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Kurzdarstellung

Die Inkorporation photoschaltbarer Molekilein biologische oder technische Systenst ein
vielversprechender Ansatz zur gezielten Beeinflussung derartiger Prozesse auf molekularer Ebene.
Allerdings sind bisher viele bekannte molekulare Photoschalter aufgrund unzureichender
photochemischer Eigenschaften in ihrer Anwendbarkeit eingeschrankt. Das Diazocin als
Weiterentwicklung des aniaufigstenverwendeten molekularen Photoschalters, dem Azobenzol,
weist jedoch afgrund erhohter Rigiditat eine hervorragende Schalteffizienz und sehr hohe
Quantenausbeuten auf. Mittlerweile sind viele Methoden zur effektiven Darstellung und
Derivatisierung auch asymmetrisch substituierter Diazocine bekannt, sdda&awendungsberelc

und ihre Bedeutung bei der Entwicklung neuer lichtgesteueMmlekile stetig wachserAllerdings

weist das Diazocin in Bezug auf die Unidirektionalitat der Schaltbewegung, die Wellenlange des fir die
Schaltung verwendeten Lichtes und die Wasserl6slithkech einige Schwéachen auf. Durch
systematische  Weiterentwicklung des urspringlichen Diazocins konnten mit den
Diindanodiazocine(DIDs) und denN-AcetylDiazociner(N-AcDiazocii) eine vielversprechende

al 6SAGS DSYSNIGA2Yyda Syré BriteGicBungiundsDeiNaiSefulg iRSokB Yy 6 S .
dieser Arbeit standen.

Durch systematische Eliminierung aller konformationellen und rotatorischen Freiheitsgrade konnten
bei der Entwicklung der DIDs die Quantenausbelgewiedie Unidirektionalitat der Schilewegung

enorm verbessert werden. Dartiber hinaus entstehen bei der Synthese zwei Diastereomere, von denen
das Racemat chiral ist. Im Rahmen dieser Arbeit konnte das Racemat in seine beiden Enantiomere
aufgetrennt und ihre photochemischen Eigenschaften eusiicht werden. Hierbei standen
insbesondere die chiroptischen Schalteigenschaften im Fokus, wobei enorme Unterschiede zwischen
den @ und ‘O-Konfigurationen beider Enantiomere festgestellt wurden. Zusatdtiwhnte durch
Schaltungn die O-Konfigurationmit zirkular polarisiertem Licht das korrespondierende Enantiomer
gezielt in dieser Konfiguration angereichert werdend der Enantiomereniiberschuss bestimmt
werden. Um das DIEBystem flr eine weitere Funktionalisierung zuganglich zu machen, wurden
Synthesestrategien fir die Darstellung-dind tetrahalogenierter DiDiastereomere entwickelt. Auf
diesem Wege konnten vier neue halogenierte Dliastereomere erhalten und im Anschluss
photochemisch charakterisiert werden.

Im Gegensatz zum urspringlichen D@rdst dadN-AcDiazocin intrinsisch wasserldslich und die far
die Schaltung adressiertérzy * -Absorptionsbanden sind stark bathochrom verschoben, sodass sie fir
einen Einsatals Photopharmakophan der wassrigen Umgebung biologischer Systeme pradestiniert
sind.Unter Verwendunginterschiedlicher Varianten Ubergangsmetatalysierter Kreuzkupphgen
konnten ausgehend von den bereits bekannten monohalogenieNef\cDiazocinen zwolf neue
Derivate synthetisiert und sowohl in organischen Lésungsmitteln als auch in wassriger Umgebung
photochemisch charakterisiert werden. Im Rahmen einer Kooper&bonte fiir einige Derivate eine
starke Inhibierung des die Testosteronbildekagalysierenden, korpereigenen i1IMSD3Enzyms
festgestellt werden. Ein fur den Einsatz in der Photopharmakologie notwendiger Wirkunterschied
zwischen da & und ‘O-Konfiguratioren der Derivate konnte jedoch nicht beobachtet werden.
Fir eine Einbettung igroRere und komplexere Systeme ist die beidseitige Funktionalisieteng
N-AcDiazocinenotwendig. Als Ausgangspunkt hierfir konnte ein beidseitig broms@itécDiazocin
Derivat synthetisiert und photochemisch charakterisiert werden. Aufgrund der sehr niedrigen
Ausbeuten wurden verschiedene neue Synthesestrategien entwickelt und zunéicltsgrrsynthese

des unsubstituiertenN-AcDiazocins getestet. Mit den vielversprechendsten Strategien wurden
ebenfalls Versuche zur Darstellung beidseitig substituigdtéic DiazocinDerivate unternommen, die
jedoch allesamt nicht zum Zielmolekaul fuhrten.






Abstract

The incorporation of photoswitchable molecules into biological or technical systems is a promising
approach for theselective controbf such processes at the molecular ledébwever many known
molecular photoswitches are limited in their applicability due to insufficient photochemical properties.
Dueto its increased rigidity, diazocine, a further development of the most frequently used molecular
photoswitch, azobenzene, exhibitsallent switching efficiency and very high quantum yielMany
methods for the effective synthesis and derivatization are kndwrdate, so that their range of
application and importance in the development of new ligbhtrolled molecules is constantly
growing. However the initial diazocine still has some weaknesses with regard to the unidirectionality
of the switching movement, the wavelength of the light used for switching and its solubility in water.
Bysystematidmprovementof the original diazocire I LINB YA &AAYy 3 aaSO2yR ISy SNH
with the diindanodiazocines (DIDs) and theacetyldiazocines(N-Acdiazocine} whose further
investigation and derivatization were the focus of this work.

By systematically eliminating all conformationatiaotational degrees of freedom, the quantum yields
and the unidirectionality of the switching motion were improved enormously during the development
of the DIDs. In addition, two diastereomers are formed during the synthesis, of which the racemate is
chiral. In the course of this work, the racemate was separated into its two enantiomers and their
photochemical properties were investigated. The focus here was particularly on the chiroptical
switching properties, whereby enormous differences between dheand ‘O-configurations of both
enantiomers were observed. In addition, by switching to ‘@eonfiguration with circular polarized
light, the corresponding enantiomer could be specifically enriched in this configuratidnthe
enantiomeric excess couldebdetermined.In order to make the DHSystem accessible for further
functionalization, synthesis strategies for the preparation of- dind tetrahalogenated
DIDdiastereomers were developed. This allowed four new halogenated DID diastereomers to be
obtained and subsequently characterized photochemically.

In contrast to the original diazocine, thW-Acdiazocine is intrinsically watesoluble and the

y " -gbsorptionbands addressed for switching are strongly bathochromically shiftexse properties
make the N-Acdiazocines perfectly suitabléor use as a photopharmacophore in the aqueous
environment of biological systems. Using different variants of transition nrustizilyzed cross
couplings, twelve new derivatives were synthesized from the already known matogenated
N-Acdiazocines The new derivatives have begrhotochemically characterized both in organic
solvents and in an aqueous environment. As part of a collaboration, a strong inhibition of the
SyR23Sy2dza wmti |l {50 Syile&ayvy$S OFrirtelAaya (Sad2aiSNRy
However, a differece in efficacy between thé- and O-configuratiors of the derivativesvhich would

be necessary for use in photopharmacology could not be obse@dembedding in larger and more
complex systems, the twsided functionalization of thé&-Acdiazocines isiecessary. As a starting
point, a two-side brominated N-Acdiazocine derivative was synthesized and photochemically
characterized. As a result of the very low yielits the synthesis of tweide brominated
N-Acdiazocine various new synthesis strategisre developed and initially tested with the synthesis

of the unsubstituted\-Acdiazocine. Using the most promising strategies, attempts were also made to
synthesizeN-Acdiazocine derivatives substituted on both sides, but none of these led to thettarge
molecule.
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1. Introduction

1. Introduction

Molecular switches plag key rolein biology as a part of complex processeighas ion and proton
transport or visiort*®! The process of switching generally takes place between at least two different
states of a multistable system following the principle of bistabé# response to an external stimulus
Often the switching proceseesults in a change of the molecules werties*” In contrast to a
molecular motor, where the work performedpon stimulation drives a system as a function of
trajectory, the work performed by a molecular switelffects a system as a function of the state of the
switch itself. As a consequeg the work performed by the switch is res&t net zero after being
switched back to its ground stat&!” Incorporated into more complexnolecules or molecular
assembliesmolecular switches are able to perform specific taisksesponse to an externatimulus
as part of a molecular machirfe.

