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Abstract

Photoswitchable molecules have gained significant interest, as their switching behavior on
the molecular level can be exploited macroscopically by their incorporation into materials.
Efficient and tailored synthetic strategies towards functionalized photoswitches are therefore
needed. Due to their unique switching properties, azobenzene and its derivatives are
among the most established and studied photoswitches. For applications in materials and
life sciences, very specific substitution patterns are often necessary that have not been
established even after more than a hundred years of azobenzene research.

In this work, methods were established by which iodinated precursors could be produced
in good yields. Iodine substituents are highly versatile for further transformations like
cross-coupling reactions or in oxidations to obtain iodine(III) compounds. Thus, there
are ideal starting materials for generating a large library of photoswitchable molecules.
The synthetic flexibility of this motif for late-stage functionalizations of azobenzenes was
exploited in several chemical dimensions:

First, an efficient palladium catalyzed cross-coupling protocol for the synthesis of diverse
N -hydroxysuccinimide functionalized azobenzenes and diazocines was developed. Its
usefulness was demonstrated by condensation reactions of these active esters with primary
amines.

In the second project, ortho-iodinated azobenzenes were successfully transformed into the
corresponding hypervalent diaryliodonium salts. This new class of compounds was studied
in terms of their structural and photoswitchable properties as well as their reactivity in
transition metal-free arylation reactions. Here, the azobenzene moiety was selectively
transferred to various nucleophiles under mild conditions granting access to a broad
spectrum of ortho-functionalized azobenzenes.

In the third project, cross-coupling reactions of ethylene-bridged azobenzenes, diazocines,
for late-stage functionalization were investigated. The iodinated precursors were efficiently
converted into their stannylated and borylated derivatives and their utility in Stille as well
as Suzuki cross-coupling reactions with a broad range of organic bromides proven.

With these methodological studies, different features regarding the photoswitch were
explored: the type of the azobenzene (open and cyclic) and the position of the substitution
(meta, para and especially ortho). Each azobenzene derivative contains its own challenges
in synthesis and the later function because of these two aspects, among others.

The presented synthetic protocols enable the tailored implementation of azobenzene
based switches into diverse materials.
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Kurzzusammenfassung

Photoschaltbare Moleküle haben großes Interesse erlangt, da ihr Schaltverhalten auf moleku-
larer Ebene durch ihren Einbau in Materialien makroskopisch ausgenutzt werden kann.
Dafür sind effiziente und maßgeschneiderte Synthesestrategien für funktionalisierte Photo-
schalter erforderlich. Aufgrund ihrer einzigartigen Schalteigenschaften gehören Azobenzol
und seine Derivate zu den etabliertesten und meist untersuchten Photoschaltern. Für
spezifische Anwendungen in den Material- und Lebenswissenschaften sind oft ganz spezielle
Substitutionsmuster notwendig, die auch nach mehr als hundert Jahren Azobenzolforschung
nicht etabliert sind.

In dieser Arbeit wurden Methoden entwickelt, mit denen iodierte Vorläuferverbindungen
in guten Ausbeuten hergestellt werden können. Iodsubstituenten sind äußerst vielseitig für
weitere Umwandlungen wie Kreuzkupplungsreaktionen oder bei Oxidationen zur Herstellung
von Iod(III)-Verbindungen. Somit stehen ideale Ausgangsmaterialien für die Generierung
einer großen Bibliothek photoschaltbarer Moleküle zur Verfügung. Die synthetische Flexi-
bilität dieses Motivs für Funktionalisierungen von Azobenzolen im Spätstadium wurde in
mehreren chemischen Dimensionen ausgenutzt:

Zunächst wurde ein effizientes Palladium-katalysiertes Kreuzkupplungsprotokoll für die
Synthese verschiedener N -Hydroxysuccinimid-funktionalisierter Azobenzole und Diazocine
entwickelt. Der Nutzen dieser Aktivester wurde durch Kondensationsreaktionen mit
primären Aminen demonstriert.

Im zweiten Projekt wurden ortho-iodierte Azobenzole erfolgreich in die entsprechenden
hypervalenten Diaryliodoniumsalze umgewandelt. Diese neue Verbindungsklasse wurde
hinsichtlich ihrer strukturellen und photoschaltbaren Eigenschaften sowie ihrer Reaktivität
in übergangsmetallfreien Arylierungsreaktionen untersucht. Dabei wurde die Azobenzolein-
heit unter milden Bedingungen selektiv auf verschiedene Nukleophile übertragen, was den
Zugang zu einem breiten Spektrum an ortho-funktionalisierten Azobenzolen ermöglichte.

Im dritten Projekt wurden Kreuzkupplungsreaktionen von ethylenverbrückten Azoben-
zolen (Diazocinen) zur Funktionalisierung in späten Synthesestadien untersucht. Die
iodierten Vorläufer wurden effizient in ihre stannylierten und borylierten Derivate umge-
wandelt und ihre Nützlichkeit in Stille- und Suzuki-Kreuzkupplungsreaktionen mit einer
breiten Palette organischer Bromide bewiesen.

Mit diesen methodischen Studien wurden verschiedene Besonderheiten des Photoschalters
erforscht: die Art des Azobenzols (offen und zyklisch) und die Position der Substitution
(meta, para und insbesondere ortho). Jedes Azobenzol-Derivat birgt unter anderem aufgrund
dieser beiden Aspekte seine eigenen Herausforderungen bei der Synthese und der späteren
Funktion.

Die vorgestellten Syntheseprotokolle ermöglichen die maßgeschneiderte Implementierung
von Azobenzol-basierten Schaltern in verschiedene Materialien.
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List of Abbreviations, Acronyms and Symbols

Abbreviations and acronyms are used in agreement with the standard of the subject.[1]

Only nonstandard and unconventional abbreviations that appear in this thesis are listed
here.

3c-4e 3-center-4-electron
mCPBA meta-chloroperoxybenzoic acid
ad apparent doublet
APCI atmospheric pressure chemical ionization
BBO broadband observe
Boc tert-butoxycarbonyl
CCDC Cambridge Crystallographic Data Centre
CDI 1,1’-carbonyldiimidazol
CI conical intersection
COD cyclooctadiene
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCC N,N ’-dicyclohexylcarbodiimide
DCE 1,2-dichloroethane
DCM dichloromethane
ddd doublet of doublet of doublets
dd doublet of doublets
DMAP 4-dimethylaminopyridine
DMEDA 1,2-dimethylethylenediamine
Dppf 1,1’-bis(diphenylphosphino)ferrocene
DSC N,N ’-disuccinimidyl carbonate
EDCl 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDG electron donating group
FG functional group
HATU hexafluorophosphate azabenzotriazole tetramethyl uronium
Hex hexyl
HMBC heteronuclear multiple bond correlation
HSPyU dipyrrolidino-(N -succinimidyloxy)-carbenium-hexafluorophosphat
HSQC heteronuclear single quantum correlation
MOF metal-organic framework
NCS N -chlorosuccinimide
NHS N -hydroxysuccinimide
NMP N -methyl-2-pyrrolidone
Nu nucleophile
OTf triflate
PIDA phenyliodine(III) diacetate
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List of Abbreviations, Acronyms and Symbols

PIFA (bis(trifluoroacetoxy)iodo)benzene
Pin pinacolato
Porph porphyrin
PSS photostationary state
RG reactive group
R rest
TATA triazatriangulenium
TBAB tetrabutylammonium bromide
TBHP tert-butyl hydroperoxide
TCBC 2,4,6-trichlorobenzoic acid
TFE 2,2,2-trifluoroethanol
TMP trimethoxyphenyl
TON turnover number
XantPhos Pd G3 [(4,5-bis(diphenylphosphino)-9,9-dimethylxanthene)-2-(2’-amino-

1,1’-biphenyl)]palladium(II) methanesulfonate
Xantphos 4,5-bis-(diphenylphosphino)-9,9-dimethylxanthene
XPhos dicyclohexyl[2’,4’,6’-tris(propan-2-yl)[1,1’-biphenyl]-2-yl]phosphane
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Foreword

This thesis presents the synthesis and functionalization of various azobenzene and diazocine
photoswitches. The research leading to this thesis was conducted at the University of
Bremen. One project was performed in collaboration with the Department of Organic
Chemistry, Stockholm University as different competencies of synthetic organic chemistry
were needed.

The thesis is divided into five main chapters:

Chapter 1 - Introduction gives a general overview of the topics addressed by this thesis:
the photoswitches azobenzenes and the related diazocines, the synthesis of functionalized
derivatives and concepts for late-stage modification as well as hypervalent iodine compounds
and N -hydroxysuccinimide esters. Parts of the section on the late-stage functionalization
of azobenzenes and diazocines were published as a review article "Modification of Azoben-
zenes by Cross-Coupling Reactions". Thus, this part is less extensive in the remaining
introduction.

Chapter 2 - Objectives covers the overall aims of this thesis.

Chapter 3 - Results and Discussion presents the three subprojects that have been
published in peer-reviewed journals.

Chapter 4 - Conclusion and Outlook provides a summary of the presented work and
potential future research aspects.

Chapter 5 - Experimental Section contains the Supporting Information of the research
articles presented in Chapter 3.

In the Appendix, the reprinting permissions are collected.
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1 Introduction

Molecular switches have witnessed significant progress in recent years due to the increasing
demand for controlling molecular functions and properties in multiple scientific disci-
plines.[2–4] In 2016, the increasing importance of this research field was confirmed by the
Nobel Prize in Chemistry awarded to Sauvage, Stoddart and Feringa for the design and
synthesis of molecular maschines.[3] In general, a molecular switch can reversibly intercon-
vert between at least two distinct states by an external stimulus such as light, mechanical
stress or electrical stimulation; one of these states is thermodynamically stable whereas the
others are metastable.[5] Among the broad range of molecular switches, azobenzene (1) and
its derivatives have emerged as highly promising.[6] Due to their high thermal stability and
photofatigue-resistant switching,[7,8] they have been employed in numerous applications,
including photopharmacology,[9,10] molecular electronics[11,12] or thermal fuel storage.[13–16]

1.1 Azobenzene

Although azobenzene (1) has already been synthesized in 1834 by E. Mitscherlich,[17] it
took more than a hundred years to discover the second isomer of azobenzene (Z)-1.[18]

Owing to its chromophoric group, azobenzenes have not only become one of the largest
class of synthetic dyes[19] but also one of the most studied photoswitches.[6]

1.1.1 Properties and Isomerization

Azobenzene (1) consists of two phenyl rings that are linked by a N=N unit. Due to the
azo group, azobenzene (1) can reversibly undergo (E)- (Z )-isomerization (Scheme 1.1).[18]

Upon illumination with ultraviolet (UV) light (320 - 365 nm), the (E)-isomer (E)-1 can
isomerize to the (Z )-form (Z)-1. The re-isomerization can either occur upon irradiation
with visible (vis) light (400 - 450 nm) or thermally, owing to the thermodynamic stability of
(E)-1.[20,21] The thermal relaxation takes place without degradation or side products.[7,8]

The physical properties of azobenzene (1) change tremendously upon isomerization,
e.g., the geometry,[22,23] the dipole moment[21] or the absorption.[24] While the (E)-isomer
(E)-1 is planar[22] and shows no dipole moment,[21] the (Z)-form (Z)-1 is bent[23] and
has a dipole moment of 3.0 D.[21] The end-to-end distance, i.e., the span between the
carbons at para-position, is reduced from 9 Å to 5.5 Å upon (Z)-(E)-isomerization.[6]

N
N

N NUV

vis., ∆

(E)-1 (Z)-1

Scheme 1.1 Azobenzene (1) can reversibly isomerize photochemically and thermally between its
(E)- (E)-1 and (Z )-form (Z)-1.[18]

1



1.1 Azobenzene

Figure 1.1 UV/vis absorption spectrum of (E)-1 and (Z)-1 in n-hexane.[25] © 2022 M. Gao, D.
Kwaria, Y. Norikane, Y. Yue. Natural Sciences published by Wiley-VCH GmbH.

