slow equilibrium with the folded main population on the NMR chemical 

shift time scale. 

In this paper, all NMR-based evaluations refer to the folded main population if not stated otherwise. In 

contrast, CD spectroscopy is averaged over every structure (including the folded and unfolded by-forms) 

weighted with respect to their population 

 

2.3. Determination of midpoint of thermal unfolding of TC(4,8) 

Fig 4a (in the paper) displays data of thermal unfolding of TC(4,8) (red triangles). The following function 

was fitted to the data 𝑦 = 𝐴2 + 𝐴1 − 𝐴21 + exp(𝑥 − 𝑥0𝑑𝑥 ) 
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yielding the following values: A1 = -13585.51999 ± 850.58255 

A2 = -3298.40652 ± 135.41215 

x0 = 31.62031 ± 2.69452 (in this case x0 = Tm) 

dx = 13.99868 ± 1.57008 

 

3. Characterization of the folded cis-switch-cage 

3.1. UHPLC-HRMS 

 

Fig. S 6: Chromatogram of the switch cage. An aliquot of the NMR sample (contains 10% D2O) was subjected to 

UHPLC-HRMS analysis. Peaks after 9 min are background noise. 

 

 

Fig. S 7: Mass spectrum of the switch cage at a retention time of 6.19 min. The peaks around 798, 1196 and 2391 

result from different charged states of TC(4,8). The smaller peaks to the right of the product peaks correspond to 

adducts of the switch cage with Na+ and/or K+. The peak around 2391 can be assigned to singly charged switch 

cage [M + H]+ overlaid the doubly charged non-covalent homodimer of the switch cage [2M + 2H]2+. The peak 

around 1594 belongs to the triply charged non-covalent homodimer [2M + 3H]3+. Based on the MS-detected 

chromatogram the sample is at least 85% pure. 
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Fig. S 8: The expansion of the mass spectrum in Fig. S 7 in the range between 1194 and 1200 demonstrates that 

the isotopic pattern of the switch cage (top) is almost identical with the isotopic pattern calculated based on its 

sum formula [C109H145N29O33 + 2H]2+ (bottom). The slight deviation is a result of exchanged protons for deuterons 

due to the D2O content of the solvent (cf. Fig. S 9). 

 

 

Fig. S 9: The sample from Fig. S 6, Fig. S 7 and Fig. S 8 was lyophilized and reconstituted with H2O to exchange all 

deuterons in the protein with protons. The resulting isotopic pattern of the [M + 2H]2+ species exactly matches the 

predicted pattern. The small peaks in between the isotopic pattern of [M + 2H]2+ correspond to the non-covalent 

homodimer [2M + 4H]4+. 
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3.2. NMR data 

3.2.1. Chemical shifts 

Tab. S 2: Proton chemical shifts of cis-SCa. 

No. Res. Proton: shift / ppm 

00   Ac Me: 2.060 

01   D HN: 8.236, Hα: 4.622, Hβ2/β3: 2.881/2.714 

02   A HN: 8.688, Hα: 4.201, Hβ: 1.483 

03   Y HN: 8.709, Hα: 4.156, Hβ2/β3: 3.203/3.128, Hδ: 7.118, Hε: 6.888 

04   Γ HN: 8.446, Hα: 3.543, Hβ: 3.543, Hγ: 7.506, Hε2/ε3: 3.654/3.418, H2: 6.714, H4,5: 7.030, Hbr: 2.83 ± 0.07 

05   Q HN: 8.353, Hα: 3.923, Hβ: 2.173, Hγ: 2.360, Hε21/ε22: 7.693/6.867 

06   W HN: 8.004, Hα: 4.238, Hβ2/β3: 3.501/3.195, Hδ1: 7.009, Hε1: 9.728, Hζ2: 7.229, Hη2: 7.153, Hε3: 7.063, Hζ3: 7.148 

07   L HN: 8.487, Hα: 3.414, Hβ2/β3: 1.724/1.335, Hγ: 1.525, Hδ1/δ2: 0.853/0.655 

08   Γ HN: 8.252, Hα: 4.412, Hβ2/β3: 3.960/3.403, Hγ: 7.917, Hε2/ε3: 3.488/3.400, H2: 6.662, H4: 6.442, H5: 6.942, 

Hbr: 2.83 ± 0.07 

09   D HN: 7.871, Hα: 4.624, Hβ2/β3: 2.892/2.683 

10   G HN: 7.484, Hα2/α3: 4.148/3.497 

11   G HN: 8.295, Hα2/α3: 3.123/0.969 

12   P Hα: 4.594, Hβ2/β3: 2.516/2.069, Hγ: 2.144, Hδ2/δ3: 3.799/3.416 

13   S HN: 7.698, Hα: 4.474, Hβ: 3.920 

14   S HN: 8.185, Hα: 4.166, Hβ2/β3: 3.869/3.528 

15   G HN: 7.926, Hα2/α3: 4.270/3.812 

16   R HN: 8.138, Hα: 5.019, Hβ2/β3: 1.888/1.818, Hγ: 1.658, Hδ: 3.269, Hε: 7.563 

17   P Hα: 4.748, Hβ2/β3: 2.339/1.798, Hγ: 2.000, Hδ2/δ3: 3.866/3.672 

18   P Hα: 2.580, Hβ2/β3: 1.351/0.385, Hγ2/γ3: 1.736/1.651, Hδ: 3.519 

19   P Hα: 4.331, Hβ2/β3: 2.199/1.981, Hγ: 1.857, Hδ2/δ3: 3.163/2.992 

20   S HN: 7.819, Hα: 4.164, Hβ: 3.775 

 

The assignments are according to IUPAC nomenclature.1 The nomenclature of the cross-linker assignments is 

shown in Fig. S 10. 

 

 

Fig. S 10: The nomenclature of the cross-linker assignments. 
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Fig. S 11: 1D 1H-NMR spectrum of the dark-adapted switch cage in water with 10% D2O at pH = 5.5, 298 K and a 

concentration of 0.5 mM. The expansion of the region between 10.3 ppm and 9.6 ppm shows that the amount of 

unfolded by-forms with chemical shifts of the Trp6 indole proton (Hε1) around 10.1 ppm adds up to approximately 

10%, which is significantly reduced compared to TC(4,8) (cf. Fig. S 5). With approximately 10%, the amount of 

unfolded species lies within the range of impurity determined by UHPLC-MS. The broad signals may therefore also 

correspond to unfolded Trp-containing side-products from the synthesis and not necessarily belong to unfolded 

switch-cage species. 

 

3.2.2. Chemical shift deviations 

The chemical shift deviation (CSD, also referred to as Δδ) is typically employed to assess the stability of 

the fold of a Trp-cage mutant.2,3 The CSD is the difference between the observed chemical shift of a 

certain nucleus in a peptide and the corresponding nucleus in an unstructured random coil peptide: 

CSD = Δδ = δobs. - δrandom coil 

Unfortunately, we were unable to find a comprehensive list of random coil shifts used by Andersen et 

al.2,3. Therefore, random coil shifts were taken from Wishart et al. and are listed in Tab. S 3.4 The random 

coil value of the Trp indole proton was taken from Bundi and Wüthrich.5 The random coil shifts by 

Wishart et al. are non-stereospecifically assigned. When two β-protons (Hβ2/β3) from the same residue 

display different random coil shifts, their CSD was calculated by subtracting the larger random coil shift 

from the larger observed shift and the smaller random coil shift from the smaller observed shift. 

Example from Asp1: Observed shift:  Hβ2/β3: 2.881/2.714 ppm 

Random coil shift:  Hβ2/β3: 2.72/2.65 ppm 

CSD:   Hβ2/β3: 0.16/0.06 ppm 

 

No CSDs are given for the acetyl moiety of the N-terminus and for residues Dpr4 and Dpr8 as no random 

coil values are available for their nuclei. 
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Tab. S 3: Random coil shifts used for the calculation of CSDs. 

No. Res. Proton: CSD / ppm 

00   Ac Me: n.d. 

01   D HN: 8.34, Hα: 4.64, Hβ2/β3: 2.72/2.65 

02   A HN: 8.24, Hα: 4.32, Hβ: 1.39 

03   Y HN: 8.12, Hα: 4.55, Hβ2/β3: 3.03/2.98, Hδ: 7.14, Hε: 6.84 

04   Γ n.d. 

05   Q HN: 8.32, Hα: 4.34, Hβ2/β3: 2.12/1.99, Hγ: 2.360, Hε21/ε22: 7.52/6.85 

06   W HN: 8.25, Hα: 4.66, Hβ2/β3: 3.29/3.27, Hδ1: 7.27, Hε1: 10.22, Hζ2: 7.50, Hη2: 7.25, Hε3: 7.65, Hζ3: 7.18 

07   L HN: 8.16, Hα: 4.34, Hβ: 1.62, Hγ: 1.59, Hδ1/δ2: 0.92/0.87 

08   Γ n.d. 

09   D HN: 8.34, Hα: 4.64, Hβ2/β3: 2.72/2.65 

10   G HN: 8.33, Hα: 3.96 

11   G HN: 8.21, Hα: 4.13 

12   P Hα: 4.42, Hβ2/β3: 2.29/1.94, Hγ: 2.02, Hδ: 3.63 

13   S HN: 8.31, Hα: 4.47, Hβ2/β3: 3.89/3.87 

14   S HN: 8.31, Hα: 4.47, Hβ2/β3: 3.89/3.87 

15   G HN: 8.33, Hα: 3.96 

16   R HN: 8.20, Hα: 4.65, Hβ: 1.81, Hγ: 1.67, Hδ: 3.21, Hε: 8.07 

17   P Hα: 4.73, Hβ2/β3: 2.31/1.91, Hγ: 2.01, Hδ: 3.60 

18   P Hα: 4.73, Hβ2/β3: 2.31/1.91, Hγ: 2.01, Hδ: 3.60 

19   P Hα: 4.42, Hβ2/β3: 2.29/1.94, Hγ: 2.02, Hδ: 3.63 

20   S HN: 8.31, Hα: 4.47, Hβ2/β3: 3.89/3.87 

 

Tab. S 4: Chemical shift deviations of cis-SCa. 

No. Res. Proton: CSD / ppm 

00   Ac n.d. 

01   D HN: -0.10, Hα: -0.02, Hβ2/β3: 0.16/0.06 

02   A HN: 0.45, Hα: -0.12, Hβ: 0.09 

03   Y HN: 0.59, Hα: -0.39, Hβ2/β3: 0.17/0.15, Hδ: -0.02, Hε: -0.05 

04   Γ n.d. 

05   Q HN: 0.03, Hα: -0.42, Hβ2/β3: 0.05/0.18, Hγ: 0.00, Hε21/ε22: 0.17/0.02 

06   W HN: -0.25, Hα: -0.42, Hβ2/β3: 0.21/-0.08, Hδ1: -0.26, Hε1: -0.49, Hζ2: -0.27, Hη2: -0.10, Hε3: -0.59, Hζ3: -0.03 

07   L HN: 0.33, Hα: -0.93, Hβ2/β3: 0.10/-0.28, Hγ: -0.07, Hδ1/δ2: -0.07/-0.22 

08   Γ n.d. 