The photorabsorbing cefactor retinal is one of the bestudiednatural molecular switchedVith the
group of retinalcarrying retinylidene proteingt performs a multitude of biological functions, though
it is especially known for its role mammaliareyesight®1112In the process of vision retinal undergoes
a very fast and high yielding to ‘O-isomerization upon irradiation with light when bound to the
protein rhodopsinschemel.l). Thisleads to the couplingf rhodopsinwith G protein transducin
followed by the activation of visual phototransductiB?i
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Schemel.1: Overview of the retinoid (visual) cycle includiégto O-photoisomerization of retinal bound to the protein
rhodopsh (blue box)leading to the signal transduction induced by G protein activati! Afterwards regeneration of
retinal takes place in both the photoreceptor and the retinal pigment epithelium mediated by various en@gates!



1. Introduction

BEyesight is one of many examples lafht in the visible region of the electromagnetic spectrum
regulating liological processe$’ These have inspired many researchers for development of
numerous artificial photosensitive systenasnong themlow bandgap polymers for photovoltaic
cells®*® photochemical synthedig! or photopharmacology'®2% These systemsxploit the properties

of light as an external stimulus for molecular switches: it allows precise control over intensity,
wavelength and polarization while also affording spatiotemporal and traceless appli€afitid.

1.1 Artificial Photoswitches

Just like their naturally occurring counterparstificial photoswitchesindergo areversiblechange in
their molecular properties such as molecular geometry, rigidity, dielectric constant or refractive
index?4 By incorporation of artificial photoswihes into molecular systems or materials these
changeson the molecular levelcan be used to reversibly affect and control targetedcroscopic
properties!?4

For the development and application of artificial photoswitches\itasth taking a lookat their current

or considered photochemicadarameters addressability, switching efficiency, thermal stability and
reliability. The addressabilitglescribesthe wavelength used fotargeting the photoswitch and is
definedby the absorption maximé_may and the separation of the absorption bandstbg stable and
the metastable form of the photoswitci®! Moreover, the band separation has ammensenfluence

on the switching efficiency which is quantified by the photostationary qa®&S§z). The PSS
characterizes the maximum percentage accumulatioeawth isomeafter irradiation and dependsn
the irradiation wavelength and quantusield (8 ).2*2% Thermal stability is quantified ke thermal
half-life (0; ) of thermal back isomerization at constant temperatufée reliability of a photoswitch
is based on the fatigue resistaneéhich descrites the amount of decomposition or side reactions
taking placein competition with the photoisomerization over numerous switching cydtés.
Artificial photoswitches are classified by the type of their ligituced isomerization reactioPossible
reactions are for exampidond dissociation, hydrogenansfer, cycloaddition, electrocyclization or
'O drisomerization with the last two categories mentionelokeing the most frequenfschemel.2).[!
Although most of the above photoswitches are still subject of current research theyshaeessfully
found their way into application. However, the most frequently used artificial molecular photoswitches
are by far the azobenzereased photoswitcheswvhich are structurally similar to the stilbef&27]
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1. Introduction

1.2 AzobenzendasedPhotoswitches

The core structure oinitial azobenzene photoswitch consists of two phenyl ringanectedvia a
diazene bridgethe sccalled azo groupln its thermodynamically stablg-configuration azobenzene
exhibits a nearly planar structure with a barely existing dipole morfi@npon irradiation with UV
light (_=300-350nm), the molecule undergoes a drastic structural change towards the metastable
¢@-configurationi?® Here the planes of thephenyl ringsntersectwith an angle 066 ° due to a rotation

of the phenyl ringaround the EN=NC-dihedral angleThis is caused toth thereduction of distance
between the para-carbon atoms from 9.8 to 5.5A and steric repulsiomccurring afterO- to
¢&>-photoisomerization This twisted strature leads toan increased dipole moment &f 3 D.20:31
Backisomerization can be achieveither by irradiation with blue lighf_ =430480nm) or by thermal
relaxation(schemel.3).°!
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Scheme1.3: The thermodynamically stabl®©-azobenzenecan be converted into the metastablé-configuration by
irradiation with UV light. Baelsomerization can be achieveither by irradiation with blue light or thermally.

The O-configurationexhibits an intensevZ\*-transition at_ =314nm and al Z\"-transition in the
visible range at_=435nm.*2 Due to the symmetry prohibition thé Z\"-transition shows a low
intensity, sdO-azobenzene is usually irradiated with liyht for photoisomerizatior??®! In contrastto

this, the £ 2" -transition of>azobenzenat _=440nm is not forbidden for symmetrical reaspand
thus, much more intenseAlso,>azobenzene shows twezZ\ “-absorption bands at =280nm and
_=240nm % Because of this overlap in the absorption bands of botland ¢-azobenzeneglight-
induced photoisomerization leads to PSS values of (317nm)=90% or3 o (440nm)=7%%
without a complete formation okither configuration beingpossible?®32 Both transitions exhibit
quantum vyields ofg o =0.14 andB o =0.47.% However, theyvary and show a strong
dependency from solvent and temperatuf&3? Besidesthese relatively poor quantum yields
azobenzeneénas many conformational degrees of freedom and therefore, exhibits a high flexibility
Thus, a switching proces$ azobenzeneloes not include directional movemelig*?

However the lack of directional motion and the insufficient switching propestiee compensated by

a short synthesis path andood accessibility for derivatization since veide rangeof synthesis
procedures with a high tolerance for various functional groups are known in current
literature (scheme1.4) 344 The resulting wide range of derivatives enables a multitude of possible
applications for example in photopharmacold&y?® material sciencé>*® or energy?>4” and data
storage system§g?!
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a) azo coupling reaction via diazonium salt intermediate
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Schemel.4: Examples ofhe most frequently used reactiotypesfor azobenzene synthesis: kjtial azocoupling reaction
of an electron poor diazonium salt generated from an anilimeich contairs electron withdrawing substituenttEWG) and
an arene which contains aalectron donating substituen{EDG}*3441 A more recent procedure describes the reaction of
diazonium salts with metatontaining aromatic precursofé] b) BayERMiLLsreaction of electron poor anilines after oxidation
to the corresponding nitrosoompound with an electron rickanilinel*344c) Oxidation of anilines to the corresponding azo
bridged dimei43.44.50]

1.3 Modification of Azobenzenes

Several approaches for the improvement of photoswitching behaneiknown in current literature
mainly targeting a significant bathochromic shift of absorption bands via reduction of the
HOMOLUMO energy differenceThis, howeveralso affecs the remaining switching parameters
consequently*® By substitution with either electron donatifgOMe, -NR)*>50% or electron
withdrawing groupg-F,-Cl, -Br, -NQ,)I15:505254.55]g gjgnificant bathochromic shiéif T Z.* -transitions
can be achieved with accompanying extensiorthef thermal halflife. A combination of electron
donating andvithdrawing substituent® & LJHdddzEsyistém) results in a significant bathochromic shift
of AZ\" -absorption bandsvhile thel 22" -transitions are almost unaffecte@sulting in a higher overlap
of absorption band, though at the same time it causas extemely shortened thermal halife.[*552:55]
The same effect applies ftire extension of -systemdeadngto significant bathochromically shifted
AZ\ -transition® Also, the extension of' -systems is accompanied by accelerated thermal
relaxation*55¢l
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In a different approach the photoswitchingroperties of azobenzenecan be affected by either
substitution of at least one benzene ring by fiee sixmembered heteroarenezoheteroarenes) or
by induction of geometric tensidt#* and reduction of degrees of conformational
freedom(diazocines see chapter 14 This secalled second generatioof azobenzenéased
photoswitches allowenhanced functionality compared tbe initial azobenzen&®

Since a large number of hetmromatics is known, a wide range of heteroaromatic azo photoswitches
is accessible and therefgr@ broader structural diversity combined with very different spectral
properties is emergingHowever heteroarenes primarily containing nitrogen, or hetereaes
containing a different heteroator(S,0) in addition to one nitrogen are most frequently
used(schemel.5).°% Compared to azobenzenéhe introduction of heteroarenes leads to shifted
transitions and thereforgeto highly separated absorption bandshereby different absorption bands
are addressed depending on the used heteroareHewever, his allows good to nearly quantitative
photoswitching in both directions. Moreoversuperior quantum Yyieldsand extended halfives
compared to azobenzenes can be achieved e&&H).
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Schemel.5: Chemical structures @frylazopyrazolétop) and mixedeteroarene azo photoswitch containing a benzimidazole
and a pyrazole moiet{bottom). Heteroarenes lead to shiftetlansitions and higher absorption band separati@sulting in
improvedphotochemical propertiesompared toparentazobenzene.

As an advaraige of the use of fiveemembered heterocycles ié-configuration a new conformation is
accessible thatannotbe reached if ssnemberedaromatic rings are used. This conformation can be
tuned sterically by substitution at the fiveembered heterocycle with a drastic effect on the
photochemical propertie§>%? Furthermore, a higher water solubility and a high stability against
glutathione are very good prerequisites for use in the field of photopharmacdi@gy.