The UV/vis absorption spectrum of azobenzene (1) displays two characteristic absorption
bands which correspond to ππ* and nπ* electronic transitions (Figure 1.1).[24] The first
one occurs typically in the near UV region and the second one in the visible area.[6] For the
(E)-isomer (E)-1, the ππ* band is very intense but the nπ* band is significantly weaker
as it is symmetry-forbidden. In contrast, the nπ* transition is allowed in the (Z )-isomer
(Z)-1 so that the intensity of this band is increased. The ππ* band is now shifted to
shorter wavelengths and much lower in intensity compared to the (E)-isomer (E)-1.[6,24]

The photoisomerization process of azobenzene (1) along with the pathways regarding
the geometrical changes are still under discussion and have not been clarified in every
detail.[24,26–33] The most widely accepted pathways are the torsion, inversion and inversion
assisted torsion (hula-twist) mechanisms (Scheme 1.2).[20,29,34–37] In the torsion pathway, a
torsional rotation around the N-N bond occurs. Consequently, the N-N-C angle remains
constant but the C-N-N-C dihedral angle changes (Scheme 1.2 a). The opposite is the
case in the inversion mechanism. Here, the C-N-N-C angle remains at 0 ° but one N-N-C
angle enlarges to 180 ° whereas one azo-nitrogen atom is transitioned from sp2 to sp
hybridization (Scheme 1.2 b).[20,29,31] Combinations of the torsion and inversion mechanism
like an inversion-assisted torsion are also discussed:[38] Due to the large amplitude motion of
one phenyl ring in both mechanisms, the hula-twist pathway was assigned as predominant
in constrained surroundings. The phenyl rings remain almost in place because the nitrogen
atoms and the phenyl rings accomplish a concerted pedal-like movement (Scheme 1.2
c).[34–36]

2



1 Introduction

(E)-1 (Z)-1

N N

N N

N N

N N

(a) torsion

(b) inversion

(c) inversion assisted torsion

N
N

1

Scheme 1.2 Possible photoisomerization pathways of azobenzene (1). (a) Torsion around the
central double bond. (b) Inversion on one of the two nitrogen atoms. (c) Inversion assisted torsion
(hula-twist) of the three central bonds.[24]

The isomerization of azobenzene (1) proceeds photochemically either via S0→S1 (irradi-
ation into nπ*, S1 entry point) or via S0→S2 (irradiation into ππ*, S2 entry point)
excitations (Figure 1.2).[24,26–33] Upon photoisomerization, the two isomers enter the same
excited state surfaces but the relaxation to (Z)-1 occurs via a different conical intersection
(CI).[24,39,40] The quantum yield of the S2 excitation (0.12) is for azobenzenes lower than the
one from S1 excitation (0.40) as different mechanisms are followed (Figure 1.2).[39] Hence,
the Kasha-Vavilov rule is violated, which implies that the quantum yield of luminescence
is typically independent of the excitation wavelength. This can be explained as a result of
the tendency for molecules in higher energy states to relax non-radiatively to the lowest
excited state.[40–44]

Upon nπ* excitation of (E)-1 (S1 entry point), the decay to S0 arises via a CI reached
through an inversion-assisted torsion (S1→CI(S1/S0)→S0; S1/S0 reactive CI).[40,41,43,45]

The reactive intersections (S1/S0 reactive CI) during excited state decay result in
either (Z)-1 or (E)-1, depending on whether the isomerization process succeeds or fails
(Figure 1.2).[39,46]

The S1/S0 unreactive CIs encompass nearly planar geometries with symmetric αCNN

= αNNC bending (widening). This pathway is for nπ* as well as for ππ* excitations
accessible and recovers exclusively (E)-azobenzene (E)-1. Both classes of the intersections
(reactive and unreactive CI) concilitate all S1→S0 excited state decay events with the
excitation wavelength determining the frequency at which each is accessed. For the nπ*
excitation, the S1 population decay proceeds with 40% through the unreactive section and
with 60% through the reactive CI, which yields (Z)-1 in 24% and recovers (E)-1 in 36%.
This mirrors the overall nπ* quantum yield (Figure 1.2).[39,46]

3



1.1 Azobenzene

Upon ππ* excitation of (E)-1 (S2 entry point), relaxation to the ground state S0

proceeds with higher probability through the unreactive decay channel S2→CI(S2/S1)→S1→
CI(S1/S0 unreactive)→S0. This additional S1→S0 CI state is of high-energy, planar and
non-productive and counts for 60% of the total energy decay revealing the overall decline
of the quantum yield. Only 12% of the remaining population decay that pass through the
reactive CI yields (Z)-1 (Figure 1.2).[39,46]

Figure 1.2 (a) Potential energy surface scans of azobenzene 1 along fixed values of the torsion
coordinated with remaining degrees of freedom allowed to relax. (b) Graphical overview of the
wavelength-dependent photochemistry of azobenzene 1. The photoreaction followed from direct nπ*
excitation is marked by red arrows, the reaction following from ππ* excitation first by purple arrows.
Corresponding to the excitation type, the percentage of photoproducts obtained by each pathway
is listed in red and purple. Adapted with permission.[46] © 2021, Springer Nature Unlimited.
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The S2→S1 relaxation process also follows two distinct routes: The S2/S1 twisted
crossing involves S2/S1 twisted intersection geometries by twisting in the θCNNC coordinate
and symmetric widening of the αCNN = αNNC angles. The S2/S1 planar CI bears S2/S1

planar intersections accessed through symmetric compression of the αCNN/αNNC angles
(Figure 1.2).[39,46]

The S2→S1 twisted intersection introduces a novel reactive pathway on S1, where
torsional motion occurs on S2 rather than S1 and a barrier of approximately 0.33 eV on S2

is surmounted. This allows entry onto S1 at a substantially twisted geometry. Through
this new entry point, the wavepacket rapidly accesses the S1→S0 reactive CI, leading
to a short delay time between the S2→S1 twisted and the S1→S0 reactive decay events.
Although this high-energy decay pathway involving torsional dynamics on S2 constitutes
only a small fraction (12%) of the overall reaction yield, it is noteworthy that the S1→S0

reactive pathway becomes significantly more efficient when directed through this route. In
this pathway, (Z)-1 is produced with an efficiency of 67% (8 out of 12) compared to 40%
(24 out of 60) in the case of nπ* excitation (Figure 1.2).[39,46]

The process of the thermal relaxation of (Z)-1 is dependent on the temperature,
viscosity and polarity of the medium and can occur via in-plane inversion or rotation or
hula-twist.[20,24,31,47–50] Recently, an involvement of triplet states has been discussed.[38,51]

Based on the order of their energetic electronic states ππ* and nπ*, azobenzenes are
classified in three types: azobenzene type, aminoazobenzene type and pseudo-stilbene
type.[52] For the azobenzene type, the ππ* band in the UV region is strong while the
nπ* band in the visible range is weak. Aminoazobenzenes contain an electron-donating-
group (EDG), such as hydroxy or amino, in ortho- or para-position resulting in very
close or collapsed ππ* and nπ* bands in the UV/vis range. Pseudo-stilbenes bear an
EDG and an electron-withdrawing group (EWG), such as cyano or nitro groups, at the
para-positions resulting in a push/pull system with a large dipole moment. Thus, the
ππ* transition band is shifted drastically to red so that both bands appear with reversed
order in the visible range. However, the nπ* band is overlaid by the more intense ππ*
band.[6,53,54] Moreover, they often show intermolecular charge-transfer bands affecting their
photophysical properties. In addition to the substituents on the azobenzene, the distortion
of the azobenzene rings from planarity also influences the switching characteristics by
increasing the absorption maxima of the nπ* transition towards the range of visible light.[55]

The (Z )-isomer of azobenzene type derivatives demonstrates increased thermal stability
with relaxation times ranging from hours to days at ambient conditions,[20,48,49] while the
(Z )-aminoazobenzenes and -pseudo-stilbenes show higher relaxation rates with half-lifes of
seconds to minutes or microseconds to milliseconds, respectively, at ambient conditions.[20,50]

The thermal relaxation of azobenzene-type derivatives proceeds via inversion[20,48,49] and
for the two other types via rotation.[20,50]

If azobenzenes are incorporated into cyclic structures, not only the distortion but also
the ring strain influences the thermal stability leading to examples where the (Z )-isomer is
thermodynamically stable. Here, the thermal relaxation via a hula-twist is favored.[24,55–57]
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1.1 Azobenzene

By introducing distinct subsituents and control of the substitution pattern of the two
phenyl rings azobenzenes with tunable photochemical and photophysical properties can be
synthesized.[46]

1.1.2 Synthetic Procedures towards Functionalized Azobenzenes

In order to obtain functionalized azobenzene derivatives 1b, usually prefunctionalized
starting materials 2a or 2b are reacted to form the azo group. The substituent on the
starting material can either be a reactive functional group that is further transformed
after generating the azo group (Scheme 1.3 a), or it can be first modified to the desired
functionality and subsequently reacted to the azobenzene derivative 1b (Scheme 1.3 b).
These approaches highly depend on the availability of the respective precursors 2a and 2b,
which might even not always be accessible and sensitive functional groups can sometimes not
be obtained as they may react under the conditions required for azobenzene formation.[58,59]

N
N

1b

FG

FGNR2

2a

RG

formation of 
the azo group

(a)
post-modificationN

N

1a

RG

RG

N
N

1b

FG

FGNR2

2a

RG
pre-modification

(b)

2b

formation of
the azo groupNR2

FG

Scheme 1.3 Synthetic strategies towards functionalized azobenzenes 1a. (a) A starting material
decorated with a reactive group (RG) 2a is transformed to the corresponding azobenzene 1b, which
is subsequently further modified to 1a. (b) The starting material 3 is first altered and subsequently
reacted to the azobenzene 1a, which contains the desired end functionalization.

Several routes for the synthesis of functionalized azobenzenes 1c and 1d have been estab-
lished depending on the desired substitution and availability of precursors (Scheme 1.4).[59]

Symmetric azobenzenes 1c are mostly synthesized via oxidative coupling from the
corresponding functionalized anilines 3 (Scheme 1.4 a)[60–63] or via reductive coupling
based on prefunctionalized nitrobenzenes 4 (Scheme 1.4 b).[64,65] Over time, a large number
of oxidizing or reducing agents, respectively, have been introduced. In a stoichiometric
amount, MnO2,[66] permanganates,[67,68] hypervalent iodines such as phenyliodine(III)
diacetate (PIDA)[62] or AgO[69] were used as oxidant. Cu(I) compounds with O2

[61,63] or
gold nanoparticles on Tio2 with O2

[70] have been applied catalytically. As reducing agents,
LiAlH4

[64,71] or NaBH4
[72,73] have been used among others.[74] Catalytic reductions using

gold nanoparticles on TiO2 and H2
[70] or a photocatalytic system of gold nanoparticles

on ZrO2
[75] were also reported. Upon over-reduction to the hydrazobenzene, benzidine

rearrangements occur.[76]

For the synthesis of asymmetric azobenzenes 1d and 1e, mainly azo couplings via the
generation of a diazonium salt 4 (Scheme 1.4 c)[77,78] or the Mills reaction, a coupling of a
nitrosoarene 7 with an aniline 3 (Scheme 1.4 d),[79–81] are utilized. In the azo coupling,
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Scheme 1.4 Common synthetic routes towards functionalized azobenzenes 1c, 1d and 1e. (a) Ox-
idative coupling of anilines 3. (b) Reductive coupling of nitrobenzenes 4. (c) Azocoupling via
diazotation of anilines 3. The formed diazonium salt 4 reacts with electron rich aromatic systems
5 in an elctrophilic aromatic substitution. (d) Mills reaction. Hydroxyanilines 6 are oxidized to
nitrosobenzenes 7, which subsequently undergo a condensation with anilines 3.[59]

the diazonium salt 4 is obtained by diazotation of a primary amine 3 and reacts in an
electrophilic aromatic substitution with an activated aromatic system 5 such as substituted
arenes bearing a hydroxyl or amino group. This step is very pH sensitive and the stability of
diazonium salts 4 is strongly influenced by the counterion. Thus, the diazotation is typically
performed in situ under temperature control.[77,78,82] In the Mills reaction, hydroxyanilines
6 are oxidized to the corresponding nitrosobenzene 7 using various oxidizing agents, e.g.,
Oxone®,[81] meta-chloroperoxybenzoic acid (mCPBA),[83] or KMnO4.[84] The oxidation
is also possible by electrocatalysis.[85] The unsymmetrical azobenzene 1e is generated by
the condensation of 7 with an aniline 3. The critical step in the Mills reaction, is the
synthesis of the nitrosoarenes 7, which can easily be overoxidized to the corresponding
nitroarenes.[81,85]

In addition to these general methods, several others exist that can be used in very
particular circumstances. One such reaction is the Wallach reaction, which converts azoxy
derivatives into 4-hydroxyazobenzenes.[86] Another one are metal catalyzed couplings of
N -tert-butoxycarbonyl (BOC) aryl hydrazines with aryl halide[87] or dehydrogenations
of N,N’-diarylhydrazinces.[88] However, they have only limited synthetic relevance as, for
example, unwanted side reactions occur due to rearrangements in the case of the Wallach
reaction.[86]
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1.1 Azobenzene

1.1.3 Late-Stage Functionalization

Late-stage functionalization seeks to diminish the number of synthetic steps required to
introduce specific functional groups or structural modifications by allowing the preparation
of advanced intermediates that can be diversified as needed. Chemo- and site-selectivity as
well as tolerance towards a wide range of functional groups are key elements of late-stage
diversification. Thus, it has become a powerful and versatile tool in synthetic chemistry
providing more efficient and practical routes to complex materials.[89]

Metal catalyzed cross-coupling reactions and C-H activation have proven to be potent
and adaptable instruments in late-stage functionalizations. This also applies to azobenzene
chemistry (see Section 1.5). As the review Modification of Azobenzenes by Cross-Coupling
Reactions[90] already provides a broad overview, only a summary of the findings is given
here:1

A manifold range of azobenzene derivatives for diverse applications have been synthesized
by different types of cross-coupling reactions with Suzuki-Miyaura and Sonogashira being
the most prevalent ones. Electrophilic and nucleophilic azobenzene derivatives have been
employed in cross-coupling reactions although the number of examples is significantly
higher for electrophilic azobenzenes. Regarding the catalytic system, palladium catalyses
were dominant, but first examples using other transition metals such as nickel or cobalt
exist. Cross-coupling reactions have been reported mainly for the diversification of the
para-position but only a few for the meta- and even fewer for the ortho-position. Due
to the adjacent lone electron pair of the nitrogen atoms, the reaction behavior of the
ortho-position differs to the one for the meta- and para-position. C-H activation has been
an alternative for altering the ortho-position. In this case, it has to be considered that the
diazenyl group might not remain intact.