09   D HN: -0.47, Hα: -0.02, Hβ2/β3: 0.17/0.03 

10   G HN: -0.85, Hα2/α3: 0.19/-0.46 

11   G HN: 0.08, Hα2/α3: -1.01/-3.16 

12   P Hα: 0.17, Hβ2/β3: 0.23/0.13, Hγ: 0.12, Hδ2/δ3: 0.17/-0.21 

13   S HN: -0.61, Hα: 0.00, Hβ2/β3: 0.03/0.05 

14   S HN: -0.13, Hα: -0.30, Hβ2/β3: -0.02/-0.34 

15   G HN: -0.40, Hα2/α3: 0.31/-0.15 

16   R HN: -0.06, Hα: 0.37, Hβ2/β3: 0.08/0.01, Hγ: -0.01, Hδ: 0.06, Hε: -0.51 

17   P Hα: 0.02, Hβ2/β3: 0.03/-0.11, Hγ: -0.01, Hδ2/δ3: 0.27/0.07 

18   P Hα: -2.15, Hβ2/β3: -0.96/-1.52, Hγ2/γ3: -0.27/-0.36, Hδ: -0.08 

19   P Hα: -0.09, Hβ2/β3: -0.09/0.04, Hγ: -0.16, Hδ2/δ3: -0.47/-0.64 

20   S HN: -0.49, Hα: -0.31, Hβ2/β3: -0.12/-0.10 
 

Large CSDs which are a result of and an indicator for the stable Trp-cage fold are highlighted in bold. 
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3.3. Determination of midpoint of thermal unfolding of the switch cage 

Fig 4a (in the paper) displays data of thermal unfolding of the switch cage (black circles). The following 

function was fitted to the data 𝑦 = 𝐴2 + 𝐴1 − 𝐴21 + exp(𝑥 − 𝑥0𝑑𝑥 ) 

yielding the following values: A1 = -13518.25883 ± 404.28719 

A2 = -3855.61105 ± 228.37507 

x0 = 48.50329 ± 1.42176 (in this case x0 = Tm) 

dx = 12.95674 ± 1.42566 

 

 

4. Switching properties of the switch cage 

4.1. UV/vis spectroscopy 

UV/vis spectra were recorded at 25 °C on a Lambda 14 spectrometer (PerkinElmer, Waltham, MA, USA) 

equipped with a ecoline E100 thermostat mounted on an ecoline 003 water bath (Lauda, Lauda-

Königshofen, Germany). Measurements were performed using low-volume (700 µL) Quartz cuvettes 

with an optical path length of 10 mm (Hellma, Müllheim, Germany) and water as a solvent at 

pH = 5.5 ± 0.1. 

UV/vis spectroscopy was used to determine the which of the available light sources produces the largest 

cistrans-conversion ratio (Fig. S 12). From the tested wavelengths, the highest conversion to trans-SC 

was achieved at 385 nm. 

 

Fig. S 12: UV/vis spectra of the switch cage irradiated with light of different wavelengths (365 nm, 

385 nm, 400 nm, 405 nm and 530 nm). The irradiation wavelengths are indicated by a vertical line. The 

baseline displays a small offset which is an artifact resulting from the narrow low-volume cuvettes. 
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4.2. Photostationary state at 385 nm and relaxation rates 

4.2.1. Experimental setup 

The photostationary state (PSS) and relaxation rate were determined by NMR spectroscopy. The sample 

with the switch cage was irradiated to the PSS at 385 nm and immediately afterwards a 1D-1H-NMR 

spectrum was recorded (Fig. S 13). The NMR spectrometer had previously been calibrated to a 

temperature of 298 °C. The sample remained in the spectrometer in the dark for the entire time of the 

relaxation measurements. After the first spectrum (representing the PSS, recorded at t = 2 min after 

irradiation), a new spectrum was recorded every 30 min for the next 21 h. The last spectrum was 

recorded at t = 39 h. 

 

Fig. S 13: 1D-1H-NMR spectrum of the switch cage after irradiation to the PSS at 385 nm in water with 10% D2O at 

pH = 5.5, 298 K and a concentration of 0.5 mM. The same regions as in Fig. S 11 are integrated in the expansion. 

 

4.2.2. Selecting the nuclei for the determination of the PSS at 385 nm and the relaxation rate 

Accurate determination of photostationary states and relaxation rates ideally requires baseline-

separated signals of the cis- and the trans diazocine to allow for integration. Unfortunately, all signals 

of the trans-diazocine overlap with other aromatic signals of trans-SC, cis-SCa or cis-SCb. In consequence, 

six largely separated signals of cis-SC (signals b) – g)) and one signal (signal a)) of trans-SC were used to 

quantify the cis- and trans-populations and determine the relaxation rate (Tab. S 5, Fig. S 14). 

The six chosen cis-SC-signals (b) – g)) represent either the switching state of the diazocine cross-linker 

or the fold state of the switch cage (Tab. S 5). This facilitates the discrimination between the state of 

the linker and the fold and it also allows for the determination of the PSS and relaxation rates for each 
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individual species, i.e. cis-SCa and cis-SCb. Signal a) was chosen to calculate the relaxation rate by 

monitoring a fold-indicating proton of trans-SC. 

 

Tab. S 5: List of signals that were chosen to calculate the PSS and/or the relaxation rate of the switch cage. 

Entry Species  Proton   Integr. Region / ppm Representing 

a) trans-SC  Trp6 indole NH  10.105 – 10.065  fold 

b) cis-SCb  Trp6 indole NH  9.780 – 9.744  fold 

c) cis-SCa  Trp6 indole NH  9.744 – 9.700  fold 

d) cis-SCa  Dpr4 H2   6.725 – 6.699  diazocine 

e) cis-SCa  Dpr8 H2   6.692 – 6.632  diazocine 

f) cis-SCb  DprX H2*  6.600 – 6.570  diazocine 

g) cis-SCa: Dpr8 H4; cis-SCb: Dpr H2**  6.473 – 6.413  diazocine 

*) It was not possible to unequivocally assign the two protons, Dpr4 H2 and Dpr8 H2 of cis-SCb, to their 

corresponding residue in the sequence.   **) These two signals are overlapping and treated as one. 

 

 

Fig. S 14: The indole, amide and aromatic region of the 1D-1H-NMR spectra of the switch cage after irradiation to 

the PSS at 385 nm (red) and relaxation in the dark at 298 K for 39 h (black) are shown. The full spectra are depicted 

in Fig. S 13 (PSS at 385 nm) and Fig. S 11 (dark-adapted). The signals marked a) – g) were chosen for determination 

of the PSS and relaxation rates as they are more or less baseline-separated. 

 

4.2.3. Determination of the PSS at 385 nm 

The PSS at 385 nm was determined via the six signals of cis-SC (Signals b) – g) of Tab. S 5 and Fig. S 14). 

The ratio of their intensity after irradiation to the PSS at 385 nm (I385 nm) and their intensity in the dark-

adapted state (Idark-adapted) is correlated to the cistrans-conversion ratio in the PSS according to the 

following formula: 1 − 𝐼385 𝑛𝑚𝐼𝑑𝑎𝑟𝑘−𝑎𝑑𝑎𝑝𝑡𝑒𝑑 = cistrans-conversion ratio 
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Note that this method can only be applied with signals of cis-SC, as signals of trans-SC are essentially 

zero in the dark-adapted state. 

The first (recorded at t = 2 min after irradiation) and the last spectrum (t = 39 h) of the relaxation 

measurements were chosen to represent the PSS and the dark-adapted state, respectively. In order to 

determine the PSS, the intensity of signals b) – g) (Tab. S 5, Fig. S 14) was measured by integration. Their 

integrals were calibrated relative to the DSS integral which was arbitrarily set to 1. The obtained 

intensities were inserted in the formula to obtain the approximate fraction of trans-SC in the PSS listed 

in Tab. S 6. 

 

4.2.4. Determination of the relaxation rate 

In order to determine the relaxation rate, every 1D-1H-NMR spectrum of the relaxation measurements 

was integrated within the ranges listed in Tab. S 5 (signals a) – g)). These integrals were calibrated 

relative to the DSS signal, which was arbitrarily set to 1. The signal intensity was plotted over the time 

(Fig. S 15) and the following function of exponential decay was fitted to the data: 𝑦 = 𝐴1 ∙  𝑒(−𝑥𝑡1 ) + 𝑦0 

In this formula, x is the time, y0 is the offset to which the function approaches asymptotically, t1 is the 

time constant of the decay and A1 is the initial decaying quantity. The sum of y0 and A1 (y0 + A1) give the 

y-intercept (initial total quantity). The half-life t1/2 was calculated by the following relationship: 𝑡1/2 =  𝑡1  ∙ ln(2) 

The results of the fitted data are listed in the table included in Fig. S 15, the final results are listed in 

Tab. S 6. 

 

4.2.5. Results 

Tab. S 6: Resulting PSS and relaxation rate from each signal a) – g). 

Entry Species  Representing PSS385 nm / % trans-state t1/2 / h 

a) trans-SC  fold   n.d.  6.7 ± 0.1 

b) cis-SCb  fold   43  5.6 ± 0.3 

c) cis-SCa  fold   49  6.1 ± 0.1 

d) cis-SCa  diazocine  46  6.5 ± 0.1 

e) cis-SCa  diazocine  45  6.3 ± 0.2 

f) cis-SCb  diazocine  46  6.5 ± 0.3 

g) cis-SCa / cis-SCb diazocine  47  6.0 ± 0.2 

Average: 46 ± 2  6.2 ± 0.3 

 

There is no significant discrepancy in the PSS or half-life of either species, i.e. cis-SCa, cis-SCb or trans-SC, 

nor is there any significant deviation between the behavior of the fold and the diazocine. This implies a 

direct coupling of the fold and the photoswitchable cross-linker.  
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Fig. S 15: The seven graphs show the signal intensity of 

signal a) – g), respectively, plotted over the time. Each 

graph is fitted with an exponential decay fit; the resulting 

parameters are listed in the table inserted into the plot. 

The data of signals b) and f) show larger relative 

uncertainty due to the overall lower signal intensity 

compared to the other signals. 
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4.3. Photostationary state at 530 nm 

The 1D-1H-NMR spectrum of the switch-cage recorded immediately after irradiation to the PSS at 

530 nm is virtually identical the spectra of the dark-adapted switch-cage (Fig. S 16). Therefore, 

irradiation with light of the wavelength 530 nm affords nearly complete conversion to the cis-switch 

cage. 

 

Fig. S 16: Overlay of the 1D-1H-NMR spectra of dark-adapted cis-SC as obtained after purification (black), cis-SC 

immediately after irradiation to the PSS at 530 nm (red), and cis-SC after irradiation to the PSS at 385 nm and 

subsequent relaxation in the dark at 298 K (24.85 °C) for 39 h (blue). Apart from the water suppression artifact 

around 4.9 ppm, the three spectra are virtually identical. 
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4.4. Mechanism of interconversion between cis-SCa and cis-SCb 

 

Scheme S 1: Mechanism of interconversion between cis-SCa, cis-SCb and the two diastereomers of trans-SC in the 

twist and chair conformation. Deltas (Δ) indicate thermal interconversion at ambient temperature. The other 
indicated equilibria are significantly slower and require higher temperatures or irradiation with light. 