1.4 Diazocines

The ortho-ethylene bridging of azobenzene is another possible way to alter its photochemical
properties by the introduction of geometric tension and reduction of degrees of conformational
freedom[*54257The synthesis and structure of such a bridged azobenzemecalled diazocine, was
already been publishedy DuvAI®® in 191Q whileits photochemical characterization only followed in
2009 in a publication byfERGE@Nd TEMPset all®”l The additional ethylene bridge results in the
formation of a strained eightnembered cycle in the center of the diazocine framework whose
thermodynamically most favorable structure is theat-conformation Thisresultsin ac-configuration



1. Introduction

for the GN=NC bond although usuallyO-configurations are preferred for azo compounds. This
indicates an inverse thermodynamic stability of the diazodiesnd ¢>configurations with respect
to azobenzene and azoheteroarengsheme 1.6 However, densityfunctional theory(DFT)
calculations revealed two possible-conformations, with the ‘Otwist-configuration being more
thermodynamically favorable than tH®e-chair-conformation!®’:64:6%!
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Scheme 16: Photoswitching of parent diazocine starting from thermodynamically staitenfiguration with violet light to
the metastableOtwist-configuration. Complete back isomerization can be achieved either with green light or thermal
relaxation.

Due togeometric tensiorthe T Z\*-transitions are significantly shifted compared to azobenzene. The
T 2*-transition of the ¢>configuration undergoes a hypsochromic shift to=404nm while

'Ol 2*-transition is bathochromically shifted tg =490nm, resulting in a high separatiorof
absorption bands in the visible range of the electromagnetic specttlimherefore parentdiazocine
exhibits exceptionally high PSS values ef (385nm)=92% for¢> to O-and3 o (530nm)=>99%

for O-to ¢>photoisomerizatior®” Furthermore, the rigidity introduced by the ethylene bridge allows
a more defined and directional motion induced upon photoisomerization agréeerotation of the
phenyl ringsis prevented. This results in extraordinarily high quam vyields ofg o =0.72 and

B o =0.9057 These superior photochemical properties indicate that diazocines are promising
candidates for application as molecular switchesccordingly, diazocinebave already been
implemented in photoresponsive rtexials®®l, surface functionalizatidti! or in biological applications
such agphotopharmacologyt®’4

1.4.1 Synthesis of Diazocines

While the preparation of diazocines was initially associated with low remmibdity, low yields and low
tolerance to functional groups, a number of methods have been developed in recent years that have
largely overcome these problemsvith the methodsof MoorRMANNet all™! (reductive coupling,
MAIERet all’® (oxidative couplinyand Li et all’”! (GN-cascadecoupling appearing to be the most
promisingas these methods are used in most publications on diazocine syn{eeb&mel.7). There

are other methodsincluding electrochemical cyclizati® BayERMILLsreactior® or metalcatalyzed
deoxygenatioti®>7°8l, but these methods either resulted in insufficient yields, low reproducibility or
anincreased occurrencef overoxidation to the corresponding azeggmpound.However, all of the
abovementioned synthesis procgures have in common that the phenyl rings are linked via the
ethylene bridge in the first stejpllowed bythe formation of the azo group closing the eight membered
cycleas second step

The formation of the ethylene linkage itself already represerdaiaial stepas it isalimiting factor for

the range of accessible substituent§he initial procedure via oxidative dimerizatioaf
o-nitrotoluenes(schemel.7) developed byCHAUDHARet all®?l and improved byMooRMANNet all™®!
provides very good yields for symmetrical targetlecules, buis not very suitabldor asymmetric
target compounds. These are only accessible with low yields due to the low selectivity of the reaction
giving a statistical distribution of different prodscif two different starting molecules are to be
combined®! Furthermore, the oxidative dimerization reaction ¢ausing problemdor sensitive
functional groups since a strong base amdoaidizingagent are required for successful couplidg.
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well thought-out protecting group strategy or easily feasible late stage modification not affecting the
azogroup is therefore essenti&f 72
The reductive dimerization developed hyet all’” requires neitherstrong basesor oxidizing agents
and insteaduses organolithium compoundsso that evenin this case sensitivihe introduction of
functional groupsis only accessible via protecting groups or latage modificationIn addition,
asymmetrically substituted diazocinbave not yet beenynthesized via this method’!
Using either aViTTiGreaction according thANGBEHMt al.t4 and SAMANTAet al B or a SONOGASHIRA
coupling according tdAIERet all’®, dimerizations are feasible under significantly milder conditions.
These methods also allow a selective preparation of asymmetric diazocine predéfr&browever,
the preparation of the starting moleculesmore difficult and functional groups mube resistant to
reduction Moreover, the double or triplebonds formed during the reaction still have to be reduced to
the ethylene bridge?¢8"]

©®

X" Pph, 0
| =

|
+ e
N02 02N NOZ OZN

1.) WiTTIG-reaction 1.) SONOGASHIRA-coupling ‘

2.) reduction i l 2.) reduction

reduction O O
o NH
NH, 2

oxidative
azo-coupling

J :
—_— -
O NO reductive o= 1.) deprotection -
NO, 2 2. N—N

a)

azo-coupling ) oxidation A

Boc Boc
Boc,  Boc
oxidative dimerization HN—NH
C-N-coupling

Y

@\/ reductive dimerization
NO X'

2

Schemel.7: Overview of the most common synthesis strategies for the formatiathefliazocine frameworka) Oxidative
azocondensationof dianiline precursors obtained by reduction of dinitro compoumdsch in turn can be prepared via
WiTTiGreaction, SONOGASHIRsoupling or oxidative dimerization. b) Reductive @mndensationof dinitro precursors usually
synthesized via oxidative dimerization.Rijg cloare of aryl halogenide with protected hydrazinearc-N-cascadecoupling
reaction resulting in thdormation of the diazocineafter subsequent deprotection and oxidation. Aryl halogenides are
prepared via reductive dimerization.
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Reductive intramolecular aze@ondensation of o-ethylene bridged bisitrotoluenes has been
performed with various reducing agergach azind®® or glucos€®°®under basic conditionis a one
step synthesis resulting yieldisat are both low and not reproduciblé\ two-step synthesis initially
published byPaupLERt al®Y, which includes a reductive step with zinc under basic conditions and an
oxidative step with catalytic copper(ll)chloride and oxygenovideshigher yields. Investigationd the
reaction mechanism of the reduction step MOORMANNet all’®! showed thatthe corresponding
azoxycompound initially formed in éBAYERMILLSlike reaction from a nitroso and a hydroxylamine
moiety reductively generated from the dinitro precursois subsequently reduced via diazocine
intermediate giving a hydrazine derivative main productThis is subsequentixidized quantitatively

in the second step to the corresponding diazocine. Due tq titesyield and the reproducibility of the
reductive azacondensationcould be significantly improved by tuning of the reaction paggens and
elongation of reaction tim&% However, the yields vary depending on the substituents and their
positions. In addition, solubility problentccurin the polar solvent required for the reactioifo
overcome these problems several procedures for the reductive reaction pathway have been
developed Examples includ¢he preparation of the hydrazine derivative with lithium aluminum
hydridg®? the oxidation of the hydrazine derivative with mercuryidis®¥ synthesis of the azoxy
compound under ultrasonication with subsequent reduction to diazocine with phosphorous
trichloridel”®8t or the solventfree synthesis of diazocine with lead powder in a ball FilHowever
these methods play a subordite role in diazocine synthesis.

In contrast to the reductive azcondensationthe oxidative synthesis path is starting from a dianiline
precursor. By addition aheta-chloroperbenzoic acitmCPBA) one anilinmoiety is oxidized to the
corresponding nitreo group which subsequently undergoes an intramolecBlrERMILLSreaction
with the remaining anilinemoiety. However, the reaction remains sensitiiee polymerization and
formation of the overoxidized azosside product.While polymerization can be suppressed by high
dilution, the formation of azoxyside product can be prevented by adding the oxidizn@PBA noall

at once but slowly over timesince the azoxgompound ispreferably formed by intramolecular
couplingof overoxidzed nitrosehydroxylamine side product?!

Whereas the twoprevioussynthesis strategies start from dianiline or dinitro compounds, the ring
closing in the method presented lhyet al”" is based on intramolecular&-coupling of aryl iodides
with tert-butoxycarbony(Boc) protected hydrazine viediamine liganecatalyzedJLLMANNGOLDBERG
amidation cascade. The diazocine synthesis is tdmenpleted bylEwisacidinduced cleavage of the
Bocprotecting groups and subsequent oxidation resulting in the formation of theyeagp.However,

the practicability of the synthesis path is severely limited by both the high number of reaction steps
and the optimizationequired for different substituent&”!