Only a few methods to functionalize azobenzenes without transforming a functional group
have been reported. Selective halogenation of C-H bonds in the meta-position of asym-
metric azobenzenes via electrophilic aromatic substitution using N -halosuccinimides and
mechanochemistry[91] as well as mercuration using mercury trifluoroacetate in anhydrous
trifluoroacetic acid[92] could be achieved. para-Aminated azobenzenes were synthesized by
a cobalt catalyzed nucleophilic aromatic substitution of a hydrogen atom allowing the use
of aliphatic amines and anilines as aminating reagents.[93]

Another way of modifying azobenzenes in a later synthesis stage is lithiation of the aryl
group followed by quenching with an electrophile. ortho-Halogenated azobenzenes can
directly be lithiated using standard procedures due to a stabilization of the ortho-lithiated
species by N→Li coordination.[66,94–96] For lithiations in meta- and para-position, the
reaction conditions have to be altered as organo-alkali reagents can reduce the diazene
group to hydrazine derivatives 8a and 8b or even completely to amines reducing the yield
drastically (Scheme 1.5 a).[11,97–99] By transmetalation of stannylated azobenzenes 1h with
methyllithium in THF, a selective lithiation in para, meta and ortho position without any

1For detailed references see publication M. Walther et al., Synthesis 2021, 53, 1213–1228 (Section 1.5).
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Scheme 1.5 (a) Possible lithiation products 1g, 8a and 8b of para-iodoazobenzene. (b) Selective
lithiation of stannylated azobenzenes 1h via tin-lithium exchange and subsequent quenching with
an electrophile (E).[100]

decomposition of the azo group could be achieved (Scheme 1.5 b). The intermediate aryl
lithium species 1g is less reactive towards electrophiles than alkyl lithium compounds
hindering the attack of the azo group and thus, the functionalized azobenzenes 1i were
obtained in high yields.[100]

1.2 Diazocines

In recent years, 11,12-dihydrodibenzo[c,g][1,2]diazocines ethylene-bridged azobenzenes (9)
or in short "diazocines" have gained significant attention because the relative stability of
its (E)- (E)-9 and (Z)-isomer (Z)-9 is opposite to the one of linear azobenzenes due to
its ring strain.[55]

1.2.1 Properties and Isomerization

Already synthesized in 1910,[101] photochromism of diazocine (9) was not discovered
until 1995.[102] In contrast to linear azobenzenes 1, the thermodynamically stable form is
the boat-shaped (Z)-isomer (Z)-9 which can reversibly interconvert to the metastable
(E)-isomer (E)-9 upon irradiation with blue light (370 - 400 nm) with over 90% efficiency.
The re-isomerization takes places upon illumination with green light (480 - 550 nm) or
through thermal relaxation (Scheme 1.6).[55,102] resulting in a better resolution of the nπ

absorption bands of the isomeric states (Figure 1.3).[55] However, the thermal half-life
time of (E)-diazocine (E)-9, measured in n-hexane, is considerably lower than that of
azobenzene 1 owing to the ring strain (4.5 h at 28.5 °C[55] vs. 2 d at 20 °C[20]). In general,
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Scheme 1.6 Diazocine (9) can reversibly isomerize photochemically and thermally between its
different configurations.[104]

diazocines 9 show a high photostability: Over repeated switching cycles, they did not
reveal fatigue or photobleaching, i.e., some examples were measured over 5000 cycles.[103]

Since the nπ* bands of (Z)-9 and (E)-9 are well separated, photoisomerization in
both directions is possible addressing the S0→S1-transitions.[55] Diazocines 9 can not
only undergo (Z)-(E)-isomerization but also conformational transitions, i.e., inversion
of the (Z)-boat-9 as well as twist- and twist-chair inversion of the (E)-isomer (E)-9
(Scheme 1.6).[103,104] The conformational change of diazocine 9 as [6,8,6] condensed ring
system are mainly attributed to the central heterocycle acting as a semi-rigid hinge between
the two rigid phenyl rings. Hence, the S0→S1 photoexcitation (irradition into the nπ*)
induces a pedal-like hula-twist motion of the CNNC-moiety and great changes to the
orientation of the benzene ring.[105] The favorable orientation of these rings and the steric
blockade of the deactivation path promote a fast escape from the Franck-Condon region in
the S1 state (ca. 79 fs). Yet, the rotational rearrangement of the ethylene bridge, which is
triggered by vibrational excitations decelerates the electronic relaxation to the S0 state
(270±60 fs). The relaxation dynamics of (E)-diazocine (E)-9 in the S1-state are much
faster than those of (Z)-diazocine (Z)-9. While the short duration of the S1 phase, an
out-of-plane distortion of the benzene rings occurs before the guaranteed relaxation to S0

takes place.[33,34,103,106–108]

As for azobenzenes 1, the substituents and the substitution pattern play a crucial role
in adjusting the photoswitchable properties of diazocines 9. For example, EWG at the
benzene rings or high strain in the ring system destabilizes the (E)-9, and thus, its thermal
half-life.[103,109]
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Figure 1.3 UV/vis absorption spectrum of (Z)-9 (blue) and (E)-9 (red) and the PSS385 (green) in
n-hexane. The inset displays the S1 (nπ*) region on an enlarged scale. Adapted with permission.[55]

© 2014, American Chemical Society.

1.2.2 Synthetic Procedures towards Functionalized Diazocines

From a synthetic perspective, diazocine (9) can be conceptualized as a combination of
two inflexible benzene rings connected by a diazo and an ethylene group. Compared to
azobenzenes 1, its synthesis is much more demanding because a medium sized ring has to
be established. The ethylene bridge of the dibenzene moiety is generated mostly before
forming the N=N bond because it tends to be less susceptible towards oxidation and
reduction than the diazenyl group.[110–112]

The most common syntheses to obtain diazocines 9 involve the intramolecular reduction of
2,2’-ethylenedinitrodibenzenes 11 (Scheme 1.7 a)[111,113–115] or the intramolecular oxidation
of 2,2’-ethylenedianilines 14a (Scheme 1.7 b).[116–118] Both synthetic strategies can also be
merged: If this strategy is followed, the 2,2’-ethylenedinitrodibenzenes 11 are first reduced
to the corresponding 2,2’-ethylenedianilines 14b and subsequently oxidized to form the
N=N bond ((Scheme 1.7 c).[119–127]

The required functionalized ethylenedinitrodibenzene 11 can be synthesized via different
routes, e.g., an oxidative coupling of nitrotoluenes 10 using bromine and potassium tert-
butoxide (Scheme 1.7 a).[111,115] If two distinct toluene derivatives are used, a statistical
mixture of difficult to separate products will be obtained due to the radical reaction
mechanism of the first step.[121] A Wittig reaction of a benzylphosphonium halide with
a benzaldehyde followed by a reduction of the formed stilbene yielded unsymmetric 2,2’-
ethylenedinitrodibenzenes.[128] Asymmetric functionalized 2,2’-ethylenedianilines 14a were
obtained via Sonogashira cross-coupling of alkynes 12 with aryl halides 13 and a subsequent
reduction of the corresponding tolane (Scheme 1.7 b).[117] A Wurtz-type coupling of benzyl
halides with benzyllithium derivatives also delivered functionalized dibenzenes. However,
the scope of tolerated functional groups was limited due to the harsh reaction conditions.[129]

11



1.2 Diazocines

N N

R R

R
Me

NO2

R
NO2

R
O2N

R1

NH2

R2
H2N

R1

NH2 X

R2
H2N

R
NO2

R
O2N

R
NH2

R
H2N

+

oxidative
coupling

Sonogashira cross-
coupling and reduction reduction

R1

I

R2
I

cascade 
C-N coupling

NN

R1 R2

BocBoc

R
Br

Br

10

11

12 13

14a

11

14b

15

16

17

9a

reduction oxidation oxidation deprotection and
oxidation

N N

R1 R2

9b

N N

R R

9a

N N

R1 R2

9b

reductive 
coupling

(a) (b) (c) (d)

Scheme 1.7 Synthetic routes towards functionalized diazocines 9. (a) Reduction of 2,2’-
ethylenedinitrodibenzenes 11.[111] (b) Oxidation of 2,2’-ethylenedianilines 14a. (c) Reduction of
2,2’-ethylenedinitrodibenzenes 11, followed by oxidation of 2,2’-ethylenedianilines 14b.[130] (d) Cas-
cade C-N coupling.[112]

As reducing agents in the reduction of 2,2’-ethylenedinitrodibenzenes 11, a combination
of Zn and Ba(OH)2

[113–115,119,122,124,126] or NH4Cl,[125] LiAlH4,[123] NaNO3 with H2SO4,[120]

SnCl2,[121] Na2S or a solvent-free approach with lead powder in a ball mill[111] were used
(Scheme 1.7 a). For the oxidation of dianilines 14, various systems can be employed:
CuCl2/O2,[111,123,126] HgO,[119,122] glucose/NaOH,[120,131] t-BuOCl/NaI,[124] Oxone®,[127]

peracetic acid,[118] mCPBA[117,121,125] or red copper/NH4Br/pyridine (Scheme 1.7 b).[116]

Due to the redox nature of these reactions, the reductive pathway is prone to over-
or under-reduction. Analogously, the oxidative pathway is susceptible towards over- or
under-oxidation. Thus, the corresponding azoxy-, diazo dioxide- or hydrazo-derivatives can
occur as side products.[109–111,117,132] In addition, the intramolecular reaction competes with
the intermolecular redox reaction.[110,111] Hence, to obtain a sufficient yield, the amount of
oxidant or reductant as well as the reaction conditions have to be chosen carefully.[111,117]

As an alternative, a cascade C-N coupling strategy has been developed where the diazocine
bond is built by consecutive cross-coupling reactions between a 2,2’-ethanedihalodiben-
zene 16 and di-tert-butyl hydrazodicarboxylate (Scheme 1.7 d). 2-Bromobenzyl bro-
mides 15 were reduced by n-butyllithium to form the ethylene bridge. Further lithiation
and nucleophilic substitution with iodine delivered the corresponding diaryl diiodides
16. Cu catalyzed cascade amidations of 16 with a dinucleophilic hydrazine derivative
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yielded the BOC-protected diazocine heterocycle 17. In a last step, the protecting group
was cleaved via Lewis acid promoted hydrolysis and hydrazo group oxidized to the final
diazocine 9b.[112]

With those synthetic methodologies in hand, various meta- and para-functionalized dia-
zocines 9 were obtained bearing functional groups such as halogens,[112,115,117,127] -OH,[112]

-NH2,[119,126] -CN,[112,117] or -vinyl.[126]

1.2.3 Late-Stage Functionalization

For the covalent incorporation of diazocines 9 into materials, functional groups attached
to the aromatic rings are needed. Synthetic modifications to the ethylene bridge have
also been described,[103,110,113,121,122,125,133,136–138,134,135] but they are not a focus of this
thesis. If the substituents are not introduced by prefunctionalized starting materials (see
Subsection 1.2.2), they can be inserted afterwards in late-stage diversification.