 

 

5. Cross-linker synthesis and characterization 

5.1. Devices 

5.1.1. Chromatography stationary phases 

Flash column chromatography purfications were performed on a Biotage Isolera one with Biotage Ultra 

cartridges (HP-Sphere, particle diameter: 25 μm, cartridge sizes: 10 g, 25 g, 50 g and 100 g; Biotage, 

Uppsala, Sweden). Rf values were determined by thin layer chromatography on Polygram SilG/UV254 

(0.2 mm particle size; Macherey-Nagel, Düren, Germany) and ALUGRAM Xtra SIL G/UV254 (0.2 mm 

particle size; Macherey-Nagel, Düren, Germany). 

 

5.1.2. Melting point determination 

Melting points were measured with a B-560 Melting Point Apparatus (Büchi, Essen, Germany) in melting 

point tubes. 
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5.1.3. NMR spectroscopy 

NMR measurements of the cross-linker and its precursors were performed with a Bruker DRX 500 FT-

NMR spectrometer (1H-NMR: 500.1 MHz, 13C-NMR: 125.8 MHz; Bruker, Billerica, MA, USA). 

NMR spectra were measured in deuterated solvents (Deutero, Kastellaun, Germany). Spectra were 

referenced to TMS when acetone, acetonitrile or chloroform was the solvent. Otherwise the following 

solvent signals were used for referencing: 

 

Tab. S 7: List of deuterated solvents. 

Solvent Degree of deuteration 1H signal 13C signal 

Acetone-d6 99.8% 2.05 (quintet) 29.84 (septet) 

Acetonitrile-d3 99.8% 1.94 (quintet) 118.26 (septet) 

Chloroform-d1 99.8% 7.26 (s) 77.16 (triplet) 

DMSO-d6 99.8% 2.50 (s) 39.52 (septet) 

Methanol-d4 99.8% 3.34 (s) 49.86 (septet) 

 

5.1.4. IR spectroscopy 

Infrared spectra were measured on a PerkinElmer 1600 Series FT-IR spectrometer with an A531-G 

Golden-Gate-Diamond-ATR-unit (PerkinElmer, Waltham, MA, USA). Signals were abbreviated with w for 

weak, m for medium and s for strong signal intensity. 

 

5.1.5. Mass spectrometry 

The high resolution-electron ionization (HR-EI) mass spectra were measured with an AccuTOF GCv 4G 

(Jeol Germany, Freising, Germany) with ionization energy of 70 eV and the high resolution-electrospray 

ionization (HR-ESI) mass spectra were measured with a Q Exactive Plus MS, Hybrid Quadrupol-Orbitrap 

(Thermo Fisher Scientific, Waltham, MA, USA). 
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5.2. Synthetic procedures and analysis results 

General remark: 

The 4-methyl-2,6,7-trioxabicyclo[2.2.2]octane-1-yl (OBO) protecting group that was employed during 

the cross-linker synthesis is highly labile against acids and a fraction may unintentionally be hydrolyzed 

to the open ester during the work-up of reaction ii) or iii) of Scheme 2 in the paper. 

 

5.2.1. Synthesis of (3-methyloxetan-3-yl)methyl 2-(4-methyl-3-nitrophenyl)acetate (8) 

 

At 0 °C and under N2 atmosphere 2-(4-methyl-3-nitrophenyl)acetic acid (6; 3.9 g, 20 mmol), 4-

dimethylaminopyridine (DMAP; 244 mg, 2 mmol) and N,N’-dicyclohexylcarbodiimide (DCC; 4.13 g, 

20 mmol) were dissolved in 30 ml dry dichloromethane (DCM). Immediately afterwards 3-methyl-3-

oxetanemethanol (7; 1.98 ml, 20 mmol) was added. The reaction was stirred for 1 h at room 

temperature. The formed solid was filtered and washed with 100 ml DCM. The solvent was evaporated 

in vacuo and the crude product was purified by flash column chromatography (cyclohexane/ethyl 

acetate) to afford the product as a yellow oil (4.91 g, 17.6 mmol, 88%). 

 

Rf : 0.29 (cyclohexane/ethyl acetate, 2:1). 

1H-NMR (500.1 MHz, Acetone-d6, 300 K): δ = 7.96 (d, 4J = 1.8 Hz, 1 H, H-3), 7.58 (dd, 3J = 8.0 Hz, 

4J = 1.7 Hz, 1 H, H-5), 7.44 (d, 3J = 7.8 Hz, 1 H, H-6), 4.41 (d, 4J = 5.8 Hz, 2 H, C-CH2-O-), 4.25 (d, 4J = 5.8 Hz, 

2 H, C-CH’2-O-), 4.21 (s, 2 H, C-CH2-OOC), 3.87 (s, 2 H, OOC-CH2-C4), 2.54 (s, 3H, C1-CH3), 1.29 (s, 3H, C-

CH3) ppm. 

13C-NMR (125.8 MHz, Acetone-d6, 300 K): δ = 171.4 (COO), 150.1 (C-2), 135.2 (C-5), 135.1 (C-4), 133.6 

(C-6), 132.4 (C-1), 126.1 (C-3), 79.6 (C-CH2-O-), 70.0 (C-CH2-OOC), 40.2 (OOC-CH2-C4), 21.2 (C-CH3), 19.7 

(C1-CH3) ppm. 

IR (ATR): 𝜈 = 2963 (w), 2872 (w), 1735 (s), 1526 (s), 1498 (w), 1454 (w), 1346 (s), 1298 (w), 1246 (m), 

1223 (m), 1152 (s), 1031 (w), 977 (s), 833 (m), 815 (s), 751 (w), 732 (w), 678 (w) cm-1. 

MS (EI, 70 eV): m/z (%) = 279 (7), 262 (5), 196 (5), 177 (13), 150 (100). 

HRMS (EI, 70 eV): [C14H17N1O5]+, calc.: m/z = 279.11067, found: m/z = 279.11046. 
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Fig. S 17: 1H-NMR spectrum of compound 8 measured in deuterated acetone at 300 K. 

 

 

Fig. S 18: 13C-NMR spectrum of compound 8 measured in deuterated acetone at 300 K. 
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5.2.2. Synthesis of 4-methyl-1-(4-methyl-3-nitrobenzyl)-2,6,7-trioxabicyclo[2.2.2]octane (9) 

 

Under N2 atmosphere (3-methyloxetan-3-yl)methyl 2-(4-methyl-3-nitrophenyl)acetate (8; 2.00 g, 

7.16 mmol) was dissolved in 20 ml dry DCM, cooled to -10 °C and 48% BF3·Et2O solution 

(200µl, 716 µmol) was added dropwise. The reaction was stirred at room temperature for 2 h and 

stopped with trimethylamine (TEA; 1.00 ml, 7.16 mmol). The solvent was evaporated in vacuo and the 

residue was dissolved in ethyl acetate. The organic layer was washed with 5% ammonium chloride 

solution (150 ml), H2O (2 x 100 ml), saturated sodium bicarbonate solution (2 x 100 ml), saturated 

sodium chloride solution (100 ml) and dried over magnesium sulfate. The solvent was evaporated in 

vacuo and the crude product was purified by flash column chromatography (cyclohexane/ethyl acetate, 

1:2) to afford the product as colourless crystals (1.61 g, 5.79 mmol, 81%). 

 

Rf: 0.48 (cyclohexane/ethyl acetate, 2:1).  

Tm: 118 °C 

1H-NMR (500.1 MHz, Acetone-d6, 300 K): δ = 7.85 (d, 4J = 1.7 Hz, 1 H, H-3), 7.47 (dd, 3J = 7.9 Hz, 

4J = 1.78 Hz, 1 H, H-5), 7.34 (d, 3J = 7.9 Hz, 1 H, H-6), 3.86 (s, 6 H, C-CH2-O-), 2.98 (s, 2 H, C-CH2-C4), 2.52 

(s, 3H, C1-CH3), 0.79 (s, 3H, C-CH3) ppm. 

13C-NMR (125.8 MHz, Acetone-d6, 300 K): δ = 149.8 (C-2), 136.3 (C-5), 136.1 (C-4), 132.8 (C-6), 132.4 (C-

1), 127.0 (C-3), 108.9 (O-C-CH2), 73.1 (C-CH2-O-), 42.5 (C-CH2-C4), 31.1 (C-CH3), 19.7 (C1-CH3), 14.3 (C-

CH3). 

IR (ATR): 𝜈 = 2966 (w), 2935 (w), 2886 (w), 1733 (m), 1526 (s), 1472 (w), 1464 (w), 1453 (w), 1440 (w), 

1397 (w), 1384 (w), 1340 (w), 1309 (m), 1282 (m), 1264 (m), 1207 (m), 1190 (m), 1153 (m), 1043 (s), 

1025 (s), 1011 (s), 984 (s), 928 (m), 923 (m), 895 (m), 886 (m), 851 (m), 837 (m), 818 (m), 768 (w), 755 

(w), 718 (s), 688 (w), 675 (w) cm-1. 

MS (EI, 70 eV): m/z (%) = 279 (3), 249 (37), 179 (20), 150 (100). 

HRMS (EI, 70 eV): [C14H17N1O5]+, calc.: m/z = 279.11067, found: m/z = 279.11090. 
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Fig. S 19: 1H-NMR spectrum of compound 9 measured in deuterated acetone at 300 K. 

 

 

Fig. S 20: 13C-NMR spectrum of compound 9 measured in deuterated acetone at 300 K. 
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5.2.3. Synthesis of 1,2-bis(4-((4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)methyl)-2-nitrophenyl)-

ethane (10) 

 

Under N2 atmosphere 4-methyl-1-(4-methyl-3-nitrobenzyl)-2,6,7-trioxabicyclo[2.2.2]octane (9; 1.50 g, 

5.37 mmol) was dissolved in 30 ml dry tetrahydrofuran (THF) and cooled to -5 °C, followed by addition 

of potassium butoxide (1.02 g, 9.13 mmol). The reaction was stirred for 40 s before addition of bromine 

(274 µl, 5.37 mmol). After further stirring for 10 min at room temperature the reaction mixture was 

added to a saturated sodium bicarbonate solution and extracted with ethyl acetate (3 x 100 ml). The 

combined organic layers were washed with 100 ml saturated sodium thiosulfate solution and dried over 

magnesium sulfate. The solvent was evaporated in vacuo and the crude product was purified by flash 

column chromatography (cyclohexane/ethyl acetate, 2:1) to afford the product as colourless crystals 

(680 mg, 2.44 mmol, 46%). 

 

Rf: 0.28 (cyclohexane/ethyl acetate, 2:1). 

Tm: 116 °C 

1H-NMR (500.1 MHz, Acetone-d6, 300 K): δ = 7.86 (d, 4J = 1.7 Hz, 2 H, H-3), 7.55 (dd, 3J = 7.9 Hz, 

4J = 1.8 Hz, 2 H, H-5), 7.42 (d, 3J = 7.9 Hz, 2 H, H-6), 3.87 (s, 12 H, C-CH2-O-), 3.20 (s, 4 H, C-CH2-C4), 3.01 

(s, 4H, H-7), 0.80 (s, 6H, C-CH3) ppm. 

13C-NMR* (125.8 MHz, Acetone-d6, 300 K): δ = 149.8 (C-2), 136.5 (C-5), 136.8 (C-4), 134.5 (C-1), 

132.1 (C-6), 127.2 (C-3), 108.9 (O-C-CH2), 73.1 (C-CH2-O-), 42.6 (C-CH2-C4), 34.2 (C-7), 31.1 (C-CH3), 14.3 

(C-CH3). 