1.5 Functionalization of Diazocines

For the incorporation of diazocines into functional materials or biological active compounds an
additional functionalization of the diazocine framework is necessary. Unfortunagetyethod for
direct substitutionat the aromatic system of the diazocine framework has yettbeenexploreddue

to the sensitivity of the azo group to many reaction conditionghoughone procedure describingia
electrophilic substitution of the overadized azoxgompoundhas been publishedvhich however,
needs twoadditionalreaction steps ithe form of reduction of the azoxy to the hydraziméermediate
and subsequent oxidatioforming the azo bondWhile this procedure does result in ttiesired
halogenated diazocine, the yields are insufficiéfitTherefore, functional groups or halogens as
starting points for subsequent derivatizatibave tobe part of the building blocks for the dimerization
reaction® Thisrequirement, though, thits the choice of functional groups, as the reaction conditions
of the dimerization reactionsare harshand the oxidative or reductive conditions of the azo
condensationrequire a suitable protecting group strategy. For this reasdate-stageconversia of
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functional groups into other functional groups is another possibifiy diazocine framework
functionalization The limitation, in this case, is that the azo graapnot inert under oxidative,
reductive or basic conditions limiting the range of asible functional groups as wER2® But still,
there area few examples of different kinds of lastagefunctionalization givingacetamide&°9496],
etherd®, amine®®! or activated carboxylic estéf$®>°"lwhich do not require functionalizain by
crosscouplingreaction

For azobenzenes transition metzdtalyzed crossoupling reactions have been a door opener for{ate
stage functionalization and derivatizatiom these reaction@izobenzenefiave been used both as
formal nucleophilic and formal electrophilic componefit8 For diazocines few examples are known
in current literature but the range of different crossoupling reactions already proves the great
potential for latestage derivatization and functionalizatiggcheme 1.§. With diazocines as formal
electrophilic components procedures foBUzUK{®?, SriLLES68499.100 BycHWALBHARTWIG -85
ULLMANN NEGISHI™Y, HECK®® and SONOGASHIRerosscouplingreaction$81°2 are known while
diazocines have been used as formal nucleophilic components oryzinki and SriLLEcoupling
reactionsl® However, the crossoupling of diazocines remains challenging since procedures using
azobenzene componentannotbe adapted without limiations. One reasofor the problems in cross
coupling reactions of diazociaenight be the electronic structutéviore preciselythe problem might
be rooted in theorientation of thelone electron pairs of both nitrogen atomehich, in contrast to
azobenene, are not aligned with thé -system of the aromatic ring8esidesstericalissues nght also
play an important rolé*!
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Schemel.8: Ovewniew of crosscoupling procedures already known for parent diazodterting from the corresponding
halogenated compoundExcept forSuzuki and SriLLEcrosscouplingreactions diazocines havenly been used as formal
electrophilichalogenateccomponents in crossoupling reactions.

The derivatization of diazocinefiowever, involves more than just the mere choice of substituents.
Since targeted substitution of azobenzene is used to specifically affeatitching properties, a similar
behavior can also be expectéat diazocines!® Thus if the switching behavior isot to beaffectedby
the substituent(s), care must be taken to prevent the electronic influence on the azo grbep.
derivatization of azobenzene showed that the influence of substituents is at its maxinarthad>*54
and para-positions®? which must therefore be avoided far functionalization without influence on
the switching behavioAn attenuation of the conjugation can be achieved by substitution imib&-
position, so that the influence on the switching behavsreduced®*1® Another approach is the use
of bridging methylene groups betweghe photoswitch andhe substituent to disrupt the electronic
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interactions between functional group and diazocl#e®! It is important to note, however, that the
free rotation of bridgng methylene groups introduces unwanted flexibility into the systéit® By
using bridging alkynemistead rigidity can be maintained while at the same time interrupting the
electronic coupling between the substituent and photoswitéh106!

1.6 Limitations of Parent Diazocine
1.6.1 Undirectional Motion

Azobenzenes and diazocines aret nmidirectional switches and therefore do not allow any
unidirectional movement. In the case of azobenzenes two enantiomers are formed during
photoisomerization, which interconvert rapidly at room temperature while in babth and
‘O-configuration both phenyl rings rotate freefif! This rotation is suppressed ithe diazocine
framework by the ethylene linkage between both phenyl rikgsDespite the increased rigidity,
conformational movements are still possible. However, these are limited tvigst- and
twist-chairinversion inO- and boat-inversion ind-configuration?¢4 To overcomehesedegrees of
conformational freedom the introduction of even more rigidity compared to parent diazocine seems a
promising approacK? In addition to the directed motion achieved in this way, increased quantum
yields of lightinduced switching process could be a side effect, since unproductive relaxation
pathways are suppressétt:>’

1.6.2 Irradiation Wavelengths

Compared to most phtoswitches parent diazocine exhibits bathochromically shiftgd -transitions
suitable for induced isomerization with light in the visible range of the electromagnetic spe€&triith.
Nevertheless, parent diazocine is usually switched féerto ‘O-configuration with light at 385m!>”]
which is still close to high energetic UV irradiation potentially damaging sensitive materials or biological
tissuell®® Additionally, light in the near infrared area between 688 and 90(hm has the largest
penetration depth in aqueous and blood supported biological tissue compared to visible or
UVIlight 119819 For this reason, further shift dfZx*-transitions is required to achieve light induced
isomerization in the so called biooptical wind&#. For azobenzenes bathochromic shift of
absorption wavelengths has been achieveddstho-/para-substitution with electron withdrawing
substituentssuch adluorine®™, pushpull system&® or by substitution of at least one phenyl ring with

a heteroaree %% Due to the differences in the electronic structure of azobenzenes and diazocines
this approactwould likely provaunsuccessfuP® However DFTcalculations showed promising results
concerning bathochromically shiftéd *-transitions for diazoines in whose ethylene bridge a carbon
atom has been substituted by a heteroatdsee 1.8 Heteroatorbridged Diazocinedy*5°!

1.6.3 Water Solubility

Parent diazocine exhibits superior photochemical properties compared to azobeliZeviet, the
application in agueous medfacessimilar problemssince parent diazocinke azobenzene mostly
insoluble in pure water without the addition of hilyhpolar organic solvent additives like dimethyl
sulfoxide(DMSO) or acetonitril@éMeCNY!° Concerning the applicabilitghis is not a bigobstacle,
sinceit is common tautilize notable concentrations of MeGN or DMS§° 74111112y stock solutions

of nonpolar inhibitors or drugsvhich in turnare used in pharmacological testinga cel essaygo
prevent precipitation However even small quantities of organic solvents in water may alter the
photochemical andeven possibly the biological properties of the photoswitcdince it might be
surrounded by a solvating shell of organic solvémitead of watef'*? Investigations of the
photoconversion rates o as a function of the water content in MeCN revealed a significactehse

11
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in the conversion rateom initiallys o =88%1tm3 o =73% at 90% water content unpitecipitation

at 100% water conterit® Therefore the addition of functional group® increa® the polarity and as

a resultalsothe solubility in water is required. This can be achieved by introduction of amino or
carboxylic acid substituenthat areseparated from the diazocine framework by a bridging methylene
group to prevent significant impact on the switching characteristics. This separation is necessary,
because especially anilines are known to significantly deteriorate switEfiig Thesederivatives are
soluble in pure waterhowever, they have the disadvantage that they also sh@ignificantlecrease

in photoconversion yields by about 3G98! Moreover, for a successful applicatitmoth thesolubilizing

and the functional groups haveot be present in the molecule at the same tinvehich makes the
synthesis of water soluble and functionalized moleseken more difficultin conclusionit is required

to achieve an intrinsic water solubility of the diazocine framework to makaitabke for application
especially in agueous media aadtiological environment.

1.7 Heteroatom-bridged Diazocines

TDDFT calculations revealed thét one carbon atom in the ethylene bridgef the diazocine
frameworkis substituted by either an oxygen or sulfur atatime T Z\*-transitions of theirespective
‘O-configurationswould bathochromicallyshift and an absorption band separation of about 108
could be expected. This assumption has been confirmed byisBpectra showing maxima of the