Bromine substituents were introduced para to the azo group under acidic conditions
using N -bromosuccinimide (NBS) via electrophilic aromatic substitution (Scheme 1.8).[139]

N N

9c

N N

9

NBS, H2SO4

AcOH, rt, 30 min

Br Br

Scheme 1.8 Electrophilic aromatic substitution of diazocine 9.[139]

Halogenated diazocines like 9c can be transformed into more complex derivatives,
e.g., in cross-coupling reactions[115,127] (see Section 1.5). Since the publication of the
review Modification of Azobenzenes by Cross-Coupling Reactions[90] the use of diazocines
in cross-coupling reactions has increased. Buchwald-Hartwig couplings remained the
most prominent type of cross-couplings with either halogenated or amine-substituted
diazocines.[10,109,112,115,117,118] For example, chloride substituents on the diazocine were
reacted in a Buchwald-Hartwig amination with lithium bis(trimethylsilyl)amide yielding the
corresponding amines in 51-58% yield.[112] The Stille cross-coupling of diazocines[115,140] was
expanded to nucleophilic derivatives, even though with a relatively low yield.[121] Moreover,
the first examples of Sonogashira[141,142] and Negishi[124,143] cross-coupling reactions were
reported and a copper(I) catalyzed Ullmann-type reaction was employed in the synthesis
of azide funcionalized diazocines.[144]

Besides metal catalyzed cross-coupling reactions, brominated diazocines were converted
into the corresponding cyano derivatives under standard Rosenmund-von Braun conditions,
hydrolyzed to the free acid under basic conditions[109,127,145,146] and further transformed
in carbodiimide coupling reactions.[127,145,146] For biological applications, diazocines with
amine groups were used in carbodiimide or peptide couplings.[10,131,140,147] Diazocine based
ligands for the usage in photoswitchable cages were synthesized by a copper catalyzed azide-
alkyne cycloaddition "click reaction".[144] Alkyne substituted diazocines were incorporated
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1.3 N -Hydroxysuccinimide Ester

onto triazatriangulenium (TATA) platforms[113,114] and the first examples of diazocine-
containing polymers have been reported.[148–151]

1.3 N -Hydroxysuccinimide Ester

N -hydroxysuccinimide (NHS) esters 21 are activated esters widely used in different areas
of synthetic chemistry, such as bioconjugate chemistry,[152–156] peptide synthesis[157–159]

or functionalized materials and polymers.[160–163] These bench-stable active esters 21
react under mild conditions with primary amines in a condensation reaction to form a
stable amide bond. During this reaction, water-soluble NHS[159] is released enabling a
straight-forward purification of the condensation product.[164]

The common way to synthesize NHS esters 21 is the coupling reaction of a car-
boxylic acid 20 with NHS in the presence of a carbodiimide coupling agent, e.g., N,N’-
dicyclohexylcarbodiimide (DCC) (Scheme 1.9).[165,166] As a byproduct, an urea derivative
is formed, which complicates the purification of the reaction mixture. Moreover, DCC is
known to have an allergenic potential.[164]
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Scheme 1.9 Synthetic procedures to generate NHS esters 21.[165–170]

Several alternatives for the activation of a carboxylic acid 20 have emerged: Anhydrides
and their analogues[167] as well as alcohols[168] 18 and aldehydes[171] 19 were reacted with
NHS under oxidizing conditions. Aryl halides and triflates 22 were employed in palladium
catalyzed carbonylative cross-coupling reactions with NHS under a CO atmosphere.[169,170]

The use of NHS formate as a CO surrogate has been reported to facilitate the practicability
of the cross-coupling approach.[169]

As primary amines are ubiquitous in materials and life sciences, NHS esters 21 are much
sought after compounds for further transformations.[156]

1.4 Diaryliodonium Salts

Due to their low toxicity and high selectivity, hypervalent iodine(III) compounds are
efficient reagents for transition metal-free transformations under mild conditions.[172–174]

The hypervalent bond can be described by a 3-center-4-electron (3c-4e) bond, which is
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formed by the twofold occupied 5p orbital of the iodine with donation of one electron by
each ligand. Thus, the central iodine atom bears a partial positive charge and is therefore
electrophilic, while the apical ligands carry a partial negative charge (Figure 1.4).[175,176]

Diaryliodonium salts 23 are composed of a hypervalent iodine(III) center and two carbon
ligands, consisting of two aryl moieties and one heteroatom ligand.[174,177] X-ray experiments
have proven a T-shaped form for iodine(III) reagents where the more electronegative ligand
is in the apical position participating in the hypervalent X-I-C bond. As the diaryliodonium
salts 23 are configurationally instable, Berry pseudorotation occurs and the apical and
equatorial ligands can alter their position. Hence, for unsymmetric diaryliodonium salts
23b it is difficult to predict, which carbon ligand donates an electron into the hypervalent
bond. This uncertainty is depicted in an ionic form of the respective diaryliodonium salt
23 (Figure 1.4).[176]

I X

C I X
bonding orbital

nonbonding orbital

antibonding orbital

23

Figure 1.4 T-shaped ionic structure of a diaryliodonium salt 23 and molecular orbital of the 3c-4e
bond.[175,176]

Since the first synthesis of a diaryliodonium salt 23 in 1894,[178] several synthetic
procedures including one-pot protocols have been developed.[179–181] Using mCPBA as
oxidant and trifluoromethanesulfonic acid (TfOH), symmetric diaryliodonium salts 23a
were obtained directly from iodine (24) and arenes 25a. For more electron-rich arenes, the
weaker para-toluenesulfonic acid (TsOH) was used, determining the counterion of the salt
(Scheme 1.10 a). Unsymmetric salts 23b were synthesized by similar reaction conditions,
starting from the corresponding iodoarene 26 (Scheme 1.10 b).[179,180]

Diaryliodonium salts 23 are highly reactive electrophilic arylating agents due to the
node in the nonbonding orbital of the hypervalent bond (see Figure 1.4). Initially, the
counterion is replaced by an external nucleophile leading to the formation of a Nu-I bond.

+

ImCPBA
TfOH or TsOH

CH2Cl2
R1

R1

R1

X

X = OTf or OTs

I
+

ImCPBA
TfOH or TsOH

CH2Cl2
R2

R1

R2

X

I2

(a)

(b)

R1

24 25a 23a

26 25b 23b

Scheme 1.10 One-pot synthesis of symmetric 23a and asymmetric diaryliodonium salts 23b.[179,180]
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1.4 Diaryliodonium Salts

A subsequent reductive elimination provides the product and releases the aryl iodide 26a
(Scheme 1.11 a).[173] If unsymmetric salts 23b are used, problems regarding chemoselectivity
may arise. Preferably, the more electron-deficient aryl group is transferred as the transition
state of the ligand coupling is better stabilized with an electron-deficient aryl group in the
equatorial position.[176,182–187] This is in contrast to steric effects as ortho-substituted aryl
groups are preferably transferred because of steric repulsions.[176,188,189] Thus, a prediction
which ligand will be transferred can be difficult.[184]

I X

23

nucleophilic
substitution

I Nu

23c

Nu I

+

25c 26a

reductive
elimination

Scheme 1.11 General reactivity of diaryliodonium salts 23 with nucleophiles.

Nevertheless, diaryliodonium salts 23 have found application as efficient arylation
reagents with a variety of nucleophiles, such as oxygen,[190–197] nitrogen,[198,199] car-
bon[200–205] or sulfur nucleophiles.[206,207]
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Abstract Azobenzenes are among the most extensively used molec-
ular switches for many different applications. The need to tailor them to
the required task often requires further functionalization. Cross-cou-
pling reactions are ideally suited for late-stage modifications. This re-
view provides an overview of recent developments in the modification
of azobenzene and its derivatives by cross-coupling reactions.
1 Introduction
2 Azobenzenes as Formally Electrophilic Components
2.1 Palladium Catalysis
2.2 Nickel Catalysis
2.3 Copper Catalysis
2.4 Cobalt Catalysis
3 Azobenzenes as Formally Nucleophilic Components
3.1 Palladium Catalysis
3.2 Copper Catalysis
3.3 C–H Activation Reactions
4 Azobenzenes as Ligands in Catalysts
5 Diazocines
5.1 Synthesis
5.2 Cross-Coupling Reactions
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Key words azobenzene, diazocine, molecular switches, cross-cou-
pling reactions, C–H activation, metal-catalyzed

1 Introduction

Azobenzene and its derivatives are among the most in-

vestigated molecular switches.1 They can interconvert pho-

tochemically and thermally between their metastable (E)-

and (Z)-isomers (Figure 1).2

Several physicochemical characteristics are affected by

this photoisomerization, e.g. geometry and end-to end dis-

tance,3 electronic properties,4 and polarity.2 Whereas (E)-

azobenzene is planar3a and without a dipole moment,4 (Z)-

azobenzene shows a non-planar geometry3b and a dipole

moment of 3.0 D.4 Consequently, azobenzene derivatives

have gained great interest, for example for applications in

data storage materials,5 dynamic molecular devices,1 or in

photonics.6

Thus, manifold synthetic procedures have been devel-

oped for the preparation of azobenzene derivatives,7 most

with the formation of the diazenyl group as the key step.

Methods to obtain symmetric azobenzenes range from re-

ductive coupling of nitrobenzenes8 or oxidative coupling of

anilines.9 The Mills reaction10 or azo-coupling reactions11

can be used to prepare asymmetric azobenzene derivatives.

However, functionalized azobenzenes obtained in this way

usually require prefunctionalized starting materials7 which

limits the synthetic modification possibilities. An addition-

al problem is the susceptibility of the diazenyl group to-

wards oxidizing11b,12 and reducing13 agents. Therefore, late-

stage modification through cross-coupling reactions pro-

vides a valuable alternative to access a wider variety of azo-

benzene derivatives. This short review aims to give a broad,

but not exhaustive, overview of the synthetic possibilities

offered by cross-coupling reactions on azobenzenes and di-

azocines. In this short review, we distinguish between azo-

benzenes as formally electrophilic and formally nucleo-

Figure 1  Reversible isomerization of azobenzene2
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philic components because of the different requirements

and the corresponding difficulties in the synthesis of the

azobenzene precursors, especially for nucleophilic deriva-

tives.

2 Azobenzenes as Formally Electrophilic 
Components

(Pseudo)halogenated azobenzenes are used as an elec-

trophilic component in cross-coupling reactions with a

large variety of organometallic (nucleophilic) coupling

partners. These (pseudo)halogenated species are usually

obtained by employing prefunctionalized building blocks.7

There are very few reported examples of the direct haloge-

nation of azobenzene derivatives.14 The relatively low reac-

tivity of azobenzenes towards electrophilic halogenation

reactions results from the electronic properties of the dia-

zenyl group, which can form adducts with halogen halides

leading to low yields.14a,b The use of elemental halogens of-

ten results in inseparable mixtures of mono-, di-, tri-, and

tetrahalogenated products.14a,c,d Due to the lone-electron

pairs on the nitrogen atoms, the diazenyl group can coordi-

nate to metal catalysts facilitating substitution in the ortho-

position.14e ortho-Halogenation is thus possible via metal-

catalyzed C–H activation.14c,e,f However, different coordina-

tion patterns of the metal catalyst on the azobenzene moi-

ety have been detected.14d Thus, selective halogenation re-

mains challenging.14e

2.1 Palladium Catalysis

Palladium catalysts are the most frequently used cata-

lysts in cross-coupling reactions. Therefore, the high num-

ber of palladium-catalyzed cross-coupling reactions of azo-

benzene derivatives that serve as a formally electrophilic

component is no surprise.

2.1.1 Suzuki–Miyaura Cross-Coupling Reactions

The Suzuki–Miyaura cross-coupling reaction of (pseudo)-

halogenated azobenzenes with boronic acids or esters is

one of the most frequently used cross-coupling reactions

for the modification of azobenzenes. Due to its conve-

nience, reliability, and high yields, it is often used as the fi-

nal synthetic step to combine large building blocks.15 Of the

many available examples, in this review we place a certain

focus on polymers or molecules that self-assemble: such

larger molecules are often not easy to prepare and this is

where the benefits of the Suzuki–Miyaura cross-coupling

are most relevant. Consequently, the Suzuki–Miyaura cross-

coupling reaction gives access to many azobenzene deriva-

tives with new applications in self-assembled materials15a

or many liquid crystals,15b–d,16 compounds that show tun-

able fluorescence,17 photoswitchable porphyrin systems,15e–g

dendrimers,15h polymers,15i–o metal-organic frameworks

(MOFs),15p as well as molecular machines such as rotax-

anes.15q,r

(from left to right) Melanie Walther studied chemistry and business administration at the University of Kiel. After research stays at Cardiff University as 
well as at Stockholm University, she joined the Staubitz group for her master’s thesis, dealing with photoswitchable polysiloxanes. During her following 
doctoral study at the University of Bremen she wants to expand the synthetic scope of molecular switches and their application into materials.
Waldemar Kipke studied biochemistry at Leibniz University in Hannover and obtained his bachelor’s degree in 2016. He wrote his master’s thesis 
about new ethylene-bridged molecular switches and obtained his master’s degree in October 2018. During his Ph.D., he continues to work on molecu-
lar switches and new heterocycles containing B, Zr, and Sn.
Sven Schultzke studied chemistry at the University of Kiel and joined the Staubitz group for his bachelor’s thesis about organogold(I) cross-coupling 
reactions. His upcoming research has been based on photoswitchable molecules, starting with a research exchange to the University of British Colum-
bia in Vancouver for his master thesis and now his doctoral study, where he designs smart materials for ‘soft grippers’.
Souvik Ghosh completed his M.Sc. from SVNIT, India. During his studies, he was a DAAD scholar at KIT, Germany and a OIST research scholar at OIST, 
Japan. In 2018, he joined the Staubitz group as Ph.D. student focusing on the synthesis of novel switchable molecules and their application in materials 
and polymer sciences.
Anne Staubitz was an assistant professor at the University of Kiel, before moving to the University of Bremen in 2015, where she has a full professor-
ship for organic functional materials. Her main interests are light and force sensitive materials. The primary research focus is on their syntheses and 
properties, as well as applications. The second large research area in the group is comprised of compounds and materials that contain unusual combina-
tions of main group elements and heavier elements.
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The first successful Suzuki–Miyaura cross-coupling re-

action of an azobenzene derivative was described in a po-

lymerization reaction (Scheme 1);15i different conjugated

polymers were synthesized with molecular weights up to

Mn = 9700 (in yields of 80–99%).