IR (ATR): 𝜈 = 3310 (w), 2883 (w), 1726 (s), 1526 (w), 1525 (s), 1458 (w), 1341 (s), 1227 (m), 1169 (s), 1038 

(s), 1002 (s), 924 (s), 846 (s), 817 (m), 764 (w), 732 (w), 679 (m) cm-1. 

MS (EI, 70 eV): m/z (%) = 556(8), 539 (9), 294 (32), 278 (100). 

HRMS (EI, 70 eV): [C28H32N2O10]+, calc.: m/z = 556.20569, found: m/z = 556.20124. 

 

*Frequencies were determined from the carbon dimension of the HMBC spectrum. 
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Fig. S 21: 1H-NMR spectrum of compound 10 measured in deuterated acetone at 300 K. 

 

 

Fig. S 22: Overlay of the 1H,13C-HSQC (red) and the 1H,13C-HMBC (black) of compound 10 measured in deuterated 

acetone at 300 K.  
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5.2.4. Synthesis of (Z)-bis(3-hydroxy-2-(hydroxymethyl)-2-methylpropyl) 2,2'-(11,12-dihydro-

dibenzo[c,g][1,2]diazocine-3,8-diyl)diacetate (11) 

 

A mixture of 1,2-bis(4-((4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)methyl)-2-nitrophenyl)ethane 

(10; 431 mg, 775 µmol), Ba(OH)2·8 H2O (732 mg, 2.33 mmol) and zinc powder (811 mg, 12.4 mmol) were 

dissolved in an ethanol-water mixture (60 ml, 2:1) and stirred for 5 h under reflux. After filtration trough 

Celite and evaporation of the solvent under reduced pressure, the crude product was dissolved in 90 ml 

0.1 M methanolic NaOH solution, CuCl2 (20 mg, 149 µmol) was added, and air was blown trough the 

solution for 4 h. The reaction was added to a saturated sodium bicarbonate solution, neutralized with 

1 M HCl solution and extracted with DCM (3 x 75 ml). The combined organic layers were washed with a 

saturated sodium chloride solution and dried over magnesium sulfate. The solvent was evaporated in 

vacuo and the crude product was purified by flash column chromatography (cyclohexane/ethyl acetate, 

2:1) to afford the product as a yellow solid (161 mg, 326 µmol, 42%). 

 

Rf : 0.22 (cyclohexane/ethyl acetate, 2:1). 

Tm: 132 °C  

1H-NMR (500.1 MHz, CDCl3, 300 K): δ = 6.96 (s, 4 H, H-5, H-6), 6.79 (d, 3J = 7.9 Hz, 2 H, H-3), 4.13 (s, 4 H, 

COO-CH2-C), 3.57 (s, 4 H, COO-CH2-C4), 3.44 (d, 3J = 11.4 Hz, 4 H, CH2-OH), 3.36 (d, 3J = 11.4 Hz, 4 H, CH’2-

OH), 2.85 (s, 4 H, H-7), 2.41 (s, 4H, CH2-OH), 0.71 (s, 6H, C-CH3) ppm. 

13C-NMR (125.8 MHz, CDCl3, 300 K): δ = 172.0 (COO), 155.3 (C-2), 132.5 (C-4), 130.0 (C-5), 128.1 (C-5), 

127.0 (C-1), 125.6 (C-5), 119.8 (C-3), 67.5 (CH3-C-(CH2)3) 67.4 (CH2-OH) 66.9 (COO-CH2-C), 40. (COO-CH2-

C4), 31.4 (C-7), 16.7(C-CH3) ppm. 

IR (ATR): 𝜈 = 3312 (w), 2933 (w), 2880 (w), 1730 (s), 1458 (w), 1396 (w), 1334 (m), 1303 (m), 1253 (m), 

1191 (m), 1151 (w), 1038 (s), 990 (s), 892 (w), 835 (w), 702 (w) cm-1. 

HRMS (HR-ESI): [C28H36O8N2 + NH4]+, calc.: m/z = 546.2806, found: m/z = 546.28099. 
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Fig. S 23: 1H-NMR spectrum of compound 11 measured in deuterated chloroform at 300 K. 

 

 

Fig. S 24: 13C-NMR spectrum of compound 11 measured in chloroform at 300 K. 
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5.2.4.1. Determination of the PSS of diazocine 11 

The PSS at 385 nm of diazocine 11 was determined in MeCN by integration of the H-3 signals of the cis- 

and the trans- isomer in the 1D-1H-NMR spectrum of the PSS at 385 nm (Fig. S 25, red). 

 

 

 

Fig. S 25: Overlay of the 1D-1H-NMR spectra of diazocine 11 dissolved in MeCN-d3. The spectrum displayed in black 

was recorded immediately after irradiation to the PSS at 530 nm, whereas the red spectrum represents the PSS at 

385 nm. The expansion shows the aromatic region from which the PSS at 385 nm was determined by integration 

of the doublet at 7.46 ppm which represents the trans-species and at 6.78 ppm which represents the cis-isomer. 

 

 

cis-diazocine 11 (black) 

1H-NMR (500.1 MHz, MeCN-d3, 298 K): δ = 7.03 (d, 3J = 7.9 Hz, 2 H, H-6), 6.98 (dd, 3J = 7.9 Hz, 4J = 1.6 Hz, 

2 H, H-5), 6.79 (d, 4J = 1.4 Hz, 2 H, H-3), 3.98-3.92 (m, 4 H, COO-CH2-C), 3.56 (s, 4 H, COO-CH2-C4), 3.32 

(mc, 8 H, CH2-OH, CH’2-OH), 2.88-2.76 (m, 8 H, H-7, CH2-OH), 0.74 (s, 6H, C-CH3) ppm. 

 

trans-diazocine 11 (red) 

1H-NMR (500.1 MHz, MeCN-d3, 298 K): δ = 7.46 (s, 2 H, H-3), 7.17 (dd, 3J = 7.8 Hz, 4J = 1.6 Hz,2 H, H-5), 

7.11 (d, 3J = 7.8 Hz, 2 H, H-6), 4.02 (s, 4 H, COO-CH2-C), 3.75 (s, 4 H, COO-CH2-C4), 3.38 (mc, 8 H, CH2-OH, 

CH’2-OH), 2.86-2.72 (m, 8 H, H-7, CH2-OH), 0.81 (s, 6H, C-CH3) ppm. 
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5.2.5. Synthesis of (Z)-bis(2,5-dioxopyrrolidin-1-yl) 2,2'-(11,12-dihydrodibenzo[c,g][1,2]diazocine-

3,8-diyl)diacetate (1) 

 

(Z)-bis(3-hydroxy-2-(hydroxymethyl)-2-methylpropyl) 2,2'-(11,12-dihydrodibenzo[c,g][1,2]diazocine-

3,8-diyl)diacetate (11; 182 mg, 345 µmol) was dissolved in 5 ml MeOH/H2O (4:1) and 5.5 ml 10% calcium 

carbonate solution was added. The reaction was stirred over night at room temperature. Afterwards 

the reaction was acidified to pH = 2 with 1 M hydrogen chloride solution and extracted with ethyl 

acetate (3 x 10 ml). The combined organic layers were washed with saturated sodium chloride solution, 

dried over magnesium sulfate and the solvent was evaporated in vacuo. Under N2 atmosphere the crude 

product was dissolved in 5 ml DMF. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 661 mg, 

3.45 mmol) and N-hydroxysuccinimide (NHS; 199 mg, 1.73 mmol) were added at room temperature and 

the reaction stirred for 1 h. The reaction was added to 50 ml H2O and extracted with (2 x 30 ml) DCM. 

The combined organic layers were washed with 10 % sodium bicarbonate solution, (2 x 50 ml) 0.1 M 

hydrogen chloride solution, 50 ml sodium chloride solution and dried over magnesium sulfate. The 

solvent was evaporated in vacuo and the crude product was purified by flash column chromatography 

(cyclohexane/ethyl acetate, 1:2) to afford the product as a yellow solid (45 mg, 87 µmol, 25%). 

 

Rf : 0.43 (cyclohexane/ethyl acetate, 1:2) 

Tm: 190 °C  

1H-NMR (500.1 MHz, DMSO-d6, 300 K): δ = 7.12 (d, 3J = 7.9 Hz, 2 H, H-6), 7.06 (dd, 3J = 7.9 Hz, 4J = 1.5 Hz 

2 H, H-5), 6.89 (d, 4J = 1.4 Hz, 2 H, H-3), 4.05 (s, 4 H, COO-CH2-C4), 2.82-2.81 (m, 12 H, H-7, CH2-CH’2) ppm. 

13C-NMR (125.8 MHz, DMSO-d6, 300 K): δ = 170.0 (CO), 167.0 (COO), 154.7 (C-2), 130.9 (C-1) 130.0 (C-

6), 128.1 (C-5), 127 (C-4) 119.87 (C-3), 35.7 (COO-CH2-C4), 30.5 (C-7), 25.4 (CH2-C’H2) ppm. 

IR (ATR): 𝜈 = 2925 (w), 1812 (w), 1781 (w), 1745 (s), 1727 (s), 1522 (w), 1497 (w), 1457 (w), 1426 (w), 

1355 (m), 1205 (s), 1109 (m), 1062 (s), 991 (m), 963 (m), 892 (w), 877 (w), 846 (w), 807 (s), 758 (w), 738 

(w), 646 (s) cm-1. 

HRMS (HR-ESI): [C28H36O8N2 + NH4]+, m/z = calc.: 536.1772, found 536.17759. 
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Fig. S 26: 1H-NMR spectrum of compound 1 measured in deuterated DMSO at 300 K. 

 

 
Fig. S 27: 13C-NMR spectrum of compound 1 measured in deuterated DMSO at 300 K. 

 

 



30 

6. References 

1. J. L. Markley, A. Bax, Y. Arata, C. W. Hilbers, R. Kaptein, B. D. Sykes, P. E. Wright and K. Wüthrich, 

Pure and Applied Chemistry, 1998, 70(1), 117. 

2. J. W. Neidigh, R. M. Fesinmeyer and N. H. Andersen, Nat. Struct. Biol., 2002, 9(6), 425. 

3. B. Barua, J. C. Lin, V. D. Williams, P. Kummler, J. W. Neidigh and N. H. Andersen, Protein Eng. Des. 

Sel., 2008, 21(3), 171. 

4. D. S. Wishart, C. G. Bigam, A. Holm, R. S. Hodges and B. D. Sykes, J. Biomol. NMR, 1995, 5(1), 67. 

5. A. Bundi and K. Wüthrich, Biopolymers, 1979, 18(2), 285. 

 



S1 

Supporting Information 

 

Synthetic photoswitchable neurotransmitters based 
on bridged azobenzenes 

 

Gisela Cabréa,‡, Aida Garrido-Charlesb,‡, Àngels González-Lafonta,c, Widukind 

Moormannd, Daniel Langbehnd, David Egea,a José M. Llucha,c, Rainer Hergesd, 

Ramon Alibésa, Félix Busquéa, Pau Gorostizab,e,f,* and Jordi Hernandoa,* 

 

a Departament de Química, Universitat Autònoma de Barcelona (UAB), 

Cerdanyola del Vallès 08193, Spain. 

b Institut de Bioenginyeria de Catalunya (IBEC), Barcelona Institute of Science 

and Technology (BIST), Barcelona 08036, Spain. 

c Institut de Biotecnologia i de Biomedicina (IBB), UAB, Cerdanyola del Vallès 

08193, Spain. 

d Otto Diels-Institute of Organic Chemistry, Christian Albrechts University Kiel, 

Kiel 24118, Germany. 

e Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona 08010, 

Spain. 

f Centro de Investigación Biomédica en Red en Bioingeniería, Biomateriales y 

Nanomedicina (CIBER-BBN), Zaragoza 50018, Spain. 