T 2*-transitions for-configurations at_=405nm (Sdiazocine) and_=385nm (O-diazocine) and
‘O-configurationsat _=525nm for both diazocines. Furthermore, the absorption bands of their
‘O-configurations are significantly broadened up to 00, allowing quantitative back isomerization
with red light at 660hm.® The photoconversion yields of botB (3 o (405nm)=70%) and
O-diazocine§I3 o (385nm)=80%)c to O-isomerization are lower than for parent diazocinesisTh
significantly lower photoconversion yield $liazocine can be explained by an additional absorption
band at 380m overlapping with thel Z\*-transition of its¢>configuration'® In contrast toO- and
parent diazocinethe relative energy difference between thermodynamically favofetvist- and
unfavored ‘O-chairconformation is only 1.ekcalmol?, resulting in asignificantly more frequent
formation ofunfavoredO-chairconformation due to fast interconversigqachemel.9). Therefore, the
additional absorption band can be assigned to Behairconformation®4¢% Another difference
between both heteroatorrbridged diazocineis their respectivethermal haltlive. The more strained
O-diazocine exhibits a drastically shemed halflife of 89s while the half-life of Sdiazocine is
elongated to 841
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Scheme 19: Photoswitching of heteroatorbridged diazocines to ‘O-photoisomerization can be achieved with blue light
at approximately 40@m. Two conformations are accessible of which@vist-conformation is thermodynamically favored
over theO-chairconformation. Back switching can be achieved with light up4@nm or via thermal relaxation.
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The substitution of one carbon atom of the ethylene bridge by a heterodéaus to aradvantage in

the synthesis of diazocines since the bridge can now be linked by nucleophile substitution under mild
conditionswhich n turn allowsthe introduction of sensitive substituents and asymmetric substitution
patterns®® However, the final formation of the azo boreimains difficulf Sncethe reductive reaction
pathway following theprocedure ofMoorRMANNet all”® resultedin no formation of corresponding
heteroatom-bridged diazocine due to polymerization or (thio)ether cleavage under basic conditions.
Finally followingthe reductive conditions ofaNet all”*84 the S and O-diazocines were synthesized
with lead powder under less basic conditioasulting, however, imsufficient yield$®® This synthesis
strategy, therefore, is rarely found in current literatufé!**lUsage of @\-cascadecoupling following

the procedure ofl et all’”l for ring closureled to little improvement of the obtained yield§*
Besides oxygenand sulfurbridged diazocinesnitrogenbridged diazocines have been taken into
account Here TDDFT calculations also predictéd*-absorptionband separation of moreh@an
100nm betweend» andO-configurations foN-H diazocines well as foalkylor acyl derivatives since
nitrogen-bridging opens the field of additionahd easy bridgéunctionalization® U\vis spectraof

all N-diazocine derivatives confirmed the very good band separation with maxima for the
1 2v* -transitions of thed>configurations between 386m and 410nm, while O-configurations exhibit
absorption maxima around 52@m for acyl derivatives and even around 568 for unsubstituted and
alkylated derivatives. Additionally, the alkylated derivatives show broadened absorption bands for
‘O-configurations allowing quantitative light induced back isomerization with nadrared light
between 520nm and740 nm.54 However, the photoconversion yields @ to ‘O-photoisomerization

are rather lowwith 3 o (405nm)=45-50% for alkylated and o (405nm)=65% for unsubstituted
N-diazocines while acylated derivatives show significantly higher photoconversion yields of
3 o (405nm)=80-85%.The lower photoconversion yields of unsubstituted and alkylatedvatives

are rooted in the higher overlap of the absorption bands due to their ineas'*

The peparation of unsubstitutedN-H-diazocine is considerably more complex than the synthesis of
parent diazocingS or O-diazocine since siheactionsteps are requiredgscheme 1.0). The reason for

this is the necessity of a wahought-out orthogonalprotecting group strategy due to the sensitivity

of the bridging nitrogen atom towards side reactiofiie ley steps are the protection die bridging
secondary amine witha fluorenyimethoxycarbony(Fmoc) protecting group and the ring closing
reaction under formation of the azo group. Therefore, an intramolecBlewERMILLSreaction was
used though it sufferedrom low reproducibility and insufficient yieldfs!
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Schemel.10: Syntesis path for the preparation of the unsubstitutédiH-diazocine.Key steps are introduction of the
Fmoeprotecting group and the azgroup-forming ring closing reaction. This can either be carried out via intramolecular
BayERMILLSreaction[64

Functionalization of bridging nitrogen can only be achieved with strong reagedés mild conditions
sincethe secondary amine is not as reactiveedto theneighboringazogroupand the azaroupitself
being sensitive for drastic reaction conditiaisshemel.11). Srong alkylating agents liKMIEERWEWN
salts are necessary for alkylationstliazocine Acetylation can be achieved with propanephosphonic
acid anhydridd T3P)which activatesthe carboxylic acid for nucleophilic attack lye bridging
nitrogen!®4

Et/Me

[(Me/Et);0*BF 4~ @Nb
N=N

\

Y

O‘J\
AcOH, T3P @Nm
N=N

Schemel.9: Derivatization ofN-H-diazocines. Alkylation can be achieved by methyl or etsrwERsalts while acetiation
can be performed by T3fediatedester synthesis with acetic adfd!

The introduction ofan acetyl group via substitution at the bridging nitrogen atteads to a higher
polarity of thewhole molecule and leads to an intrinsic water solubi(diyl mm) without any further
functionalization® % U\tvis measurements in water revealed a slight hypsochromic shift of
T 2 *-transitions of bothé> and ‘O-configurations and thermal halife twice as long as in organic
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1. Introduction

solvents. At the same time the photoconversion yield®fo ‘Gdsomerization in water is just about
10% lower than in organic solventghile back isomerization can still be achieved nuatively.
Furthermore, quantum yields seem not to be affected by the change of solvent from organic to
water % This is ebig advantage, since conversion rates, quantum yields and thermalivedf are

often observed to be significantly lower in wat€f-115Thus, acetylated nitrogen bridged diazocines
are a powerful tool and promising candidate for application in aqueous and biological environments
for example as photoswitches in light activatable drugs.

1.7 Diindanodiazocines

Since rotational deges of freedom have been eliminated in the development stage from azobenzene
to parent diazocine, only elimination of conformational degrees of freedom remains in the way of
turning azobenzene into directional photoswitcH&" The introduction of two additional ethylene
bridges between positions 1 and 12 and positions 10 and 11 significantly increases the rigidity already
present in the parent diazocine framework and ensures that the last conformational degrees of
freedom are éminated as intended. The resulting diindanodiazo¢iDéd) no longer shows any
inversion between differenboat- or twist-conformations, since botld- and ‘O-configurations are
limited to only one conformation due to the increased rigidi#y.Moreover, the two additional
ethylene bridges cause the formation of two stereocenters, resulting imeaccompound and a
racemic mixturgrac) (schemel.12a). The photochemical properties of both diastereomers can be
investigated separately, as conversion is possiblebecausean inversion on a Sgcarbon would be
necessary?? Surprisingly, the two diastereomers show distinct differences in their switching
properties, particularly with regard to their thermal relaxation. While the thermal -lif@f of
rac-DID(117h) is about four times as long as of parent diazo¢#¥e6h), thermal relaxation of
mesaDID(3 s) is four orders of magnitude faster. This may be caused by the differertbesrelative
energies ofc> and ‘Qfonfigurations of both diastereomers. Thaconfiguration of meseDID is
thermodynamically more favored over the highly strairf@aneseconfiguration by a relative energy
difference of approximately 18&calmol?. In contrast, the difference in relative energies between
@rac-DID andO-rac-DID is much smalléB.5kcalmol?) resulting in a significantly longer hdife.[42
TheUV spectra ofmeso-DID is quite similar to those of parent diazocine with absorption masgima
_=411nm (w-configuration) and _=468nm (O-configuration) indicating almost completely
separated¢ Z *-transitions. This leads to a photoconversion 06 (385nm)=84% and almost
quantitative back isomerizatiod o (530nm)=>99%). Since thel Z*-transition of the
a-configuration ofrac-DID(_ =431nm) is shifted significantly to higher wavetghs, it overlaps with
transition of the’O-configuration(_=478nm). This leads to lower photoconversion yields derto
‘O-photoisomerizations o (385nm)=76% and complete back isomerization is only accessible via
thermal relaxation, as a PSSf omerely 3o (530nm)=94% can be achieved by
irradiation (schemel.12b) .2
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a)

N=N N=N

meso-DID rac-DID

b)

@, . 365 nm — )
( N=N Q —— = { O
A, 530 nm N
Z-rac-DID E-rac-DID

Scheme 1.12Structures ofac-andmesaeDID diastereomeréop) and photoisomerization aac-DID(bottom). Light induced
(> to ‘O-isomerization can be achieved wittue light, while back isomerization can be performed either by green light up to
the PSS or completely by thermal relaxation.

Due to the elimination of all unproductive rotational and conformational degrees of freedom the
photoconversion yields of both diazocine diastereomers are exceptionally high. With photoconversion
yields of o =0.7 and3 o =0.9 for themesecompourdandly o =0.8 andg o =0.9 for the
racemic mixture both diastereomers exceed all known artificial and naturally occurring
photoswitched?? In addition, the racemic diastereomer consists of two chiral enantiomers and
therefore exhibits intrinsichirality, which makes it the smallest chiral photoswitch known to dgte.
Because of the significant differences in their photochemical properties, the two diastereomers are
suitable for very different applications. The very short #ifdf and excellat photoconversion yields
make themesodiastereomer an ideal candidate as actuator for driving molecular machines, while
rac-DID as a chiral photoswitch is ideally suited for chiroptical switching and controlling of chirality for
example in liquid crystaf+?116119]
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2. Scope

Parent diazocines exhibit superior photochemical properties and have therefore generated a high level
of interest in the field of photopharmacolo§$’¥ and the development of mechanoand
photoresponsive material€%¢”1 However, with regard to the usable wavelength range, solubility and
switching properties in agueous media and the rbrectional motion during the switching process,
they still have sme weaknessesThese have been addressed by further development either by
systematic elimination of conformational degrees of freedom resulting ird#i#? or by substitution

of one carbon atom in the ethylene bridge by a nitrogen and subsequent inttmfuof a polar acetyl
substituent resulting in the water solubM:Acdiazocing® These two further developments of parent
diazocine can therefore be described as seegaderation diazocines.