Scheme 1  Suzuki–Miyaura cross-coupling reaction for polymerization 
of an azobenzene derivative15i

Besides a benzene ring,15i more complex motifs such as

a fluorene ring15j,l,n,o or a carbazole ring15l,m,o were success-

fully integrated in the conjugated main chain.

For the synthesis of rotaxanes, azobenzene derivatives

were connected with two -cyclodextrin units resulting in

a [3]-rotaxane,18 and later on a [1]-rotaxane.15q,r The azo-

benzene motif was either trapped in or bonded directly to

the -cyclodextrin units and subsequently capped by benzo-

[de]isoquinoline derivatives via cross-coupling.15q,r,18

Further possibilities are demonstrated by the imple-

mentation of two consecutive Suzuki cross-coupling reac-

tions. Starting from a 4,4′-diiodoazobenzene, initial cou-

pling with 4-bromophenylboronic acid gave a 4,4′-bis(4-

bromophenyl)azobenzene that underwent a second cross-

coupling reaction with a 4-substituted phenylboronic acid

to give an azoterphenyl derivative (37–54% over 2 steps).19

Since 2016, several cross-coupling reactions have been

performed using asymmetric azobenzene derivatives; in

this way, molecules capable of precise self-assembly with

additional non-covalent interactions were prepared in

yields ranging from 26% to 94% (Scheme 2, A–C).15c,16,17

Suzuki–Miyaura cross-coupling was also applied to func-

tionalize nickel porphyrin systems with azobenzene moi-

eties in excellent overall yields (Scheme 2, D).15f Pd(PPh3)4

served as Pd(0) catalyst with K2CO3 as base and the reaction

was carried out in a toluene/EtOH/water mixture at 90 °C

leading to good and sometimes excellent yields. The cou-

pling was even successful with an azopyridine and with ad-

justed conditions for an azoimidazole unit. For the latter,

the free amine of the imidazole was N-methylated to pre-

vent a possible side reaction with PdCl2(dppf) as the Pd(II)

catalyst.15f

n

Pd(PPh3)4 (3 mol%)
NaOH (4.0 equiv)
DMAc/H2O (10:2) 

110 °C, 48 h

B
O

O

99%

N
N

B
O

O

N
N

I

I

Scheme 2  Pd-catalyzed Suzuki–Miyaura cross-coupling reactions for enlarging a planar system (A–C)15c,16,17 and for the functionalization of porphyrin 
systems (D)15f
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2.1.2 Sonogashira Cross-Coupling Reactions

The palladium-catalyzed cross-coupling reaction of a

terminal alkyne with halogenated azobenzenes represents

another widely used functionalization possibility. In this

way, an azobenzene unit can be connected with relatively

long, rigid, and -conjugated linkers in good to excellent

yields.20 The incorporated linkers then serve a specific func-

tion in the molecule: For example, the functionalization of

ethynyl-1,6-methano[10]annulenes with azobenzene

demonstrated the synthesis of electron-donor/acceptor sys-

tems that are suitable substrates for nonlinear optics or liq-

uid crystals (Scheme 3, A).20a In different azobenzene sys-

tems for the synthesis of photochromic self-assembled

monolayers, the rigid linker ensures sufficient control over

the distance from the headgroup to the surface and features

a cooperative switching behavior of the azobenzene

units.20b–d

Hydrophobic fluorescent azobenzenes were trans-

formed into water-soluble fluorescent 2-borylazobenzenes

by incorporating ionic functional groups via Sonogashira

coupling.20e Employing 4,4′-diiodoazobenzene as the start-

ing material enabled a double cross-coupling; in this way,

an azobenzene moiety containing two paramagnetic ni-

troxide spin labels was synthesized in which the ethynyl

groups supported the formation of spin exchange coupling

(Scheme 3, B left).20f Low-molecular organogelators were

obtained by double cross-coupling of 3,3′-diiodoazoben-

zene with acetylene derivatives (Scheme 3, B right).20g The

two urethane moieties were required for strong hydrogen

bonding, whereas the two cholesterol units led to relatively

weak van der Waals interactions.20g Moreover, an azoben-

zene bisporphyrin system20d as well as different para-alky-

nylazobenzene ligands and their corresponding organome-

tallic cobalt complexes were obtained.20h As azotolanes

usually show liquid crystallinity as well as highly birefrin-

gent features, this method was utilized for the synthesis of

several azotolane monomers20i,j or polymers with azoben-

zene in the side chain20k or main chain20l–n (Scheme 3, C),

respectively. Additionally, photoresponsive and fluorescent

co-polymers (Scheme 3, D),20o polyamide-phenyl-

eneethynylenes20p or a semiconducting colloidal porous or-

ganic polymer20q were obtained. The scope of electrophilic

azobenzene cross-coupling partners was successfully

broadened to bistriflates for the synthesis of rigid den-

drimers in an acceptable yield.20s,t

2-Iodoazobenzene reacted with (trimethylsilyl)acety-

lene under Sonogashira conditions, but even after optimi-

zation of the reaction conditions the yield of 2-[(trimethyl-

silyl)ethynyl]azobenzene remained 50%.21 Additionally, the

product decomposed during workup because of the lability

of the protecting group and the instability of the deprotect-

ed diazene. Coupling with more robust (triisopropylsilyl)-

and (triethylsilyl)acetylene solved both problems and the

product 2-[(trialkylsilyl)ethynyl]azobenzenes were ob-

tained in 97% and 87% yield, respectively.21

Scheme 3  Pd-catalyzed Sonogashira cross-coupling reactions of halogenated azobenzenes20a,f,g,l,m,o

+
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2.1.3 Buchwald–Hartwig Cross-Coupling Reactions

This type of cross-coupling reaction is used to form C–N

bonds. In 2020, the coupling of 3,5-dibromoazobenzene

with N-Boc-N-(4-methoxyphenyl)hydrazide to give 3,5-

bis[N′-Boc-N′-(4-methoxyphenyl)hydrazino]azobenzene in

58% yield was reported (Scheme 4).22 The obtained product

was then oxidized to yield a C2-symmetric 3,5-bis(4-me-

thoxyphenylazo)azobenzene. Unsymmetric tris(arylazo)-

benzenes were accessible by sequential coupling.22

Scheme 4  Pd-catalyzed Buchwald–Hartwig cross-coupling reaction of 
3,5-dibromoazobenzene22

2.1.4 Heck Reactions

The Heck reaction can be employed in order to preserve

double bonds within the starting material for later func-

tionalization. As with the Suzuki–Miyaura cross-coupling,

we mainly discuss reports of larger functional polymers

and assemblies. One interesting example is the functional-

ization of cage silsesquioxanes with azobenzene units via

the Heck reaction (Scheme 5).23 The synthesis of new azo-

benzene-doped hybrid porous polymers was thus possi-

ble.24

Scheme 5  Pd-catalyzed Heck reaction of 4-bromoazobenzene23

Poly(phenylenevinylene)-based conjugated polymers

with azobenzene derivatives incorporated directly in the -

conjugative building units were prepared in quantitative

yield and with a high molecular weight (Mn >10000) by

coupling polymerization of divinylbenzenes with 4,4′-di-

haloazobenzenes.25 The Heck reaction of nipecotic acid

(piperidine-3-carboxylic acid) derivatives with azobenzene

triflates and iodides yielded vinyl ethers in good yields.

However, the coupling was not possible for ortho-substitut-

ed azobenzenes. In this case, the Heck reaction needed to

be performed with 1-iodo-2-nitrobenzene with the forma-

tion of the azobenzene by an azo coupling in a later step.26

2.1.5 Stille Reactions

In a Stille cross-coupling reaction, an organotin com-

pound is reacted with a halide. Organostannanes are easy

accessible and stable in air and moisture so that a broad

range of functional groups can be used under mild condi-

tions.20l,25,27 In this way, 4,4′-dibromoazobenzene was cou-

pled with tributylvinyltin to yield 4,4′-divinylazobenzene in

70% yield.25 It was also possible to introduce heteroaromatic

compounds into a polymer backbone via a Stille cross-cou-

pling: The monomer 4,4′-diiodoazobenzene was reacted

with four different bis(trimethylstannyl)-substituted het-

eroaromatic compounds to give poly(phenylene)based-

polymers that were soluble in common organic solvents in

moderate to excellent yields (Scheme 6).27 Due to the ex-

tended main-chain conjugation, the thiophene-, furan-, and

N-methylpyrrole-containing poly(phenylenes) showed

strongly red-shifted absorptions in the visible region. Only

the pyridine-containing poly(phenylene) had a low degree

of main-chain conjugation, but contrary to other examples,

it showed in solution reversible photoisomerization of azo-

benzene units with an accompanied change of the electro-

chemical properties. The (Z)-enhanced polymer was less

susceptible to oxidation.27

Scheme 6  Pd-catalyzed Stille cross-coupling reactions of diiodoazo-
benzenes27

2.2 Nickel Catalysis

Although palladium complexes are the most common

catalysts in cross-coupling reactions, attempts have been

made to replace palladium by less expensive metals such as

nickel. For example, a nickel-catalyzed Heck reaction of aryl
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triflates with vinyl ethers proceeded under mild reaction

conditions, using a catalytic system consisting of bis-

(cyclooctadiene)nickel(0), 1,1′-bis(diphenylphosphino)fer-

rocene (DPPF), and tertiary amine Cy2NMe, followed by hy-

drolysis to give the corresponding acetyl-substituted prod-

ucts with good functional group tolerance. It was also pos-

sible to incorporate a photoswitchable unit by the

olefination of an azobenzene triflate followed by hydrolysis

to give the corresponding acetyl derivative (Scheme 7).28

Scheme 7  Ni-catalyzed Heck reaction of an azobenzene triflate deriva-
tive28

2.3 Copper Catalysis

Copper catalysts are another alternative to palladium

catalysts in cross-coupling reactions to obtain substrates

otherwise not accessible.

2.3.1 Cadiot–Chodkiewicz Reactions

The copper-catalyzed Cadiot–Chodkiewicz reaction en-

ables the formation of conjugated dienes. A synthetic route

towards large-scale highly ordered porous structures from

organometallic precursors via spontaneous self-assembly

was established by using a two-step Cadiot–Chodkiewicz

cross-coupling. Several neutral platinum–acetylide com-

plexes with azobenzene groups in the center and long alkyl

chains on both ends of the molecule were obtained in ex-

cellent to quantitative yields (Scheme 8).29 In a similar fash-

ion, poly(platinaynes) were synthesized with both meta- or

para-substituted azobenzene spacers to compare their op-

toelectronic properties. In these complexes, the acetylide-

functionalized azobenzene ligands could still undergo pho-

toisomerization reversibly, although the switching process

appeared to be more facile for para-substituted systems

and with lower photoisomerization in solution in compari-

son to smaller systems.30

2.3.2 Ullmann Reactions

The Ullmann reaction is a powerful tool for C–N bond

formation. The Ullmann coupling of 4,4′-dibromoazoben-

zene with 3,6-bis(9H-carbazol-9-yl)-9H-carbazole gave a

bis(tercarbazole)azobenzene derivative in 46% yield that

was used as a precursor for the fabrication of photorespon-

sive microporous films (Scheme 9).31

2.4 Cobalt Catalysis

Another alternative to palladium catalysis is the use of

cobalt as an inexpensive metal. For example, the C(sp2)–P

cross-coupling of vinyl, styryl, and aryl halides with diphe-

nyl phosphine oxide and dialkyl phosphinate using a

unique Co/Cu catalytic system gave the corresponding
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Scheme 8  Cu-catalyzed two-step Cadiot–Chodkiewicz cross-coupling 
reaction of alkynyl-functionalized azobenzenes29
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phosphoryl-substituted products. This protocol showed ro-

bust functional group tolerance that enabled the coupling

of 4,4′-diiodoazobenzene with diisopropyl phosphite to

give 4,4′-bis(diisopropoxyphosphoryl)azobenzene in 76%

yield (Scheme 10).32

Scheme 10  Co/Cu-catalyzed C(sp2)–P cross-coupling reaction of 
4,4′-diiodoazobenzene32

3 Azobenzenes as Formally Nucleophilic 
Components

In cross-coupling reactions, the formal nucleophile is an

(organo)metallic species. Organometallic, nucleophilic azo-

benzene derivatives can be obtained either by halogen–

metal exchange of the (pseudo)halogenated azobenzene or

by applying an appropriate cross-coupling reaction with a

dimetallic reagent (Scheme 11, A) (see later for C–H activa-

tion).7b,33 However, in the case of azobenzenes, halogen–

metal exchange can lead to the reduction of the azo group

as a dominating side reaction (Scheme 11, B).34 From the

perspective of the formally nucleophilic azobenzene, the

main limitation is access to the azobenzene starting materi-

al. There has been very little research performed in this

area in terms of systematic investigations and thus, it is dif-

ficult to distill common principles or indeed select the most

seminal papers.