 

‡ Equal contribution 

* Corresponding authors: pau@icrea.cat (P. G.), jordi.hernando@uab.cat (J. H.) 



S2 

Contents 
 

Experimental procedure for the synthesis of Glu_brAzo1 and Glu_brAzo2  S3 

Computational, photochemical and biological supplementary methods S10 

Figure S1. Molecular docking simulations S14 

Figures S2-S7 and Table S1. Photoisomerization of Glu_brAzo1 and 
Glu_brAzo2 

S15 

Figure S8-S11. Photomodulation of GluK1 and GluK2 in HEK293 cells using 
Glu_brAzo1 and Glu_brAzo2 

S20 

Figure S12. Whole-cell voltage clamp recording of rat hippocampal neurons 
in culture perfused with Glu_brAzo1 and Glu_brAzo2. 

S22 

1H and 13C NMR spectra of new compounds S23 

References S33 

 



S3 

Experimental procedure for the synthesis of Glu_brAzo1 and Glu_brAzo2  

General procedure: The preparation of ligands Glu_brAzo1 and Glu_brAzo2 was 

achieved via a multistep synthetic sequence (see Scheme 1 in the article). In both 

cases, we took commercially available 4-bromo-2-nitrotoluene (3) as a starting material 

to form the bridged azobenzene core 6, to which fully protected glutamate derivative 1 

and, in the case of Glu_brAzo2, amine 2 were introduced. These fragments were 

obtained from commercially available products as described in refs. 1 (1) and 2 (2).  

Materials and methods: Commercially available reagents were used as received. 

Solvents were dried by distillation over the appropriate drying agents. All reactions 

were monitored by analytical thin-layer chromatography (TLC) using silica gel 60 

precoated aluminum plates (0.20 mm thickness). Flash column chromatography was 

performed using silica gel (230-400 mesh). 1H NMR and 13C NMR spectra were 

recorded at 250, 360 400 or 500 MHz and 90.5, 100.6 or 125.8 MHz, respectively. 

Proton chemical shifts are reported in ppm (δ) (CDCl3, δ 7.26 or DMSO-d6, δ 2.50). 

Carbon chemical shifts are reported in ppm (δ) (CDCl3, δ 77.16 or DMSO-d6, δ 39.5). 

NMR signals were assigned with the help of COSY, HSQC, HMBC and DEPT135. 

Infrared peaks are reported in cm–1. Melting points were determined on hot stage and 

are uncorrected. HRMS were recorded using electron ionization (EI) or electrospray 

ionization (ESI). Optical rotations were measured at 20 ± 3 °C. 

Synthesis of Glu_brAzo1 and Glu_brAzo2: The synthesis of Glu_brAzo1 and 

Glu_brAzo2 proceeded as follows.  

1,2-bis(4-bromo-2-nitrophenyl)ethane, 4 

 

To an ice-cooled solution of 4-bromo-2-nitrotoluene, 3, (4.00 g, 18.5 mmol) in 

anhydrous THF (130 mL), tBuOK (3.10 g, 27.7 mmol) was added and the solution was 

stirred for 45 s. Then, Br2 (1.4 mL, 27.3 mmol) was added and the mixture was stirred 

for 1 min. The reaction mixture was let warm up to rt and then was poured into ice. The 

resulting suspension was filtrated and the solid was washed with acetone to furnish 4 

(2.84 g, 6.60 mmol, 71%) as an orange solid: mp 219 ºC (from acetone); 1H NMR (500 

MHz, CDCl3) δ 8.16 (d, J3,5 = 2.1 Hz, 2H, H-3), 7.87 (dd, J5,6 = 8.3 Hz, J5,3 = 2.1 Hz, 2H, 

H-5), 7.41 (d, J6,5 = 8.3 Hz, 2H, H-6), 3.10 (s, 4H, 2xCH2); 13C NMR (125.8 MHz, 
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CDCl3) δ 149.3 (C-2), 134.0 (C-5), 133.9 (C-6), 133.7 (C-1), 126.8 (C-3), 119.6 (C-4), 

31.9 (CH2); IR (ATR) 3088, 1557, 1519, 1473, 1390, 1335 cm-1; MS (EI, 70 eV) m/z (%) 

213.97 (100) [M2+], 155.97 (66) [M-C8H7BrN2O4]; Anal calcd. for [C14H10Br2N2O4]: C, 

39.10; H, 2.35; N, 6.51; found: C, 39.17; H, 2.33; N, 6.29. COSY and 1H/13C correlation 

were recorded. 

6,6'-(ethane-1,2-diyl)bis(3-bromoaniline), 5 

 

Compound 4 (100 mg, 0.23 mmol) was dissolved in a 7:3 degassed mixture of 1,4-

dioxane and water (2.6 ml) under N2 atmosphere. The reaction mixture was heated to 

90 ºC and sodium sulfide (168 mg, 2.15 mmol) was added portion-wise over 2 h. The 

mixture was stirred overnight. Then, the reaction was quenched with a saturated 

aqueous solution of NaHCO3 (4 mL) and the crude product was extracted with CH2Cl2 

(3 x 5 ml). The combined organic layers were washed with H2O, dried over anhydrous 

MgSO4 and the solvent was evaporated under vacuum to furnish a crude solid 

identified as 5 (77 mg, 0.21 mmol, 90% yield): mp 158.8 ºC (from CH2Cl2); 1H NMR 

(500 MHz, CDCl3) δ 6.84 (m, 4H, H-4, H-5), 6.81 (m, 2H, H-2), 3.63 (br s, 4H, 2x-NH2), 

2.71 (s, 4H, 2xCH2); 13C NMR (125.8 MHz, CDCl3) δ 145.8 (C-1), 131.1 (C-5), 124.7 

(C-6), 121.9 (C-4), 120.7 (C-3), 118.5 (C-2), 30.4 (CH2); IR (ATR): 3430, 3354, 1619, 

1491, 1409, 1179 cm-1; HRMS (HR-EI) calcd. for [C14H14
79Br2N2]: 367.9524; found: 

367.9525. COSY and 1H/13C correlation were recorded. 

(Z)-3,8-dibromo-11,12-dihydrodibenzo[c,g][1,2]diazocine, 6 

 

To a solution of 5 (204 mg, 0.55 mmol) in 150 mL glacial acetic acid was added 

Oxone® (126 mg, 0.83 mmol) in portions. The mixture was stirred at room temperature 

for 1 h. The solvent was evaporated under reduced pressure. The residue was 

dissolved in CH2Cl2 (25 mL) and washed with saturated NaHCO3 solution (30 mL) and 

saturated NaCl solution (30 mL). The organic layer was dried over anhydrous MgSO4 

and the solvent was evaporated in vacuo. The crude product was purified by column 
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chromatography (from cyclohexane/ethyl acetate 10% to ethyl acetate 100%) to give 6 

as a yellow solid (80 mg, 0.22 mmol, 40% yield).: mp 179 ºC (from EtOAc); 1H NMR 

(500 MHz, CDCl3) δ 7.16 (dd, J4,5 = 8.2 Hz, J4,2 = 2.0 Hz, 2H, H-4), 7.00 (d, J2,4 = 2.0 

Hz, 2H, H-2), 6.86 (d, J5,4 = 8.2 Hz, 2H, H-5), 2.82 (m, 4H, 2xCH2); 13C NMR (125.8 

MHz, CDCl3) δ 155.9 (C-1), 131.2 (C-5), 130.4 (C-4), 126.8 (C-6), 121.3 (C-2), 120.3 

(C-3), 31.0 (CH2); IR (ATR) 3042, 2162, 2046, 1743, 1585, 1559, 1465, 1382 cm-1; MS 

(EI, 70 eV) m/z (%) = 365.92 (6) [M+], 257.99 (14) [M-BrN2], 205.08 (3) [M-Br2], 178.03 

(100) [M-Br2N2]; HRMS (EI) calcd. for [C14H10
79Br2N2]+: 363.9211; found: 363.9201; 

Anal calcd. for [C14H10Br2N2]: C, 45.94; H, 2.75; N, 7.65; found: C, 45.83; H, 2.80; N, 

7.50. COSY and 1H/13C correlation were recorded. 

(Z)-8-bromo-11,12-dihydrodibenzo[c,g][1,2]diazocine-3-carbonitrile, 7 

 

To a solution of 6 (600 mg, 1.64 mmol) in dry DMF (4 mL), CuCN (147 mg, 1.64 mmol) 

was added. The reaction mixture was stirred for 2 h under reflux conditions. Then, it 

was let cool down to rt and a 10% aqueous solution of ethylendiamine (45 mL) was 

added. The product was extracted with CH2Cl2 (3 x 50 mL). The combined organic 

extracts were washed with H2O (2 x 50 mL), dried over anhydrous MgSO4 and 

concentrated under vacuum. The resulting residue was purified by column 

chromatography (cyclohexane/EtOAc, 3:1) to furnish unreacted 6 (210 mg, 0.57 mmol, 

35%) and compound 7 (260 mg, 0.83 mmol, 51% yield, 78% yield considering 

recovered 6) as a yellow solid. Compound 7: Mp 179.3 ºC (from EtOAc); 1H NMR (500 

MHz, CDCl3) δ 7.34 (dd, J4,5 = 7.9 Hz, J4,2 = 1.6 Hz, 1H, H-4), 7.18 (dd, J4ii,5ii = 8.2 Hz, 

J4ii,2ii = 2.0 Hz, 1H, H-4ii), 7.14 (d, J2,4 = 1.6 Hz, 1H, H-2), 7.12 (d, J5,4 = 7.9 Hz, 1H, H-

5), 7.02 (d, J2ii,4ii = 2.0 Hz, 1H, H-2ii), 6.87 (d, J5ii,4ii = 8.2 Hz, 1H, H-5ii), 2.90 (m, 4H, H-1i, 

H-2i); 13C NMR (125.8 MHz, CDCl3) δ 155.8 (C-1ii), 155.1 (C-1), 133.6 (C-6), 131.3 (C-

5ii), 130.9 (C-4), 130.7 (C-5), 130.7 (C-4ii), 126.2 (C-6ii), 122.5 (C-2), 121.7 (C-2ii), 

120.6 (C-3ii), 117.9 (CN), 111.2 (C-3), 31.7 (C-1i), 30.8 (C-2i); IR (ATR) 3045, 2922, 

2231, 1587, 1471 cm-1; HRMS (HR-EI) calcd. for [C15H10
79BrN3]: 311.0058; found: 

311.0056; calcd. for [C15H10
81BrN3]: 313.00361; found: 313.00361. COSY and 1H/13C 

correlation were recorded. 