During the formation of the DIBamework two diastereomes are formed of which the racemic form

is a chiral photoswitcH? The chiroptical properties of both racematerming enantiomers could not

yet be investigated. Thus, separation of both enantiomers should be achievétykigperformance
liquid chromatgraphy(HPLC) for determination of theabsolute configuration via single crystal
structure analysis and subsequecharacterization of theicchiroptical properties.Furthermore, it
should be investigated whether an enantiomeric excess could be achieved witlidiDnacemateby

&> to ‘Ophotoisomerizationwith circular polarized lighCPL).In order to make the chiroptical
propertiesof rac-DIDaccessible for furter applicationssynthesis strategies should be developed for
halogen functionalization

Nitrogenbridged diazocines offer great potential for application in photopharmacology since they
offer red-shifted T 2" -absorption bands and intrinsic water soltyil®¥ For intended application
derivatization and incorporation into bigger molecules is required. Therefore, bromine and iodine
substituents should be introduced as starting points for further derivatizatfaditionally reaction
conditions for further derivatization of functionalizéd-Acdiazocines should be identified. For this
purpose, reaction conditions for a wide range of croegpling reactions should be screened. Of the
derivatives obtained in this way, the inflace of the new substituents on the switching behavior was
to be investigated in organic and aqueous solvents.

Since the synthesis ®f-Acdiazocinewia the initial synthesis path developed ISNTE®t al6412%js

guite complex with at least sevenrdpesis stepsnew synthesis strategieshould be developed and
tested, which are characterized by higher overall yields with a simultaneous reduction in the number
of synthesis steps. After successful preparation of the unsubstitiiektdiazocine via ta new
developed synthesis route, the suitability for different functional groups should be investigated.
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3. Chiroptical Switching, Enrichment of Enantiomeric Excess and
Derivatization of Diindanodiazocines

In structural chemistry chirality idefined by the symmetry of the corresponding molecules or
supramolecular assemblies. Systems that either have no symmetry or only rotationglGixase
chiral. Therefore, the absence of mirror planes, inversion centers and rotational reflectionsaxes
basic requirement for the presence of chirality in a molecAkethe molecular level, this means that
there are two isomeric compounds of a chiral molecule, thealted enantiomers, which cannot be
superimposed with the aid of symmetry operatid#3.122 In organic chemistrya distinction is made
between chiraliy based onstereogenic centers, axial or planar chirality and heli¢ityIn nature a
countless amount of moleculéschiral andtherefore theyoften only occur as enantiomerically pure
compound&?? such as-amino acidsp-saccharides ar-phospholipidg!?® Thus, interactions between
chiral compounds or assembliesd their biosynthesign biological systems hold a key position in
nature.!?#151Therefore, the control over stereochemical informationder the influence of external
stimuli like heat, solvent, redox reaction, pH or light has generated a great deal of interest aiming for
the development of new functional materidlé® Especially giht-induced isomerization has proven to
be a versatile tool since it is a nolestructive and traceless stimulus with a high spatiotemporal
resolution and precisely adjustable wavelen§tf.Molecules that show a significant change in their
chiral propetiesinduced bystimuli mentioned abovare called chiroptical switchédUpon switching
there are three conceivable effects: First, selectiveoffnswitching of molecular chirality can be
achieved. Second, the already existing chirality can be antplifien stimuli induced switchingnd
third an inversion of chirality can occ(figure 3.1).11%!

a) b) c)

On-Off Amplification Inversion

AN W{

Figure3.1: Possibilities of influencing optical activity upon switchiapturning on and off of optical activity by switching.
b) signal ofoptical activity is amplified or weakened due to stimuli induced switchingveysion of optical activity by
switching. The change in optical activity is detectable via measurement of specific rotation or circular di€&rbism.

Helical structures ar@ dominant structural element in biological systems and therefore dynamic
control over helical chirality is a key process making numerous biological functions even
accessiblé'?"128IFor this reason, control over helicity by chiroptical switching hasiggad a great

deal of interest in the fields of medicine, biochemistry and polymer cheniigttyEspecially
overcrowded alkene photoswitches and motav#h an intrinsic helical chirality induced by sterical
hinderanceinitially developed byERINGA&t al. outgoingfrom the stiff-stilbenesystemhave proven to

be powerful toold*?*'%2 Incorporated into helical structures helical chirality could be inverted
reversibly during photoisomerizatidit®>3? Besides controlling intermolecular interact®ietween
helicates by chiroptical switching these molecules have been used to differentiate between several
catalytic reaction$'**! Moreover, azobenzenes have been attached to helical polymer backbones as
side chains. Irradiation of these helical polysalso resulted in an inversion of helical chirality due to
light-induced azobenzene isomerization leading to a change incowalent interactions between
polymer stringd*+13% Furthermore, a three state switch consisting of two azobenzene moieties
connecting o imidazolecontaining clamps has been develog&d. Starting fromO,O-ground state

in a first photoisomerization tdyd>-state O -helicity can be induced which subsequently is turned into
0-helicity in a second photoisomerizatiomhere the Odisomer is formed'®® Of other types of
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chirality like planar chirality,axial chirality or chirality induced by stereogenic centers,rdhare
significantly fewer examples in current literature relating to chiroptical switching induced by
unpolarizedight.l*23]

At the same time the idea of using circular polarized I{@RL) as stimulus for chiroptical switches
emerged(figure 3.2. This approach is based on the property of CPL to interact differently with the
enantiomers depending on the direction of rotation of the electric field veatud therefore, being

used for enantioselective photodecomposition of chiral molecules in a racaixiare [*3714% Also CPL

has been observed in regions of the universe were young stars are formed and for this reason might
be theoriginof molecular asymmetry in natufét14l

r-CPL

Figure 32: Schematic illustration deft-handed(green,&CPL) and rigihandedcircular polarized ligh(blue,i -CPL)CPL is a
superposition of two different waves polarized in orthogonal planes (blue and red curves) with a relative shift of aafuarter
the corresponding wavelength resimg in an electric field vectdiblack) rotating around the axis of light propagation.
Clockwise rotation of the electric field vector results in righnded CP[i -CPL) while anticlockwise rotation gives deft
handed CP[&CPL)44.145]

Startingfrom a racemic mixturef a moleculewith axialor helical chiralitypboth enantiomerscan
reversibly interconvert into its mirror image enantiomer in the process of photoresolution under
irradiation with CPLThereby,the irradiation of a racemic mixture with CPL selectively excites the
correspondingenantiomer leading to subsequent racemization under formation of an excess of the
respectivemirror imageenantiomer and vice verd&%1461471The selectivity to be exgted during
photoresolution can be estimated by Kuhn anisotropy fat@uevhich can also be used to calculate a
theoretical enantiomeric excegsquation1) using the molar circular dichroista and molar
extinction coefficient .1*81 However, it musbe noted thatQ ‘Gachieved by photoresolution rarely
exceeds 0.5%, as values of less than 0.01 are usually achievdtefanolecular anisotropy
factor[146:149

o0 - L (1)

Photoresolution can also be achieveg switching between two interconvertable enantiomers of
chiroptical photoswitches with CRlom a racemic mixtureThe possibility to interconvert selectively
between both enantiomers without photodegradation, a highiactor, thermally stable enantiomers

and an efficient photoracemization with high quantum yields are therefore necessary requirements
for a successful CPL switt! This type of dynamic photoresolution has been achieved for
overcrowded alkend®® and bicyclic ketong84°15% whereby these molecules are brought to an
excited state via CPL in which racemization of the enantiomer corresponding to the handedness of the
used CPL occu¥s® Another example are mond®! and bicyclic azobenzenderivaiived'®? as
chiroptical switches for photoresolution although this takes place via a different reaction pathway.
Outgoing fromthe thermodynamically stabléO-configuration cyclic azobenzenes are excited to
@-ground state where fast racemization of theantiomer corresponding to the CPL used for excitation
takes placé!®t152
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CPL can also be used for asymmetric synthesis aiming for the introdoétabvirality into an achiral
precursor resulting in an enantiomeric imbalance. However, the conversion of achiral diarylolefines
into their chiral helicene derivatives is the only example in current literature for this tyjpeewérsible
chirality inducton*>*51 The only example of dynamic asymmetric synthesisulting in an
enantiomeric imbalancestarting from an achiral photoswitchable compound was provided by the
TAMAOKIgroup and is based on &0/0-azobenzene dimet®® Irradiation of theOO-dimer with CPL
results in formation of a racemic mixture of ti@d>renantiomerswhereby anQ ‘®f the enantiomer
corresponding to the handedness of the used CPL could be achieved. The chirality can be removed by
either switching to thei,@-configuration or thermal or respectively lighthduced relaxation to the
initial G/O-configuration. Basic requiremeind that both enantiomers cannot be interconverted into
each otheri%®