3.1 Palladium Catalysis

Palladium catalysts are also most commonly used in

cross-coupling reactions involving azobenzene derivatives

as the formally nucleophilic component. In terms of the ob-

tained product structure, the same criteria apply for the se-

lection of the specific cross-coupling reaction as are utilized

for electrophilic azobenzene derivatives. However, a key

consideration is the availability of the metalated azoben-

zene.

3.1.1 Suzuki–Miyaura Cross-Coupling Reactions

The first use of an azobenzene derivative as a nucleop-

hile in a Suzuki–Miyaura cross-coupling reaction was re-

ported in 2007;36 the coupling of a boronic acid pinacol es-

ter functionalized azobenzene with diverse iodoarenes

gave arylate azobenzenes in 41–72% yields.36 While the

cross-coupling reactions themselves are relatively unre-

markable, the importance is in the synthesis of the starting

material by cross-coupling of a (pseudo)halogenated azo-

benzene with the boronic ester.36,37 A second approach is

the condensation of a nitrosobenzene and aniline boronic

acid ester; the boronic acid ester is unaffected by the con-

densation reaction.36 Due to the efficiency of this method, a

number of synthetic targets38 were assessed. Moreover, an

azobenzene-4-boronic acid pinacol ester derivative was

used as the nucleophile and 4-bromo-2,2,2′,2′-tetrafluoroa-

zobenzene derivatives as the electrophile, which enabled

the use of azobenzene as both cross-coupling components.

The resulting product undergoes orthogonal switching,

where the azobenzene units are switched separately to give

4 different isomers by green, blue, or ultraviolet light or

electrocatalytic isomerization (Scheme 12).37
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Scheme 11  (A) Stille–Kelly cross-coupling reaction of 4-iodo-4′-methyl-
azobenzene with hexamethyldistannane;33 (B) halogen–metal exchange 
of a halogenated azobenzene with the possible reduction of the di-
azenyl group35
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3.1.2 Sonogashira Cross-Coupling Reactions

In 2014, the preparation of an azobenzene liquid crystal

was reported by the Sonogashira cross-coupling reaction of

an ethynyl-substituted azobenzene with 1-bromooctane.39

This protocol was utilized in 2017 for the coupling of an

azobenzene derivative with aryl bromides (Scheme 13,

A).15d The Sonogashira cross-coupling reaction has also

been used for the synthesis of artificial helical oligomers40

or polymers41 in which the photoisomerization of the azo-

benzene moieties triggers a geometric change. Novel azo-

benzene-containing hydroxyphenylglycine-derived poly-

(m-phenyleneethynylene)s were synthesized by polymer-

ization through the Sonogashira couplings (thus formally a

polycondensation) of 3,5-diethynylazobenzenes with vari-

ous diiodinated amides (Scheme 13, B).41a

Scheme 13  Pd-catalyzed Sonogashira cross-coupling reactions of 
alkynyl-functionalized azobenzenes15d,41a

Furthermore, the Sonogashira reaction was used to pre-

pare a hairy-rod like -conjugated polymer with a fluorene

unit in the backbone.42 The late-stage functionalization of

poly(aryl ethers) with azobenzene moieties was feasible, in

which polymer bromo side groups react with 4-(dimethyl-

amino)-3′-ethynylazobenzene.43

3.1.3 Buchwald–Hartwig Cross-Coupling Reactions

The Buchwald–Hartwig cross-coupling reaction can be

used to form C–N bonds. The Buchwald–Hartwig amination

of various polystyrene and poly(iminoarylene) derivatives

was reported to give the corresponding products with ami-

noazobenzene groups in the side chain (Scheme 14).44 The

absence of characteristic stretching vibrations of the start-

ing materials in the IR spectrum indicated a full loading of

the obtained polymer.44

Scheme 14  Pd-catalyzed Buchwald–Hartwig amination of 4-(phenyl-
amino)azobenzene44

This methodology was applied to the synthesis of amor-

phous materials such as branched triarylamine deriva-

tives,45 a spiro-linked bifluorene46 as well as a perfluorocy-

clobutane (PFCB) aryl ether polymer47 or a poly(arylimino)

derivative.48 It was even possible to prepare ferroceno-

phanes with azobenzene derivatives in the ligand and to

use them as a redox-active and chromophore site showing

potential as electron- or acid-responsive organic materi-

als.49

3.1.4 Heck Reactions

The Heck reaction of dihaloazobenzenes with diviny-

larenes as well as the reverse case, the coupling of 4,4′-divi-

nylazobenzene with dihaloarenes, to produce photorespon-

sive poly(phenylenevinylene)s was investigated. However,

the obtained polymers were largely insoluble in common

organic solvents, hence this route was discarded.25

3.1.5 Stille Reactions

An efficient microwave-assisted method to prepare

stannylated azobenzenes was developed to circumvent the

possible reduction of the diazenyl group during halogen–

metal exchange. These organostannyl-substituted azoben-

zenes subsequently served as nucleophiles in high-yielding

Stille cross-coupling reactions (Scheme 15).33
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3.2 Copper Catalysis

A copper-catalyzed Ullmann cross-coupling reaction

was the method of choice for the synthesis of bis[4-

(phenyldiazenyl)phenyl]amine and tris[4-(phenyldiaze-

nyl)phenyl]amine by varying the stoichiometric quantities

of the electrophilic component (Scheme 16).50

Scheme 16  Cu-catalyzed Ullmann cross-coupling reaction of 4-iodo-
azobenzene with amino-azobenzene50

The Ullmann cross-coupling reaction is also useful for

generating phenol ethers through C–O bond formation. In

this way, a series of azobenzene-functionalized poly(ether

sulfone)s were prepared, using a catalyst system of CuI and

2,2,6,6-tetramethylheptane-3,5-dione (TMHD), that had

high glass transition temperatures (Tg >199 °C) (Scheme

17).51 Irradiation and writing/erasing experiments indicat-

ed a large photoinduced birefringence and good stability of

the photoinduced orientation of the polymers. This makes

them interesting for applications in reversible optical stor-

age.51

This synthetic procedure was expanded to the synthesis

of an azobenzene-containing poly(aryl ether) with carboxyl

side groups capable of coordination to rare earth complex-

es.43

3.3 C–H Activation Reactions

C–H Activation reactions catalyzed by different transi-

tion metals have played an important role especially in the

functionalization of azobenzene derivatives in the ortho-

position.

3.3.1 Palladium-Catalyzed C–H Activation Reactions

The ortho-directing property of the azo group has been

exploited in palladium-catalyzed C–H activation reac-

tions.14e,52 In many such reactions, the azobenzene is trans-

formed by reaction with the diazenyl group. For example,

azobenzenes were used for the synthesis of indazole back-

bones through palladium-catalyzed C–H functionalization

and subsequent intramolecular cyclization.52a In a similar

approach, 3H-indazol-3-ones were prepared from azoben-

zene derivatives using formic acid as carbon monoxide

source (Scheme 18, A).52g ortho-C–H Amination of

azoarenes with trimethylsilyl azide yielded 2-aryl-2H-ben-

zotriazoles (Scheme 18, B).52b In this reaction, electron-

donating substituents (alkyl, alkoxy) give higher product

yields (58–87%) than electron-withdrawing groups, such as

CF3 (8%).

Late-stage functionalization of azobenzenes in the

ortho-position was reported by the Trauner group (Scheme

19, A).14e These tetra-ortho-chlorinated azobenzenes are of

Scheme 15  Pd-catalyzed Stille cross-coupling reaction using stannylat-
ed azobenzene as nucleophile33
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Scheme 17  Cu-catalyzed Ullmann cross-coupling reaction of 
poly(ether sulfone)s with bromine side groups and 4-[(4-methoxy-
phenyl)diazenyl]phenol with different functionalization degrees 
(x = 20, 45, 100)51
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special interest because of their redshifted isomerization to

cis at  ≈ 560 nm. Azoarenes were functionalized with

phenylhydrazine using a Pd(II) catalyst with atmospheric

oxygen as the oxidant (Scheme 19, B).52c Wu, Wang, and co-

workers reported the acylation of azobenzene derivatives

with benzylic ethers (Scheme 19, C).52d

Scheme 19  Pd-catalyzed C–H activation reactions of azobenzene de-
rivatives14e,52c,d

3.3.2 Rhodium-Catalyzed C–H Activation Reactions

Rhodium has been shown to be a potent ortho C–H acti-

vator of azobenzene derivatives. There are several reported

examples of the formation of C–N bonds,53 2-aryl-2H-ben-

zotriazoles,54 and indazoles and indoles55 similar in yields

to the palladium-catalyzed reactions. A very useful reaction

is the ortho-heteroarylation of azobenzenes by rhodium-

catalyzed cross-dehydrogenative coupling (Scheme 20).56

Such conjugated biaryls might be of special interest for lu-

minous materials.

Scheme 20  Rh-catalyzed C–H activation reactions of azobenzene de-
rivatives56

3.3.3 Ruthenium-Catalyzed C–H Activation Reactions

Ruthenium-catalyzed C–H activation reactions of azo-

benzene derivatives have been reported.57 Of particular in-

terest is the meta/ortho-selective C–H alkylation of

azoarenes. Using a carboxylic acid promoted Ru(II)-cata-

lyzed CAr–H alkylation reaction of 4,4′-substituted azoben-

zenes with secondary and tertiary alkyl bromides gave se-

lectively the meta-product (Scheme 21),58 while under the

same reaction conditions, primary alkyl groups gave the

ortho-product. To our knowledge this is the only reported

reaction so far which allows C–H activation in the meta po-

sition. Coupling with alkyl chlorides was unsuccessful. Fur-

thermore, bulky groups, such as tert-butyl (Y = t-Bu), on the

azobenzene, prevented the reaction.58

Scheme 21  Ru-catalyzed C–H activation reactions of azobenzenes58

Scheme 18  Pd-catalyzed C–H activation reactions of azobenzene de-
rivatives yielding heteroaromatic compounds52b,g

A Cheng 2018

H OH

O

N
N

O

Ac

N
N

H

N
N

N

B Patel 2015

R

R

R
R

Pd(OAc) (10 mol%)
 CuBr2 (1.0 equiv)

Na2HPO4 (1.0 equiv)
Ac2O, 140 °C, 48 h

18 examples 40–83%

 18 examples 0–87%

Pd(OAc)2 (20 mol%) 
TMSN3 (2.0 equiv)
TBHP (2.0 equiv)

DMSO, 100 °C, 19–50 h

R
RN

N

H

R

R

R = alkyl, ester, halogen

R = alkyl, alkoxy, halogen

N
N

R

R1

N
N

Pd(OAc)2 (10 mol%)
NCS (5.0 equiv)

AcOH, 140 °C, overnight

R

R1
Cl

Cl

Cl

Cl

H

H

H

H

A Trauner 2016

N
N

R

R1

N
N

Pd(OAc)2 (10 mol%)
phenylhydrazine (1.0 equiv)

MeCN, air, 60 °C, 24 h

R

R1

PhH

B Ye 2015

N
N

Pd(OAc)2 (10 mol%)
(ArCH2)2O (1.0 equiv)

TBHP (6.0 equiv)
DCE/AcOH, 60 °C, 14 h

H

C Wu/Wang 2016

 27 examples, 24–82%

 14 examples, 29–75%

R

R

N
N

R

R

O

Ar

 16 examples, 40–87%

[Cp*RhCl2]2 (3 mol%)
AgSbF6 (0.15 equiv)

Cu(OAc)2·H2O (2.0 equiv)

DCE, 140 °C, 48 h
N

N

H

R

R

H

N MeS SN

 23 examples, 60–79%

N
N

R

R

Ar =

Ar

Ar

2° or 3° alkyl (3 equiv)
bromide

N
N

H

H

1° alkyl (3 equiv)
bromide

N
N

H

N
N

H

R4

R3
R2

R1

R1, R2, R3, R4 = alkyl, ester

Y

Y

Y

Y

Y

Y

Y = alkyl, alkoxy, halogen, phenyl

[Ru(p-cymene)Cl2]2 (5 mol%)
K2CO3 (2.0 equiv) 

tBuCOOH (30 mol%)
1,4-dioxane (1.5 mL) 

120 °C, 24 h
27 examples, 0–78%

(0.2 mmol)