di-tert-butyl (2S,4R)-2-((tert-butoxycarbonyl)amino)-4-((E)-3-((Z)-8-cyano-11,12-

dihydrodibenzo[c,g][1,2]diazocin-3-yl)allyl)pentanedioate, 8 
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A mixture of diazocine 7 (30 mg, 96 µmol), glutamate derivative 1 (46 mg, 0.12 mmol), 

Pd(OAc)2 (3 mg, 10 mol) and K3PO4 (30 mg, 0.14 mmol) in DMAc (0.5 mL) under 

argon atmosphere was heated at 140 ºC overnight. Then, the solvent was evaporated 

and the resulting residue was purified by column chromatography (hexane/EtOAc, 3:1) 

to give 8 (37 mg, 59 mol, 61% yield) as a yellow solid: mp 66.5 ºC (from EtOAc); [α]D20 

14.4 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.30 (dd, J4iv,5iv = 7.9 Hz, J4iv,2iv = 1.7 

Hz, 1H, H-4iv), 7.11 (d, J5iv,4iv = 7.9 Hz, 1H, H-5iv), 7.09 (d, J2iv,4iv = 1.7 Hz, 1H, H-2iv), 

7.00 (d, J4ii,5ii = 8.0 Hz, 1H, H-4ii), 6.89 (d, J5ii,4ii = 8.0 Hz, 1H, H-5ii), 6.87 (s, 1H, H-2ii), 

6.29 (d, J3i,2i = 15.8 Hz, 1H, H-3i), 6.07 (m, 1H, H-2i), 4.99 (d, JNHBoc,2 = 8.5 Hz, 1H, 

NHBoc), 4.23 (m, 1H, H-2), 2.90 (m, 4H, H-1iii, H-2iii), 2.44 (m, 2H, H-1i, H-4), 2.35 (m, 

1H, H-1i), 2.15 (m, 1H, H-3), 1.68 (m, 1H, H-3), 1.44 (s, 9H, C(CH3)3), 1.43 (s, 9H, 

C(CH3)3), 1.40 (s, 9H, C(CH3)3); 13C NMR (125.8 MHz, CDCl3) δ 173.9 (C-5), 171.7 (C-

1), 155.6 (C-1ii), 155.1 (C-1iv), 136.7 (C-3ii), 134.3 (C-6iv), 130.8 (C-3i, C-5iv), 130.7 (C-

4iv), 130.2 (C-5ii), 128.2 (C-2i), 126.0 (C-6ii), 125.4 (C-4ii), 122.5 (C-2iv), 118.1 (CN), 

116.3 (C-2ii), 111.0 (C-3iv), 82.1 (C(CH3)3), 81.1 (C(CH3)3), 79.8 (C(CH3)3), 52.7 (C-2), 

42.7 (C-4), 36.2 (C-1i), 34.4 (C-3), 32.0 (C-1i), 31.2 (C-2i), 28.4 (C(CH3)3), 28.1 

(2xC(CH3)3); IR (ATR): 2978, 2932, 2232, 1714, 1367, 1148 cm-1; HRMS (HR-ESI) 

calcd. for [C36H46N4O6+Na]: 653.3310; found: 653.3296. COSY and 1H/13C correlation 

were recorded. 

(1S,3R,E)-1,3-dicarboxy-6-((Z)-8-cyano-11,12-dihydrodibenzo[c,g][1,2] diazocin-3-

yl)hex-5-en-1-aminium chloride, Glu_brAzo1 

 

To a solution of 8 (45 mg, 0.07 mmol) in CH2Cl2 (11 mL), trifluoroacetic acid (4 mL, 

52.2 mmol) was added. After stirring 2 h at rt, the solution was concentrated under 

vacuum. The resulting solid was washed with Et2O, hexane and EtOAc to furnish 

Glu_brAzo1 (30 mg, 0.06 mol, 81% yield) as a brown solid: mp 134-139 ºC (from 

EtOAc); [α]D20 20.8 (c 0.18, DMSO-d6); 1H NMR (360 MHz, DMSO-d6) δ 7.55 (d, J4iii,5iv = 

7.8 Hz, 1H, H-4iii), 7.44 (s, 1H, H-2iii), 7.34 (d, J5iii,4iii = 7.8 Hz, 1H, H-5iii), 7.12 (d, J4i,5i = 
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7.9 Hz, 1H, H-4i), 7.04 (d, J5i,4i = 7.9 Hz, 1H, H-5i), 6.88 (s, 1H, H-2i), 6.37 (d, J6,5 = 15.6 

Hz, 1H, H-6), 6.15 (m, 1H, H-5), 3.80 (m, 1H, H-1), 2.87 (m, 4H, H-1ii, H-2ii), 2.71 (m, 

1H, H-3), 2.50 (m, 2H, H-4), 2.13 (m, 1H, H-2), 1.77 (m, 1H, H-2); 13C NMR (90.5 MHz, 

DMSO-d6) δ 175.0/170.9 (2xCOOH), 155.1 (C-1iii), 155.0 (C-1i), 135.9 (C-3i), 134.6 (C-

6iii), 131.2 (C-5iii), 131.0 (C-4iii), 130.8 (C-6), 130.4 (C-5i), 127.7 (C-5), 126.3 (C-6i), 

125.0 (C-4i), 122.2 (C-2iii), 118.1 (CN), 115.8 (C-2i), 109.6 (C-3iii), 50.9 (C-1), 40.4 (C-

3), 35.0 (C-4), 31.3 (C-2), 30.9 (C-1ii), 30.3 (C-2ii); IR (ATR) 2934, 2231, 1675, 1606, 

1243, 1200, 1134 cm-1; HRMS (HR-ESI) calcd. for [C23H23N4O4]+: 419.1714; found: 

419.1718. COSY and 1H/13C correlation were recorded. 

(Z)-8-bromo-11,12-dihydrodibenzo[c,g][1,2]diazocine-3-carboxylic acid, 7a 

 

To a solution of nitrile 7 (260 mg, 0.84 mmol) in EtOH (36 mL), a solution of KOH (5.20 

g, 92.7 mmol) in H2O (11 mL) was added dropwise. The mixture was heated at reflux 

temperature for 4 h. Then, the EtOH was removed under vacuum and the resulting 

aqueous solution was acidified to pH 4. The product was extracted with EtOAc (3 x 50 

mL) and the combined organic extracts were dried over anhydrous Na2SO4 and 

concentrated under vacuum to give 7a (265 mg, 0.80 mmol, 95% yield) as a black 

solid: mp > 230 ºC (from EtOAc); 1H NMR (400 MHz, acetone-d6) δ 7.72 (dd, J4,5 = 7.9 

Hz, J4,2 = 1.7 Hz, 1H, H-4), 7.48 (d, J2,4 = 1.7 Hz, 1H, H-2), 7.24 (d, J5,4 = 7.9 Hz, 1H, H-

5), 7.22 (dd, J4ii,5ii = 8.2 Hz, J4ii,2ii = 2.0 Hz, 1H, H-4ii), 7.11 (d, J2ii,4ii = 2.0 Hz, 1H, H-2ii), 

7.06 (d, J5ii,4ii = 8.2 Hz, 1H, H-5ii), 2.94 (m, 4H, H-1i, H-2i); 13C NMR (100.6 MHz, 

acetone-d6) δ 166.5 (-COOH), 157.5 (C-1ii), 156.2 (C-1), 134.4 (C-6), 132.7 (C-5ii), 

131.3 (C-4ii), 130.9 (C-5), 130.3 (C-3), 129.2 (C-4), 128.4 (C-6ii), 122.1 (C-2ii), 120.5 

(C-2), 120.5 (C-3ii), 31.9 (C-1i), 31.3 (C-2i); IR (ATR) 2922, 2852, 2538, 1683, 1430, 

1296, 1226 cm-1; HRMS (HR-ESI) calcd. for [C15H10BrN2O2+H]+: 331.0077; found: 

331.0082. COSY and 1H/13C correlation were recorded. 

tert-butyl (Z)-4-(8-bromo-11,12-dihydrodibenzo[c,g][1,2]diazocine-3-carboxamido) 

benzoate, 9 
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To a solution of acid 7a (50 mg, 0.15 mmol) in dry THF (7 mL), a solution of amine 2 

(35 mg, 0.18 mmol), EDCI·HCl (40 mg, 0.21 mmol), HOBt (32 mg, 0.24 mmol) and 

DIPEA (0.11 mL, 0.63 mmol) in dry THF (3.6 mL) were added. The reaction mixture 

was stirred at rt overnight. Then, H2O (20 mL) was added and the resulting mixture was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic extracts were dried over 

anhydrous Na2SO4, filtered and concentrated under vacuum. The resulting residue was 

purified by column chromatography (hexane/EtOAc, 3:1) to furnish 9 (60 mg, 0.12 

mmol, 78% yield) as a pale yellow solid: mp 226-230 ºC (from EtOAc); 1H NMR (400 

MHz, CDCl3) δ 7.98 (d, J2,3 = 8.7 Hz, 2H, H-2), 7.90 (br s, 1H, CONH), 7.67 (d, J3,2 = 

8.7 Hz, 2H, H-3), 7.57 (dd, J4i,5i = 8.0 Hz, J4i,2i = 1.9 Hz, 1H, H-4i), 7.37 (d, J2i,4i = 1.9 Hz, 

1H, H-2i), 7.16 (dd, J4iii,5iii = 8.2 Hz, J4ii,2ii = 2.0 Hz, 1H, H-4iii), 7.13 (d, J5i,4i = 8.0 Hz, 1H, 

H-5i), 7.01 (d, J2iii,4iii = 2.0 Hz, 1H, H-2iii), 6.88 (d, J5ii,4ii = 8.2 Hz, 1H, H-5iii), 2.90 (m, 4H, 

H-1ii, H-2ii), 1.59 (s, 9H, C(CH3)3); 13C NMR (100.6 MHz, CDCl3) δ 165.3 (C, ester), 

164.5 (C, amide), 156.1 (C-1iii), 155.4 (C-1i), 141.5 (C-4), 133.6 (C-3i), 132.5 (C-6i), 

131.4 (C-5iii), 130.8 (C-2, C-4iii), 130.6 (C-5i), 128.2 (C-1), 126.8 (C-6iii), 126.2 (C-4i), 

122.0 (C-2iii), 120.6 (C-3iii), 119.3 (C-3), 118.0 (C-2i), 81.1 (C(CH3)3), 31.7 (C-1ii), 31.1 

(C-2ii), 28.4 (C(CH3)3); IR (ATR) 3415, 2965, 1705, 1673, 1521, 1290, 1161, 1103 cm-1; 

HRMS (HR-ESI) calcd. for [C26H24BrN3O3+H]+: 506.1074; found: 506.1085. COSY and 

1H/13C correlation were recorded. 

di-tert-butyl (2S,4R)-2-((tert-butoxycarbonyl)amino)-4-((E)-3-((Z)-8-((4-(tert-butoxy 

carbonyl)phenyl)carbamoyl)-11,12-dihydrodibenzo[c,g][1,2]diazocin-3-

yl)allyl)pentanedioate, 9a 

 

A mixture of diazocine 9 (60 mg, 0.12 mmol), glutamate derivative 1 (57 mg, 0.14 

mmol), Pd(OAc)2 (3 mg, 13 mol) and K3PO4 (35 mg, 0.16 mmol) in DMAc (1.0 mL) 

under argon atmosphere was heated at 140 ºC overnight. Then, the solvent was 

evaporated and the resulting residue was purified by column chromatography 

(hexane/EtOAc, 5:1) to give 9a (50 mg, 60 mol, 51% yield) as a yellow foam: 1H NMR 