In terms of their use, a wide range of applications for hgbmtrolled chiroptical switches are
conceivableFor exampleenormous potential is offered in the field of asymmetric synthesisere
chiroptical switches could be incorporated intatalyss with switchable chirality For targeting a
specificenantiomer, the corresponding chiral catalyst is requirelfl the opposite enantiomer is
targeted the same catalyst could be used with inverted chirality adjusbsd external
CPLstimulus*?3133.15%Besjdes, lightriven chiroptical switches have beemcorporates into helical
foldamers for inversioand affection of their chiralitfor application in molecular recognitié#135lor
hostguest chemistr{:3¢! Furthermore, great potential is offered in the field of tunable liquid crystals.
There are akady examples in current literature, where lightluced chiroptical switching of chiral
liquid crystalline polymers has affected themacromolecular organization and thereforen a
interconversiorbetween varioudiquid crystal phases could be indudé§?¢”

Although azobenzenes as direct predecessors of diazocines have been applied in a variety of ways in
the field of lightdriven chiroptical switching the parent diazocine itself has not been @@
chiroptical photoswitch so faiTherac-DIDrecertly reported from theHERGEgroug*? could bring
bridged azobenzenes into the focus of chemists working on chiroptical photoswitches due to its
superior photochemical properties and its intrinsic chiralifperefore, the intention of this project
wasto investigate the chiroptical properties cdc-DIDin detail and to make the molecule accessible
for subsequent application by derivatization.
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3.1 Summary ofDetermination of Enantiomeric Excess by Photoswitching of Chiral
Diindanodiazocine Racemic kture with Circular Polarized Light

Previously our group reported the successful synthesimoefand meseDID diastereomer¥? Both

are photoswitchesn which unproductive conformational and rotational degrees of freedom have been
eliminated in favor 6improved switching characteristics. The synthesis results in two diastereomers
of which the racemate consists of two naonvertible chiral enantiomenshereby chirality is induced

by the presence of two stereogenic centers in the mole&dlavithin the scope of this work we
developed a method to separate both enantiomers via chiral HBL(gle crystal structures of both
enantiomers could be obtained and withe help of specific rotation measurements as well as
guantummechanical calculatian absolute configuration could be determined. Measurements of
specific rotation before and after photoisomerization showed a huge difference of optical activity
betweend» and'O-configurationin form of massive amplification of optical activifyhis issupported

by spectra of circular dichrois@D) showing significantly different spectra for badkh and
‘O-configuration as well.

SinceTAMAOKIet al. showed that enantiomeric exce§® Ydcould be obtained after irradiation of a
prochiral azobenzene mier with CPL. we aimed for selectivephotoresolution of one rac-DID
enantiomer after irradiation of the racemic mixture withe correspondingCPL5%158 For this
purpose, theQ @ be expected was calculated with help of molecular dissymn{E@fiactor) using
molar extinction coefficienf- and molar circular dichroisify- of rac-DID at irradiation wavelength
giving theoreticak) Qaluesof about 0.32%]n the following aolution ofrac-DID was irradiated with
CPL and from the ellipticity measured at defined wavelength in the CD spectrometer under assumption
of the PSS as quasistationary state th@ould be calculated with valued about 0.3%8%6being slightly
higher than the theoretical valubut still in very good agreemefgcheme3.1).

-CPL (+)-S, S—raff-DI D

— J-CPL

0.34% ee

0.36% ee

N=N
(-)-R,R-rac-DID

460 4|25 4;")0 4';'5 560 555 SéO 5':’5
A [nm]
Scheme 3l: Photdsomerization of rac-DID(yellow) after irradiation with i -CPL or&CPL respectively of 4@tn

wavelength.By this way of photoresolutioi® Galues of 0.3% for i -CPL and 0.36 for ®CPL could be achieved for the
correspondingO-enantiomers(red).

Besides being the smallest chiral photoswitch known to date superior switching characteristics and
chiroptical switching properties presented in this article make-DID a promising candidate for
application in chiral smart materials or liquid crystals.
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3.2 Determination of Enantiomeric Excess by Photoswitching of Chiral
Diindanodiazocine Racemic Mixture with Circular Polarized Light

Thomas BrandtwWidukind Moormann, Ja8imon von Glasenapp, Jan Peter Mikosch, Christian N&ather
and Rainer Herges

Manuscript prepared for submission.

Scientific contribution to this papdd\-vis(spectra, determination of extinction coefficents) and NMR
measurementgdetermination of PSS)ingle crystal growth, measurement of optical rotation,
calculation of theoreticaf ‘(Wetermination ofQ ‘@om switching experiments with CPL, writingtio#
manuscript andsupportinginformation.
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Introduction

The interactions between chiral compounds or assemblies in
biological systems are a key factor of molecular processes in
nature."2 Thus, control of stereochemical information on a
molecular level by external stimuli has gained a lot interest
concerning the development of new functional materials in the
broad field of supramolecular chemistry.! Molecules that undergo
a significant change in their optical behavior (dynamic chirality)
under the influence of an external stimulus like redox reactions,
heat, solvent, pH or light are called chiroptical switches.
Especially light-induced photoisomerization is a versatile tool as
a traceless and non-destructive stimulus.®™ The best investigated
chiral irradiation is circular polarized light (CPL),®®"l which is also
assumed to be the root of molecular asymmetry.®'"! Therefore,
the interaction of CPL with chiral molecules or assemblies to
affect the enantiomeric balance remains an area of high
interest.l'>" The enrichment of an enantiomer from a racemic
mixture via CPL are either performed by photodestruction,
photoresolution or  asymmetric synthesis.®!  While
photodestruction with [ -CPL selectively decomposes the
corresponding (S)-enantiomer the opposing (R)-enantiomer is
enriched without interconversion in the racemic mixture and vice
versa photoresolution enables nondestructive enrichment. For
this the irradiation of a racemic mixture with /-CPL causes the
formation and consequently accumulation of a R-enantiomer due
to selective excitation and racemization of S-enantiomer up to an
equilibrium. Enrichment of S-enantiomer works the same way
with r -CPL. In contrast to these two methods asymmetric

synthesis starts from an achiral precursor, whereby irradiation
with [-CPL gives the R- and irradiation with r-CPL gives the
S-enantiomer.®! There are a few examples in literature for
dynamic photoresolution initiated by CPL irradiation like
overcrowded alkenes,® bicyclic ketones?%2" or mono-'¥ and
bicyclicl'® azobenzene derivatives. Also, a dynamic CPL-induced
asymmetric synthesis of an unbalanced racemic mixture of an
azobenzene dimer obtained from a prochiral precursor was
reported,['”) showing that azobenzenes which are the most
commonly used photoswitches are a factor in the field of dynamic
chirality.?! Although they are superior to azobenzenes in almost
all aspects?>%% bridged azobenzenes, so called diazocines, to the
best of our knowledge have not been taken to account for
chiroptical switching so far while finding application in the fields of
material sciencel?*?%! or photopharmacology?% and great
achievements have been made in their further development.31-3!

DID 1 meso DID 2
(> . 365 nm — )
N == =10
A, 530 nm N
Z-rac DID 3 E-rac DID 3

Figure 1. General structure of diindanodiazocine 1 and of meso- 2 and rac-
diastereomers 3 (top). Light-induced switching between Z- and E-configurations
of rac-DID 3.

Our group recently reported the development of
diindanodiazocines (DID) 1 which are showing superior quantum
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yields outnumbering even the highest yields known from natural
(rhodopsin) and artificial photoswitches. Furthermore, the
elimination of conformational degrees of freedom by introduction
of further ethylene bridges compared to diazocine parent system
leads to an outstandingly high efficiency converting light to
chemical energy and directional motion upon photoisomerization
which can be achieved with light in the visible range. Besides, the
additional ethylene bridges lead to a diastereomeric mixture
containing the achiral meso-DID 2 and the chiral rac-DID 3, the
latter being the smallest chiral photoswitch known to date. Both
diastereomers can easily be obtained on a multigram scale in a
two-step synthesis path.3%

S aaaaagaas

=

Figure 2: Grown crystal of rac-diindanodiazocine 3.