1.5 Modification of Azobenzenes by Cross-Coupling Reactions

28



1223

Synthesis 2021, 53, 1213–1228

M. Walther et al. Short ReviewSynthesis

3.3.4 Cobalt-Catalyzed C–H Activation Reactions

Cobalt-catalyzed C–H activation reactions are largely

unknown on azobenzene derivatives and only a few exam-

ples exist.59 A synthetic procedure for the azo-directed se-

lective 1,4-addition of maleimides by Co(III)-catalyzed C–H

activation was reported (Scheme 22).59c Worth noting is the

use of low amounts of additives, as well as the fact that it

does not require the use of a copper source.59c

Scheme 22  Co-catalyzed C–H activation reactions of azobenzene de-
rivatives59c

3.3.5 Iridium-Catalyzed C–H Activation Reactions

The Ir(III)-catalyzed [4+2] cyclization of azobenzenes

with diazotized Meldrum’s acid via a two-step reaction

with an initial C–H alkylation, followed by intramolecular

annulation gave 3-oxo-2,3-dihydrocinnoline-4-carboxylic

acids or esters depending on the solvent used (Scheme

23).60

Scheme 23  Ir-catalyzed C–H activation reaction of azobenzene60

3.3.6 Copper-Catalyzed C–H Activation Reactions

Azobenzenes can be functionalized by a Cu(II)-cata-

lyzed aerobic oxidative amidation with amides yielding the

corresponding 2-(acylamino)azobenzenes in moderate to

excellent yields (Scheme 24).61

3.3.7 Iron-Catalyzed C–H Activation Reactions

To date only one example of an iron-catalyzed C–H acti-

vation reaction has been reported. An iron hydride complex

bearing a 2,5-bis(di-tert-butylphosphinomethyl)pyrrolide

ligand reacted with azobenzene. However, further func-

tionalization was unsuccessful since the pentacoordinated

aryl–iron complex was inert toward various reagents

(Scheme 25).62

Scheme 25  Fe-catalyzed C–H activation of azobenzene62

4 Azobenzenes as Ligands in Catalysts

In addition to their use as a reactant in cross-coupling

reactions, azobenzene derivatives can be also employed as

ligands for catalysts in cross-coupling reactions.63 Here, the

N-donor capability of the diazenyl group (due to the lone

electron pair on the nitrogen atoms) is used to form transi-

tion metal complexes. The incorporation of azo chromo-

phores has enabled the synthesis of complexes with inter-

esting physicochemical properties such as photolumines-

cence. Complexes with multidentate azoaromatic ligands

are significantly stabilized because of the enhanced -ac-

ceptor behavior compared to monocyclopalladated azoben-

zenes.63e Although the synthesis of azo-containing phos-

phine Pd(II) and Pt(II) complexes was reported in 1999, and

the first results of their catalytic use were demonstrated in

Heck reactions,64 it took a further decade before this possi-

bility was explored in more detail.63

In 2010, the synthesis of a polystyrene-anchored Pd(II)

azo complex (Figure 2, A) and its application in the Suzuki–

Miyaura as well as Sonogashira cross-coupling reactions

was reported; various aryl halides were reacted with phen-
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Scheme 24  Cu-catalyzed C–H activation reactions of azobenzene de-
rivatives61
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ylboronic acids or terminal alkynes in excellent yields (68–

100% yield, 27 examples) under phosphine-free and aerobic

reaction conditions in aqueous medium.63b A similar cata-

lytic system showed comparable recyclability, but, in addi-

tion, it could even be employed in Heck reactions (89–96%

yield, 5 examples).63d

A single core palladacyclic azobenzene catalyst with

CNCN chelation was successfully synthesized (Figure 2, B)

and used successfully in Suzuki–Miyaura and Heck reac-

tions. However, it was only moderately active (27–70%

yield, 4 examples) and required high temperatures that led

to decomposition of the catalyst.63c

A symmetric bisazobenzene derivative was used as che-

lating ligand to obtain unsymmetric CNN pincer pallada-

cycles (Figure 2, C) that showed high turnover numbers

(TONs) even under the harsh conditions of the Heck reac-

tion (60–93% yield, 9 examples, TONs up to 93000).63e

Phosphine-free Pd(II) complexes with 2,2′-bis(alkylamino)-

azobenzene ligands were obtained in good yields by reac-

tion of the ligands with sodium tetrachloropalladate. In this

work, the benzyl derivative (Figure 2, D) showed high cata-

lytic activity in Suzuki–Miyaura and Heck reactions under

mild conditions in the presence of air and moisture (65–

93% yield, 22 examples).63f

It should be noted that the photoswitchability of the

azobenzenes in Figure 2 was not exploited.

Figure 2  Evolution of palladium azo catalysts used in different cross-
coupling reactions63b,c,e,f

5 Diazocines

(Z)-11,12-Dihydrodibenzo[c,g][1,2]diazocines (diazo-

cines) are ethylene-bridged azobenzenes that can be

switched from their thermodynamic stable (Z)- to the

metastable (E)-isomer by using blue light at  ≈ 370–400

nm and back from the (E)- to the (Z)-isomer by green light

at  ≈ 480–550 nm (Figure 3).65

The switching properties of unsubstituted diazocines

are different to unsubstituted azobenzenes. Diazocines

show better resolution of absorption bands between the

two isomeric states and switching is possible with light in

the visible range.65 However, the substituents have a great

impact on the switching properties of both azobenzenes

and diazocines. For example, tetra-ortho-chlorinated azo-

benzenes can be switched to (Z) at  ≈ 560 nm, which ex-

ceeds the redshift of regular diazocines. Amino substituents

on diazocines have also been shown to reduce the separa-

tion of the absorption bands yielding low amounts of (E)-

isomers (25–30%).66 The synthesis of diazocines is more de-

manding compared to azobenzenes, which is why only few

applications have been reported to date.65,67

5.1 Synthesis

The key step in any diazocine synthesis is the cycliza-

tion to form the diazene moiety. This has been performed

by reduction of 2,2′-dinitrobibenzyls,65,67,68 or the oxidation

of 2,2′-ethylenedianilines (Figure 4).69

Figure 4  Retrosynthetic approach towards diazocines65,67–70

A novel route involving a cross-coupling reaction has

been introduced by connecting the C–N bond instead of the

N–N bond (Scheme 26).70 The diazocine ring in this route is

formed via consecutive cross-coupling reactions between a

2,2′-dihalobibenzyl and di-tert-butyl hydrazodicarboxyl-

ate.70
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Scheme 26  Synthesis of diazocine through cross-coupling reaction70

5.2 Cross-Coupling Reactions

To date there are only a few reports of palladium-cata-

lyzed cross-coupling reactions of diazocines. Therefore, a

comparison with cross-coupling reactions of azobenzenes

is, at present, of little informative value. Due to the different

electronic and geometric structures of azobenzenes and di-

azocines, a different reactivity can be expected (as the lone

pairs in diazocine are not aligned with the -systems of the

aromatic rings). At first glance the yields seem to be lower

for cross-coupling reactions on diazocines, but this might

be misleading since it is unknown if the reaction conditions

were optimized. The Heck reaction of an 8-substituted 3-

bromodiazocine with a glutamate derivative yielded diazo-

cine ligands capable of light-controlling neural receptors

(Scheme 27).67c

Scheme 27  Pd-catalyzed Heck coupling of diazocine derivatives67c

A Buchwald–Hartwig coupling on 3-bromodiazocines

with tert-butyl carbamates was successfully performed

(Scheme 28, A).69b Furthermore, the coupling of benzophe-

none imine with bromodiazocines was reported (Scheme

28, B).71 The synthesis of a diazocine with turn-on fluores-

cence was achieved by the coupling of 3,8-dibromodiazo-

cine with diphenylamine (Scheme 28, C).72

Scheme 28  Buchwald–Hartwig cross-coupling reactions of diazocine 
derivatives69b,71,72

Turn-on fluorescence diazocines were prepared by a

Stille cross-coupling reaction (Scheme 29, A).72 Further-

more, it was possible to obtain a pyroglutamate diazocine

derivative via the Stille cross-coupling reaction (Scheme 29,

B).67e

6 Conclusion

Cross-coupling reactions have proved to be a powerful

tool for the late-stage modification of both electrophilic and

nucleophilic azobenzene derivatives, with palladium catal-

ysis being most prevalent. The Suzuki–Miyaura and Sono-

gashira cross-coupling reactions are the most widely used.

First examples of cross-coupling reactions catalyzed by oth-

er transition metals than palladium, such as nickel or co-

balt, have been published thus broadening the scope of

cross-coupling reactions towards new bond formations that

are not possible with palladium catalysts. At present, the

number of examples of the use of azobenzenes as formally

electrophilic reactants is much greater than that for their

use as formally nucleophilic reactants. Most likely, this does

not reflect intrinsic problems with nucleophilic azoben-

zenes, but rather that their accessibility is limited at present
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and requires more research. The reported yields do not sig-

nificantly differ for cross-coupling reactions with azoben-

zene as formally the electrophilic or as nucleophilic compo-

nent. However, due to the difficulties in the synthesis of nu-

cleophilic azobenzene derivatives, cross-coupling reactions

involving formally electrophilic azobenzene derivatives are

favored. Normally, cross-coupling reactions with formally

nucleophilic azobenzene derivatives are only used if the as

nucleophilic coupling partner in the reaction of electrophil-

ic azobenzene derivative cannot be synthesized. Most re-

ported examples of cross-coupling reactions involving azo-

benzene derivatives employ the para-isomer; there are few

examples of the use of the meta- or even the ortho-isomer.

In fact, some groups specifically pointed out that cross-cou-

pling reactions on ortho-azobenzene derivatives were un-

successful. So cross-coupling reactions in the ortho-position

of azobenzenes are almost, but not completely, unknown.

The different reaction behavior of ortho-azobenzene deriv-

atives in comparison to their corresponding meta- and

para-isomers can be attributed to the nature of the diazenyl

group; due to the adjacent lone electron pair on the nitro-

gen atoms, the diazenyl group can interact with substitu-

ents in the ortho-position. For example, ortho-halogenated

precursors that are easily accessible can be directly lithiated

because the ortho-lithiated species is significant stabilized

by N→Li coordination. Although the diazenyl group has this

directing and stabilizing effect also for transition metal in-

sertions, only very few examples of metalated ortho-azo-

benzenes exist. C–H Activation is, therefore, a valuable al-

ternative especially for the modification of ortho-azoben-

zenes. In almost all examples of C–H activation on

azobenzenes, the ortho-position was functionalized. Here,

the use of palladium complexes as catalysts was not as

dominant as for the cross-coupling reactions. Another

promising field is the use of complexed azobenzene deriva-

tives acting as ligands or promotors for catalysts. New syn-

thetic procedures for the preparation of diazocines means

that they are accessible in good yields. Therefore, further

functionalization possibilities through cross-coupling reac-

tions can now be explored.
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2 Objectives

The work presented in this thesis focuses on the late-stage functionalization of azobenzene
based switches aiming to overcome synthetic limitations caused by the use of prefunc-
tionalized starting materials. Therefore, efficient methodologies for the synthesis of key
intermediates starting from iodinated precursors were to be developed and subsequently
their usefulness in organic syntheses was to be proven. To obtain those central building
blocks, three general approaches were to be pursued: two different types of transition metal
catalyzed cross-coupling reactions and the oxidation to a hypervalent species.

Cross-Coupling Protocol for Photoswitchable NHS Esters. In the first subproject
(Section 3.1), a robust Pd catalyzed synthetic procedure for the formation of photoswitchable
active esters, more precisely NHS functionalized azobenzene 1k and diazocine derivatives
9e, was to be developed. The potential of these active ester was to be tested in condensation
reactions with primary amines, which are often highly relevant in a biological context
(Scheme 2.1). Emphasis also was to be placed on the synthesis of previously unaddressed
or even inaccessible derivatives.
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Scheme 2.1 Synthetic strategy towards NHS ester functionalized azobenzenes 1k and diazocines
9e for subsequent condensation reactions with primary amines.

Hypervalent Iodine(III) Azobenzene Derivatives. Moreover, a new synthetic
pathway for the generation of ortho-functionalized azobenzenes 1n was to be examined
(Section 3.2). Therefore, hypervalent iodine(III) chemistry was to be employed in conjunc-
tion with ortho-azobenzenes 1m leading to the formation of a new compound class that
could be used in transition metal-free arylation reactions with different types of nucleophiles
(Scheme 2.2).
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Scheme 2.2 Synthetic strategy towards ortho-azobenzene(aryl)iodonium salts for subsequent
transition metal-free arylations with nucleophiles.

Cross-Coupling Reactions of Metalated Diazocines. Finally, cross-coupling reac-
tions of diazocines 9 were to be investigated (Section 3.3). Hereby, the iodinated diazocines
9d should be first converted into the formally nucleophilic cross-coupling partner 9e and
9f and then reacted with organic bromides in Stille and Suzuki cross-coupling reactions to
obtain a wide range of functionalized diazocine derivatives 9g (Scheme 2.3).
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Scheme 2.3 Synthetic strategy towards stannylated 9e and borylated diazocines 9f for subsequent
Stille and Suzuki cross-coupling reactions.
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3 Results and Discussion

3.1 Active Ester Functionalized Azobenzenes as Versatile
Building Blocks

Aim:

NHS esters belong to the group of active esters which are highly susceptible to nucleophilic
attacks. In contrast to other active esters, they can be isolated and stored. As they react
selectively under mild conditions with primary amines, which are ubiquitous, NHS esters
have found usage in many applications, from biology to material science. Combining NHS
ester with photoswitches enables photoresponsiveness to the materials. Thus, a synthetic
methodology was established to obtain a broad range of NHS active ester functionalized
azobenzene based photoswitches starting from iodinated precursors. Subsequently, their
utilization in condensation reactions with primary amines was investigated in order to
show the further application potential. Especially, derivatives that can be switched using
visible light were of high interest.