(360 MHz, CDCl3) δ 8.10 (s, 1 H, -NHCO), 7.95 (d, J3v,2v = 8.2 Hz, 2H, H-3v), 7.66 (d, 

J2v,3v = 8.2 Hz, 2H, H-2v), 7.55 (d, J4iv,5iv = 8.0 Hz, 1H, H-4iv), 7.36 (s, 1H, H-2iv), 7.11 (d, 

J5iv,4iv = 8.0 Hz, 1H, H-5iv), 6.98 (d, J4ii,5ii = 8.0 Hz, 1H, H-4ii), 6.90 (d, J5ii,4ii = 8.0 Hz, 1H, 

H-5ii), 6.79 (s, 1H, H-2ii), 6.26 (d, J3i,2i = 15.7 Hz, 1H, H-3i), 6.02 (m, 1H, H-2i), 4.99 (d, 
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JNHBoc,2 = 8.5 Hz, 1H, NHBoc), 4.21 (m, 1H, H-2), 2.97 (m, 2H, H-1iii, H-2iii), 2.79 (m, 2H, 

H-1iii, H-2iii), 2.43 (m, 2H, H-1i, H-4), 2.31 (m, 1H, H-1i), 2.13 (m, 1H, H-3), 1.68 (m, 1H, 

H-3), 1.58 (s, 9H, C(CH3)3), 1.40 (s, 18H, C(CH3)3), 1.37 (s, 9H, C(CH3)3); 13C NMR 

(90.6 MHz, CDCl3) δ 173.9 (C-5), 171.7 (C-1), 165.4 (C, ester), 164.7 (C, amide), 155.4 

(C, carbamate, C-1ii, C-1iv), 141.7 (C-1v), 133.5 (C-3ii), 133.3 (C-3iv), 132.9 (C-6iv), 

131.1 (C-3i), 130.7 (C-3v), 130.5 (C-5iv), 130.1 (C-5ii), 127.9 (C-2i, C-4v), 126.4 (C-6ii), 

126.0 (C-4iv), 125.3 (C-4ii), 119.2 (C-2v), 118.0 (C-2iv), 116.5 (C-2ii), 82.1 (C(CH3)), 

(81.0 (C(CH3)3), 79.8 (C(CH3)3), 52.7 (C-2), 42.7 (C-4), 36.2 (C-1i), 34.4 (C-3), 31.8 (C-

1i), 31.4 (C-2i), 28.4 (C(CH3)3), 28.3 (C(CH3)3), 28.1 (2xC(CH3)3); IR (ATR) 3343, 2983, 

2931, 1710, 1528, 1148 cm-1; HRMS (HR-ESI) calcd. for [C47H60N4O9+H]: 825.4433; 

found: 825.4418. COSY and 1H/13C correlation were recorded. 

(1S,3R,E)-1,3-dicarboxy-6-((Z)-8-((4-carboxyphenyl)carbamoyl)-11,12-dihydro 

dibenzo[c,g][1,2]diazocin-3-yl)hex-5-en-1-aminium trifluoroacetate, Glu_brAzo2 

 

To a solution of 9a (50 mg, 61 µmol) in CH2Cl2 (9 mL), trifluoroacetic acid (4.5 mL, 59 

mmol) was added. The mixture was stirred for 2 h and the solvent was evaporated 

under vacuum. The resulting solid was washed with Et2O, hexane and EtOAc to give 

Glu_brAzo2 (33 mg, 0.049 mmol, 82% yield) as a pale orange solid: mp > 230 ºC 

(from EtOAc); [α]D20 -6.0 (c 0.25, DMSO-d6); 1H NMR (400 MHz, DMSO-d6) δ 10.50 (s, 

1 H, -NHCO), 7.92 (d, J3iv,2iv = 8.7 Hz, 2H, H-3iv), 7.85 (d, J2iv,3iv = 8.7 Hz, 2H, H-2iv), 7.68 

(d, J4iii,5iii = 7.9 Hz, 1H, H-4iii), 7.46 (s, 1H, H-2iii), 7.29 (d, J5iii,4iii = 7.9 Hz, 1H, H-5iii), 7.11 

(d, J4i,5i = 8.0 Hz, 1H, H-4i), 7.06 (d, J5i,4i = 8.0 Hz, 1H, H-5i), 6.90 (s, 1H, H-2i), 6.34 (d, 

J6,5 = 15.5 Hz, 1H, H-6), 6.15 (m, 1H, H-5), 3.29 (m, 1H, H-1), 2.86 (m, 4H, H-1ii, H-2ii), 

2.68 (m, 1H, H-3), 2.50 (m, 2H, H-4), 2.04 (m, 1H, H-2), 1.65 (m, 1H, H-2); 13C NMR 

(90.6 MHz, DMSO-d6) δ 172.8/171.8 (2xCOOH), 166.9(COOH), 164.7 (C, amide), 

155.1 (C-1iii), 154.6 (C-1i), 143.0 (C-1iv), 135.9 (C-3i), 133.0 (C-3iii), 132.3 (C-6iii), 130.2 

(C-5i, C-5iii, C-3iv), 128.2 (C-6), 126.6 (C-5, C-6i), 125.6 (C-4iii, C-4iv), 124.7 (C-4i), 119.5 

C-2iv), 118.0 (C-2iii), 116.0 (C-2i), 50.7 (C-1), 40.1 (C-3), 35.5 (C-4), 31.1 (C-2), 30.9 (C-

1ii), 30.5 (C-2ii); IR (ATR) 2923, 1676, 1599, 1521, 1247, 1176 cm-1; HRMS (HR-ESI) 

calcd. for [C30H29N4O7]: 557.2031; found: 557.2040. COSY and 1H/13C correlation were 

recorded.  
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Computational, photochemical and biological supplementary methods 

Molecular docking calculations: Docking calculations were performed with 

GOLD5.6.33 program on the rigid crystallographic structure of GluK2 Ligand Binding 

Domain retrieved from the Protein Data Bank (PDB code: 4H8I).4 H++ web-server5 was 

used to add missing hydrogen atoms to the protein pdb file and to determine the 

protonation states of ionizable residues at pH = 7.0. All co-crystallized ligands, and 

water molecules were removed. The structures of trans-Glu_brAzo1 and cis-

Glu_brAzo1 were built with standard bond lengths and angles using Gaussview6 and 

UCSF Chimera7 codes. Those structures were further minimized using Quantum 

Mechanics at the B3LYP/6-31G(d) level with the Gaussian09 package.8 The trans-

Glu_brAzo2 and cis-Glu_brAzo2 initial structures were built from the coordinates of 

trans-Glu_brAzo1 and cis-Glu_brAzo1 QM minima, respectively, by replacing the 

cyano substituent by the bulky -CONH-p-C6H4COOH group, and the corresponding 

QM minima were also located. The four minimized compounds and the protein were 

further prepared for docking by assigning GOLD atom types to all the atoms by means 

of Hermes (GOLD 3D Visualizer). 

To ensure a complete exploration of the conformational space of the four ligands in the 

binding site of the protein, the maximum efficiency of the genetic algorithm was 

selected in the docking setup. All the parameters of the genetic algorithm were set to 

the default values of the program and partial flexibility was assigned to the ligands. The 

binding site of the receptor was defined as all atoms within 15 Å of a conveniently 

specified central point (given by its X, Y, Z coordinates). 100 binding solutions for each 

ligand were generated. The Chemscore fitness function9 was selected to estimate the 

binding affinities of the four ligands. The obtained poses were ranked based on those 

affinity docking scores (kJ/mol) and the best solution for each ligand was selected. 

 

Photochemical characterization of Glu_brAzo1 and Glu_brAzo2: All spectroscopic 

and photochemical experiments were carried out in HPLC- or spectroscopy-quality 

solvents. Steady-state UV-vis absorption measurements were recorded on a HP 8453 

spectrophotometer with temperature control. The UV-vis absorption spectra of trans-

Glu_brAzo1 and trans-Glu_brAzo2 in PBS:DMSO 1:1 was estimated from the 

absorption spectra of as-synthesized cis-Glu_brAzo1 and cis-Glu_brAzo2 and of a 

well-known mixture of their cis and trans isomers, the composition of which was 

measured by 1H NMR in DMSO-d6. Isomerization quantum yields were determined 

relative to 1,2-bis(5-chloro-2-methyl-3-thienyl)perfluorocyclopentene in hexane (ring 

opening = 0.1310). Different excitation sources were used in the photochemical 
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experiments depending on the spectral requirements: a cw DPSS laser (exc = 405 nm, 

SciTec) for cis-trans photoisomerization, and the second harmonic of a ns-pulsed 

Nd:YAG laser (exc = 532 nm, Brilliant, Quantel) for trans-cis photoisomerization. 

 

Cell line and transfection: HEK293 tsA201 cell line (SV40-transformed, Human 

Embryonic Kidney 293 cells) was maintained at 37 ºC in a 5% CO2 humid incubator 

with Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 media (DMEM) (1:1, 

Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

Penicillin/Streptomycin. Cells transiently expressed the receptor subunit GluK2 or 

GluK1(Q)-2b(GGAA). The expression plasmid for GluK2 was kindly provided by Ehud 

Y. Isacoff (University of California). GluK2 was subcloned into EcoRI site of the 

pCDNA3.1 expression vector. To obtain the GluK2-eGFP pCDNA3 construct, a 

fragment spanning the C-terminal domain of GluK2 and eGFP was amplified by PCR 

using AfeI/XbaI flanked primers and subcloned into GluK2-pCDNA3 plasmid by 

replacing the former AfeI/XbaI cassette. GluK1(Q)-2b(GGAA) was kindly provided by 

G. Swanson (Northwestern University, Feinberg School of Medicine), with the 

endoplasmic reticulum retention motif of the carboxy-terminal mutated to increase 

surface expression.11  DNA–X-tremGENE 9 Transfection Reagent (Roche) mix was 

used following manufacturer’s instructions with a Reagent:DNA ratio of 3:1. GluK1(Q)-

2b-GGAA plasmid was co-transfected with peGFP with a Transfection 

Reagent:GluK1:eGPF ratio of 3:1:0.1. 

The mix was incubated for 20 min at room temperature, meanwhile cells were 

detached and freshly plated into a 12-mulltiwell plate at a density of 3 × 105 cells 

before the DNA-Transfection Reagent mix was added dropwise into each well. 

Experiments were performed after 48–72 h, and the day before the experiment cells 

were plated at low density on 16-mm coverslips (Fisher Scientific) treated with 

collagen(Sigma-Aldrich) to allow cell adhesion. 