In this work we explored the chiroptical properties of our recently
presented rac-diindanodiazocine 3 and its’ enantiomers in
thermodynamically stable Z-configuration and in the PSS after
irradiation with light. In addition, we studied the effect the
enantiomeric ratio of rac-DID 3 in the PSS after excitation from
ground state after excitation with CPL of a specific wavelength.
Furthermore, the kinetic resolution from PSS to the ground state
was performed with CPL. The determinations of enantiomeric
excess were performed via CD-spectroscopy and compared to
calculated values. To the best of our knowledge this is the first
example of dynamic photoresolution of a chiroptical switch only
by CPL-induced Z-to E-isomerization without racemization.

Results and Discussion

Synthesis and structural characterization

The rac-DID 3 has been synthesized according to our previously
published two-step synthesis path where the diastereomeric
mixture of dinitroprecursor 4 could be separated via column
chromatography.®®® The chiroptical properties of rac-DID 3 should
be examined subsequently. Therefore, rac-DID 3 has been
separated into the enantiomers via high performance liquid
chromatography (HPLC) on Daicel Chiracel® OD-H chiral column
with n-heptane/isopropanol 98:2 as eluent (figure 3).
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Figure 3: Chromatogram of enantiopurification of rac-DID 3 via chiral HPLC.

The specific rotation of both enantiomers was determined for
identification of the left- and the right-handed enantiomer. The
unirradiated (-)-DID 5 shows a specific rotation of -370 ° while the
unirradiated (+)-DID 6 shows a specific rotation of 390 °.

For assignment of (-)-5 and (+)-DID6 to the absolute
configuration single crystals were grown and the single crystal
structure was determined (figure 4). The (-)-DID 5 could be
assigned to the R,R-enantiomer and the (+)-DID6 the
S, S-enantiomer.

N2

Figure 4: Single crystal structures of (-)-DID 5 (left) and (+)-DID 6 (right). The
R,R-configuration could be assigned to the (-)-DID 5 and the S,S-configuration
to the (+)-DID 6.

Chiroptical characterization

Since the conformational changes and the differences of the
photochemical properties of rac-DID 3 upon photoisomerization
are quite big, this should also be visible in the specific rotation
values and the CD-spectra of the Z- and E-configurations. To
assign the specific rotation TD-DFT calculations were performed.
The obtained theoretical CD-Spectra assign positive Molar
circular dichroism values to the (+)-S,S-enantiomer 6 (See SI
“Quantum Chemical Calculations” for details).’4¢1 We were
subsequently able to obtain enantiomeric pure compounds 5
and 6. For switching of the specific rotation the unirradiated
(-)-R,R-enantiomer 5 was measured at first giving a specific
rotation of -370 °. Then the sample was irradiated with blue light
of 385 nm and measured again giving a seven times higher
specific rotation of -1358 ° before being switched back to -196 °
with green light at 530 nm. Irradiation of (+)-S,S-enantiomer 6
with a specific rotation of 390 ° gave a value of 1524 ° after
irradiation with blue light (385 nm) which also about seven times
higher as the value of 216 ° after irradiation with green light
(530 nm). For both enantiomers the switching between specific
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rotation of E- and Z-configuration could be performed repeatedly
for several times without fatigue (figure 5).
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Figure 5: Repeated switching of specific rotation at 589 nm of (-)-R,R-DID 5
(top) and (+)-S,S-DID 6 (bottom) upon irradiation with 385 nm (Z to E) or 530 nm
(E to Z) in acetone at 20 °C with a concentration of 50 mg/100 mL.

This enormous change is also visible in the CD-spectra of
unirradiated and irradiated DID enantiomers 5 and 6 (figure 6).
The CD-spectra of pure trans-configurations of both enantiomers
were extrapolated from the CD-spectra measured at PSS in THF
at 25°C after irradiation with blue light (385 nm). The
determination of the PSS in THF-dg at 25 ° resulted in a value of
77%.
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Figure 6: a) UV-spectra of rac-DID 3 (1 mm) in THF at 25 °C. Spectra of pure
E-configuration were extrapolated from PSS at 385 nm.
b)  Molar (-)-R,R-DID 5 (1.04 mm)
(+)-S,S-DID 6 (1.34 mm) before (center) and at PSS after irradiation with blue
light at 385 nm (bottom) in THF at 25°C. The spectra of pure trans-configuration

circular  dichroism 4e of and

were extrapolated from PSS values and spectra.

Enrichment of the enantiomers via CPL

In this work we aimed for the induction of enantiomeric imbalance
by irradiation with CPL from a racemic mixture of chiral
diindanodiazocine 3 as a new type of photoresolution without
racemization. Therefore, a 0.86 mM solution of Z-rac-DID 3 was
irradiated with r/I-CPL at 405 nm to achieve a high concentration

25
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of E-configuration and a high value of Ae for both enantiomers.
Irradiation with r -CPL at 405nm resulted in a positive
CD spectrum after an irradiation time of 27 min. The opposing
CD signals with the same intensity could be achieved by
irradiating the sample with [-CPL at 405 nm for the same time
(figure 7) while irradiation with unpolarized light lead to an inactive

CD spectrum.
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Figure 7: Induced CD spectra of rac-DID 3 0.86 mm in THF at PSS after 27 min.

of irradiation with -CPL (black) or I-CPL (red) at 405 nm.
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The ability of chiral molecules is defined by its absorption
selectivity of CPL light which is quantified by the dissymmetry or
g -factor*”%%1 which can be calculated from the molar circular
dichroism Ae¢ of the pure enantiomer and the molar extinction
coefficient ¢ for the excitation wavelength (eqgn 1).[°48 Inserting
the experimental values of Aeyosnm (1.88353 L mol! cm™) and
€405 nm (286.93 L mol' cm™") for the irradiation of Z-S,S-DID 6
with r-CPL at 405 nm results in a g-factor of 6.56 x 102 while for
irradiation of Z-R,R-DID 5 with [-CPL a g-factor of 6.23 x 1023 is
achieved with Agygs pm = -1.78884 L mol' cm-'.

_ lag]

- (1)
The g-factor also allows the calculation a the theoretical ee
(eqn 3) for the photoresolution with CPL if the values of 4¢ and ¢
for the excitation wavelengths are used.!"®!
eepss = 5= % 100% = £ x 100% @)
This gave a theoretical ee of 0.328% for E-S,S-DID 6 (r-CPL at
405 nm) and 0.312% for E-R,R-DID 5 (I-CPL at 405 nm) after
irradiation with CPL.
For experimental determination of the enantiomeric excess (ee)
of E-rac-DID 3 after irradiation with r/1-CPL at 405 nm we
performed several measurements at 480 nm with increasing
irradiation times up to 31 min. to ensure the achievement of the
PSS (figure 8). We calculated the photoinduced ee using eqn 3
following the method of TAMAOKI and coworkers!'® from the molar
circular dichroism Ae,gonm Of the pure E-enantiomer and the
induced CD value 6,g »n, for a 0.86 mm solution of rac-DID 3 in
THF (table 1). For the calculations the PSS of rac-DID 3 was
determined via "H-NMR at 298 K with 67% after irradiation with
blue light at 405 nm.

WILEY . vcH
[s1-[R]
€epss40snm = [57[R] X 100% (3)
where
9480nm

[s1-[R]

~ 32080 X Aeygum X lom
[S]+ [R] = [E-rac-DID 3] at PSS405 nm

These calculations gave an ee of 0.344% for E-S,S-DID 6 after
irradiation with r-CPL at 405 nm while irradiation with [-CPL at the
same wavelength resulted in an ee of 0.357% of E-R,R-DID 5.
These values are in very good agreement with the theoretical

values calculated from the enantiomers g-factors.
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Figure 8: Induced ellipticity ® at 480 nm of E-rac-DID 3 (0.86 mm) after

irradiation with r-CPL (black) and [-CPL (red) at 405 nm depending on the

irradiation time.

Table 1:
E-rac-DID 3 (0.86 mwm) after irradiation with r//~-CPL at 405 nm.

Values used for the calculation of the enantiomeric excess of

CPL DAE4go nm B480nm ©6pss 405 nm

nm L mol” cm"'

r-405 27.97355 1.83124 0.344%

1-405 -27.36345 -1.85721 0.357%
Conclusion

Racemic mixture of diindanodiazocine 3 has been synthesized
according to previously published literature® and separated into
its enantiomers 5 and 6 via HPLC. Absolute configuration of both
enantiomers could be assigned via specific rotation, single crystal
structure determination and quantum mechanical calculations. It
could be shown that Z- and E-configuration of both enantiomers
show different interactions with linear polarized light. Specific
rotation can therefore be influenced via switching between Z- and
E-configurations with light by a factor of seven. Measurements of
circular dichroism of both enantiomers also showed a significant
change of the interaction of Z- and E-configurations with circular
polarized light. Thus, the ratio of both enantiomers being
isomerized upon irradiation should be assessable via
photoisomerization with CPL. This could be shown with CD
spectra of the racemic mixture after irradiation with I- or r-CPL
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