 

Electrophysiology: Whole-cell voltage-clamp recordings were done using an EPC-10 

amplifier and data at 10 kHz was acquired with amplifier’s software Patch Master 

(HEKA). Bath solution was composed of (in mM): 140 NaCl, 1 MgCl2, 2.5 KCl, 10 

HEPES, 2.5 CaCl2 and 10–20 glucose to fix osmolarity to 310 mOsm·kg–1, while pH 

7.42 was adjusted with NaOH. Borosilicate glass pipettes were pulled with a typical 

resistance of 4–6 MΩ for HEK293 cells. Pipette solution contained (in mM): 120 cesium 

methanosulfonate, 10 TEA-Cl, 5 MgCl2, 3 Na2ATP, 1 Na2GTP, 20 HEPES, 0.5 EGTA; 

osmolarity was 290 mOsm·kg–1 and pH 7.2 was adjusted with CsOH.  
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Before starting the recording, cells were incubated 10 min with 0.3 mg mL–1 

Concanavalin A (Sigma) —to block GluK1 and GluK2 desensitization— on an ES 

based on NMDG+ (to avoid depolarization due to open GluRs, in mM): 110 NMDG+, 2.5 

KCl, 1 MgCl2, 10 HEPES, 10–20 glucose to fix osmolarity to 300 mOsm·kg–1, while pH 

7.4 was adjusted with HCl. Before placing the coverslip to the recording chamber, cells 

were washed again with bath solution. 

Light stimulation was done by illumination of the entire focused field using a 

Polychrome V monochromator (TILL Photonics) connected through the back port of an 

IX71 inverted microscope (Olympus) with a XLUMPLFLN 20XW x20/1 water immersion 

objective (Olympus). For automatically controlling wavelength, the monochromator was 

connected to the EPC-10 amplifier via Photochromic Manual Control (TILL Photonics) 

and controlled with the photometry module of Patch Master. Light power density 

measured with a Newport 1916-C light meter after the objective was 22.0 μW mm−2 for 

380 nm, 45.9 μW mm−2 for 460 nm and 47.4 μW mm−2 for 500 nm. 

One-photon action spectrum characterization was done during voltage-clamp 

recordings applying a train of 1 s light-pulses at different wavelengths (for the whole 

action spectrum, we ranged wavelengths from 300 to 600 nm, with 10 nm steps) with 5 

s delay between pulses in which light was switched to 530 nm to trans-cis back-

isomerize for activation spectrum, and to 390nm for deactivation spectrum.  

 

Rat hippocampal neural primary culture.  All procedures were conducted in 

accordance with the European guidelines for animal care and use in research, and 

were approved by the Animal Experimentation Ethics Committee at the University of 

Barcelona (Spain). Low-density primary hippocampal cultures were prepared from 

newborn P0-P3 pups from Sprague Dawley rat and maintained in cell culture for 1-2 

weeks in coverslips coated with poly-L-lysine  (Sigma-Aldrich), as previously 

described.12-14. 

Cells were cultured with complete medium (Neurobasal A, B-27 5%, GlutaMax (0.5x), 

glucose 15mM, penicillin (5 U ml−1) and streptomycin (5 μg ml−1)). Within 48-72 h an 

anti-mitotic treatment with AraC 5 μM is done to avoid fibroblast and astrocyte 

proliferation. Half of the medium in each well was changed every 3-4 days.  

 

Electrophysiology recording conditions for rat hippocampal neurons: Voltage 

and current-clamp recordings under whole-cell configuration were done using an EPC-

10 amplifier and data at 10 kHz was acquired with amplifier’s software Patch Master 
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(HEKA). Bath solution was composed of (in mM): 140 NaCl, 2 MgCl, 2.5 KCl, 10 

HEPES, 0.2 CaCl2 and 10–20 mM glucose to fix osmolarity to 310 mOsm·kg–1, pH 

7.42 adjusted with NaOH. Borosilicate glass pipettes were pulled with a typical 

resistance of 6–8 MΩ for neurons. Pipette solution contained (in mM): 130 KCl, 5 

MgCl2, 3 Na2ATP, 1 Na2GTP, 20 HEPES, 0.5 EGTA. Osmolarity is adjusted at 289 

mOsm·kg–1 and pH 7.2 adjusted with KOH. During recordings, neurons were 

maintained at room temperature (r.t., 25-27 °C) in a continuous perfusion of bath 

solution. 

 

Data analysis and statistics: Amplitude of photocurrents were analyzed using IgorPro 

(Wavemetrics). Displayed whole-cell current traces have been filtered using the infinite 

impulse response digital filter from IgorPro (low-pass filter with cutoff of 50 Hz). The 

drift in current observed during light spectra recordings was corrected where 

appropriate with the IgorPro (WaveMetrics) software using a custom-made macro for 

drift correction. 

  



S14 

Figure S1. Molecular docking simulations 

 

 

 

Figure S1. Best docking solutions for trans-Glu_brAzo1 (orange) and cis-Glu_brAzo1 

(green) in GluK2. The protein residues interacting with the glutamate groups are also 

indicated. Oxygen, nitrogen and hydrogen atoms are depicted in red, blue and white, 

respectively. 
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Figures S2-S7 and Table S1. Photoisomerization of Glu_brAzo1 and 

Glu_brAzo2 

 

Figure S2. Low-field region of the 1H NMR spectra (360 MHz, DMSO-d6) of 

Glu_brAzo1: (a) freshly prepared (cis isomer); (b) after irradiation at exc = 405 nm 

(power = 280 mW) for 3 h (cis:trans 1.4:1 mixture); (c) after irradiation of (b) at exc = 

532 nm (power = 100 mW) for 3 h (cis isomer). 
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Figure S3. Low-field region of the 1H NMR spectra (400 MHz, DMSO-d6) of 

Glu_brAzo2: (a) freshly prepared (cis isomer); (b) after irradiation at exc = 405 nm 

(power = 280 mW) for 3 h (cis:trans 1:1.25 mixture); (c) after irradiation of (b) at exc = 

532 nm (power = 100 mW) for 3 h (cis isomer). 
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Figure S4. Absorption spectra of Glu_brAzo1 and Glu_brAzo2 in PBS:DMSO 1:1 

upon irradiation of their cis isomer at λexc = 405 nm (power = 88 mW). 

 

  

Figure S5. Absorption spectra of Glu_brAzo1 and Glu_brAzo2 in PBS:DMSO 1:1 

upon irradiation at λexc = 532 nm (power = 10 mW) of the cis-trans photostationary 

mixture previously prepared at λexc = 405 nm. 

 

  

Glu_brAzo1 Glu_brAzo2 
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Figure S6. Variation of the absorption at 395 and 478 nm of Glu_brAzo1 and 

Glu_brAzo2 in PBS:DMSO 1:1 upon consecutive cycles of cis-trans (λexc = 405 nm, 

280 mW) and trans-cis photoisomerization (λexc = 532 nm, power = 230 mW). 

 

   

Figure S7. Variation of the absorption at λabs,max
trans

 of the cis-trans photostationary state 

mixture of Glu_brAzo1 and Glu_brAzo2 in the dark at 25ºC in PBS:DMSO 1:1. At 

these conditions, thermal trans-cis back-isomerization takes place, thus restoring the 

initial concentration of the cis state of the ligands. Points correspond to the 

experimental data, while lines were obtained from monoexponential fits. 
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Table S1. Photochemical properties of Glu_brAzo1 and Glu_brAzo2 in PBS:DMSO 

1:1. 

 λabs,max
cis a

 

(nm) 

λabs,max
trans a

 

(nm) 
cis-trans trans-cis

%trans 

PSScis-trans 

%cis 

PSStrans-cis 

trans  

(h) b 

Glu_brAzo1 392 478 0.11 0.89 47 100 6.8 

Glu_brAzo2 395 480 0.13 0.86 60 100 5.6 

a Data for the n-π* band. b t1/2 = 4.7 and 3.9 h, respectively. 
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Figures S8-S11. Photomodulation of GluK1 and GluK2 in HEK293 cells 

using Glu_brAzo1 and Glu_brAzo2 

 

Figure S8. Light-dependent inward currents measured for HEK293 cells expressing 

GluK1 and GluK2. (a-b) HEK293 cells transfected with GluK1 and perfused with (a) cis-

Glu_brAzo1 (100 μM), and (b) cis-Glu_brAzo2 (100 μM). (c-d) HEK293 cells 

transfected with GluK2 and perfused with (c) cis-Glu_brAzo1 (100 μM), and (d) cis-

Glu_brAzo2 (100 μM). Light pulses at λexc = 390 nm (purple bars) were employed to 

induce cis-trans photoisomerization, which in all the cases resulted in larger 

electrophysiological currents (i.e. receptor activation and channel opening). Irradiation 

at λexc = 530 nm (green bars) was used to trigger trans-cis back-isomerization and 

recover the initial signal (i.e. receptor deactivation and channel closing). 

 

 

Figure S9. Activation spectra of (a) Glu_brAzo1 (100 μM) and (b) Glu_brAzo2 (100 

μM) in HEK293 cells transfected with GluK2. Wavelength excitation to promote cis-

trans photoisomerization and receptor activation ranges from 300 nm to 530 nm. In all 

the cases, trans-cis back-isomerization was achieved with pulses at λexc = 530 nm. 
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Figure S10. Deactivation spectra of (a) Glu_brAzo1 (100 μM) and (b) Glu_brAzo2 

(100 μM) in HEK293 cells transfected with GluK2. Wavelength excitation to promote 

trans-cis photoisomerization and receptor deactivation ranges from 300 nm to 600 nm. 

In all the cases, cis-trans isomerization was previously conducted with pulses at λexc = 

390 nm. 

 

 

Figure S11. Dose-response curves of (a) Glu_brAzo1 and (b) Glu_brAzo2 in HEK293 

cells transfected with GluK1 and GluK2. Measurements were conducted from 10 to 300 

μM for their cis isomer and the trans-cis mixture obtained at λexc = 390 (PSScis-trans@390 

nm).  

 
GluK1 cis isomer 
GluK1 PSScis-trans@390 nm 
GluK2 cis isomer 
GluK2 PSScis-trans@390 nm 

Glu_brAzo1 

 GluK1 cis isomer

GluK2 cis isomer
GluK2 PSScis-trans@390 nm 

GluK1 PSScis-trans@390 nm 

Glu_brAzo2 
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Figures S12. Photoactivation of rat hippocampal neurons using 

Glu_brAzo1 and Glu_brAzo2 

 
 

Figure S12. Whole-cell voltage clamp recording of rat hippocampal neurons in culture. 

Perfusion of 30 μM of (a) Glu_brAzo1 and (b) Glu_brAzo2. Light activation is induced 

by pulses at λexc = 390 and 530 nm (purple and green bars, respectively).   
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1H NMR (500 MHz, CDCl3) 

 

 

13C NMR (125.8 MHz, CDCl3) 
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1H NMR (500 MHz, CDCl3) 

 

 

13C NMR (125.8 MHz, CDCl3) 
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1H NMR (500 MHz, CDCl3) 

 

13C NMR (125.8 MHz, CDCl3) 
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1H NMR (500 MHz, CDCl3) 

 

13C NMR (125.8 MHz, CDCl3) 
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1H NMR (500 MHz, CDCl3) 

 

 

13C NMR (125.8 MHz, CDCl3) 
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1H NMR (360 MHz, DMSO-d6) 

 

13C NMR (90.5 MHz, DMSO-d6) 
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1H NMR (400 MHz, acetone-d6) 

 

13C NMR (100.6 MHz, acetone-d6) 
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1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (100.6 MHz, CDCl3) 
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1H NMR (360 MHz, CDCl3) 

 

 

13C NMR (90.6 MHz, CDCl3) 
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1H NMR (400 MHz, DMSO-d6) 

 

13C NMR (90.6 MHz, DMSO-d6)  
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