Title of Publication:

"Active Ester Functionalized Azobenzenes as Versatile Building Blocks"
S. Schultzke,‡ M. Walther,‡ A. Staubitz, Molecules 2021, 26, 3916.
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Abstract:

Azobenzenes are important molecular switches that can still be difficult to functionalize
selectively. A high yielding Pd-catalyzed cross-coupling method under mild conditions for
the introduction of NHS esters to azobenzenes and diazocines has been established. Yields
were consistently high with very few exceptions. The NHS functionalized azobenzenes react
with primary amines quantitatively. These amines are ubiquitous in biological systems and
in material science.
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Abstract: Azobenzenes are important molecular switches that can still be difficult to functionalize
selectively. A high yielding Pd-catalyzed cross-coupling method under mild conditions for the intro-
duction of NHS esters to azobenzenes and diazocines has been established. Yields were consistently
high with very few exceptions. The NHS functionalized azobenzenes react with primary amines
quantitatively. These amines are ubiquitous in biological systems and in material science.
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1. Introduction

Photoswitchable molecules add photoresponsiveness to diverse materials such as poly-
mers [1–6], dendrimers [7,8] or biomolecules [9–23]. By precise adjustment of the synthetic
strategy the switch can be incorporated into the target material and its switching properties
can be utilized. However, in many cases, it is exactly this tailored functionalization of the
photoswitch that is the major challenge and the bottleneck in a successful project.

Due to its fast and efficient photoswitching characteristics, as well as its high fatigue-
resistance [24], azobenzene is widely used in versatile applications such as molecular ma-
chines [3,25–28], data storage materials [29–32], or photopharmacology [9–23]. Upon irra-
diation with UV-light, typical azobenzenes undergo isomerization from the thermodynam-
ically favored (E)-isomer to the less stable (Z)-isomer (Figure 1, left). The re-isomerization
can occur either by irradiation with light or by thermal relaxation [24,33]. The half-lives of
the latter strongly depend on the azobenzenes’ substitution pattern and are therefore tun-
able for the specific application [34]. The isomerization is accompanied by a change of sev-
eral physicochemical characteristics: the geometry [35,36], the end-to end-distance [35,36],
and the electronic properties [37] (e.g., absorption and dipole moment). The thermodynam-
ically favored (E)-form is planar [35] and without a dipole moment [37]. The (Z)-isomer on
the other hand has a bent geometry where the phenyl rings are twisted ~55◦ out of plane
to the azo group [36]. Moreover, the (Z)-isomer shows a dipole moment of 3.0 Debye [37].
The end-to-end distance of the (E)- and (Z)-isomer differs by ~3.5 Å [35,36]. In biological
systems, azobenzenes bind typically in an elongated confirmation; its biological activity
is controllable via the switching process [9]. The isomerization to the (Z)-isomer occurs
by irradiation with UV-light, which might harm cells and tissues [38–40]. Therefore, a
red-shifting of the absorption wavelength is desirable and in biological applications may
be even necessary [9]. In addition, a separation of the absorption spectra of both isomers
is important to avoid mixtures of isomers. Starting from 2009, ortho-substituted azoben-
zenes [41–50] and ethylene-bridged azobenzenes, the so-called diazocines [51,52], have
been discovered to be promising candidates to overcome the two limitations of a typical
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azobenzene. Depending on the substituents in ortho-position, not only the absorption
is shifted towards longer wavelength but also the thermal half-life may be drastically
extended due to steric and electronic interactions [48]. Diazocines are also a particularly
important class of azobenzenes, because the bent (Z)-isomer is thermodynamically favored
due to the ring strain of the eight-membered ring (Figure 1, right). The isomerization of di-
azocines is in both directions possible using visible light; the isomerization to the elongated
(E)-form occurs upon irradiation with light in the range of 400 nm, the re-isomerization to
(Z) with 530 nm [51].
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To incorporate such azobenzenes into a larger system, a suitable functional group
is necessary that reacts selectively with the specific target position of the material. N-
Hydroxysuccinimide (NHS) esters react selectively under mild conditions with primary
amines, which can be found for example in commercially available polymers but of course
also in all proteins and peptides as well as in nucleic acids. Due to the ubiquity of primary
amines, NHS esters are versatile building blocks for instance in peptide synthesis [53–55],
bioconjugate chemistry [56–60] as well as functionalized materials and polymers [61–71].
The use of NHS esters for the formation of amides has several advantages: NHS esters are
comparatively easy to prepare. They are the only active esters that can be isolated [72].
In comparison to the coupling reaction of a primary amine with a carboxylic acid using a
carbodiimide coupling agent such as N,N′-dicyclohexylcarbodiimide (DCC), NHS esters are
less toxic. They can be used under physiologic or slightly basic conditions [72]. Moreover,
the products of their transformations are easier to purify as water-soluble NHS is released
during the amide formation [53].

Traditionally, NHS esters are synthesized by a coupling reaction of the carboxylic acid
with NHS in the presence of a carbodiimide coupling agent [73,74], which is known to have
an allergenic potential and to form urea as byproduct. Thus, the product purification might
be challenging [72]. The carboxylic acid can also be activated by using anhydrides and their
analogues for example N,N′-disuccinimidyl carbonate (DSC) [75]. More recently, coupling
reactions of alcohols [76] and aldehydes [77] with NHS under oxidizing conditions have been
investigated. Carbonylative cross-coupling reactions represents another synthetic strategy
towards NHS esters [78,79]. Until recently, a carbon monoxide atmosphere was needed for
this type of reaction prohibiting a safe and easy-to-handle implementation of the reaction.
By using NHS formate as CO surrogate this drawback could be avoided and an efficient
protocol on Pd-catalyzed carbonylation reactions under mild conditions developed [78].

3.1 Active Ester Functionalized Azobenzenes as Versatile Building Blocks

40
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The synthesis of NHS functionalized azobenzenes has been, so far, mainly performed
via the traditional coupling approach of the corresponding carboxylic acid with NHS and
a carbodiimide coupling agent [80–84] (Scheme 1a). Unsymmetric azobenzenes with a
carboxylic acid moiety can be obtained via Mills reaction [85,86] or azo coupling [68,81–84],
symmetric ones via a reductive coupling of nitrobenzoic acid [70,84,87–89]. Only a few
examples exist with the NHS ester in meta-position and even fewer are reported for the ortho-
position [80]. However, NHS functionalized azobenzenes with other ortho-substituents
that shift the absorption wavelength in the region of visible light have not been reported
so far. In case of the diazocines, their incorporation into materials is often performed
via peptide coupling of an amine functionalized diazocine [90–92]. Only one example
of a diazocine with an NHS ester in meta-position to the azo group has been reported
(Scheme 1b) [93]. Here, the final diazocine was obtained in an overall yield of 3% after
five steps. The carbonyl function was connected to the phenyl rings of the diazocine
with a methylene bridge allowing more rotational degrees of freedom compared to a
direct linkage [93].
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We could recently show that cross-coupling reactions are a versatile tool for late-stage
functionalization of para-substituted azobenzene derivatives [94]. For diazocines, only few
examples on cross-coupling reactions with differing yields have been reported, mainly
Buchwald-Hartwig cross-coupling [95] or Stille reactions [11,96].

We report an efficient Pd-catalyzed carbonylation protocol, based on previously work
of Barré et al. [78], to transform iodinated azobenzenes into the corresponding active NHS
ester under mild conditions with NHS formate as CO surrogate. The iodinated precursors
are easily accessible and a high tolerance of functional groups was achieved, including other
halogen substituents. The usefulness of the obtained NHS functionalized azobenzenes was
demonstrated in two examples by coupling the NHS esters with an amino acid.

2. Results

The combination of palladium acetate as catalyst and Xantphos as ligand was demon-
strated to be a high yielding synthetic method in the literature for Pd-catalyzed carbony-
lation reactions [78,79]. Therefore, we started our investigation with this catalytic system
for the functionalization of mono-iodinated azobenzenes 1 (Scheme 2). Although other
possible ligands were screened, the combination of palladium acetate with Xantphos was
shown to be the best condition for the catalytic carbonylation of iodinated azobenzenes. In
this way, mono-iodinated azobenzenes, at first without further substituents were reacted
with NHS formate (2). 1H NMR analysis with an internal reference revealed a quantitative
conversion to the desired para- 3a and meta-derivative 3b. Unfortunately, no conversion
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to the ortho-functionalized azobenzene 3c was detected; and the starting material was
completely recovered. It is very common that the functionalization of azobenzenes by
cross-coupling is low yielding or entirely unsuccessful. It also aligns with our own findings
that cross-coupling reactions at ortho-position of azobenzenes are rarely possible [94]. Next,
azobenzene derivatives with further substitutions were tested (3d–3n). A wide range
of functional groups was tolerated: Starting with a hydroxy group in para-position, 3d
was obtained in an isolated yield of 95%. Also, an amine function on the azobenzene
did not cause problems even though it might have been possible that the formed NHS
ester directly reacts with this aromatic primary amine; 3e could be isolated in 92%. The
acetamide functionalized azobenzene 3f was isolated in a yield of 86%. However, the
conversion was determined by 1H NMR analysis to be over 95%. Moreover, azobenzene
derivatives containing an electron withdrawing group, such as 4-nitro-4′-iodoazobenzene
(1g), were converted to the corresponding NHS ester in quantitative yield. Even the
vinylated species 1h was successfully transformed to 3h and isolated in a yield of 60%.
Moreover, the functionalization of three additional azobenzene derivatives proofs the
versatility of the demonstrated reaction: In particular, an azobenzene with both an ether
and a primary hydroxyl group (3i, 79%), an alkoxylated tetra-ortho-azobenzene (3j, 94%)
and a unique sterically hindered azobenzene with a naphthalene motif (3k, 74%) were all
successfully synthesized.

The coupling reaction proceeded chemo-selectively in excellent yields when azoben-
zene derivatives were used that had both, an iodine and a bromine substituent. Thus,
the obtained NHS functionalized azobenzene derivatives 3l–n enable potential further
functionalization reactions by cross-coupling strategies.

Considering the latest research trends to use azobenzene derivatives that can be
switched with visible light and to incorporate these into different types of applications,
we were interested to transfer our results for mono-iodinated azobenzenes to di-iodinated
azobenzenes (Scheme 3). This posed no problems for 5a and 5b (Scheme 3), which were
synthesized in excellent yields. The synthesis of 5a was additionally performed on a
2.00 mmol scale leading to a comparable yield as the 100 µmol batch (96%). Here, the
reaction setup was slightly modified: A pressure tube was used as a reaction vessel which
was closed quickly after the addition of triethylamine. However, difficulties occurred for
5c and 5d. For 5c, we initially observed that the reaction was incomplete. A mixture of
mono-substituted NHS ester-azobenzene and di-substituted NHS ester-azobenzene was
detected. We hypothesized that the solubility of the iodinated azobenzene 4c might be
too low. Therefore, we changed the solvent to the more polar DMF, as this solvent was
reported to lead to comparable yields as THF [78]. However, DMF is slightly basic [97]
and thus initializes the decomposition of the NHS formate (2). Traces of dimethylamine,
a common impurity in DMF [98], can enhance this decomposition. The concomitant
release of carbon dioxide increased the pressure inside the vial so much that a subsequent
addition of triethyl amine via syringe was difficult. Without the additional base, however,
the decomposition of 2 was not sufficient for a full conversion. Changing the solvent to
DMSO instead, resolved this problem. The conversion of 4c increased drastically for the
tetra-ortho-methoxylated-azobenzene; 5c was synthesized in a yield of 91%.

Unfortunately, the tetra-ortho-fluorinated azobenzene 4d was only converted in traces
to 5d as detected by 1H NMR analysis. Even the change to a more polar solvent did
not increase the yield. Instead, there were so many reaction products that they could
not be further analyzed. In these rare cases, in which the cross-coupling approach fails,
alternative strategies need to be developed. In this instance, we were able to synthesize the
fluorinated target molecule 5d by the coupling of the carboxylic acid 6 with NHS (7) using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCl) and 4-dimethylaminopyridine
(DMAP) as coupling agent (Scheme 4). The yield could not be improved by using other
coupling agents such as DCC, HATU, HSPyU, 1,1′-carbonyldiimidazol (CDI) or 2,4,6-
trichlorobenzoic acid (TCBC).
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Scheme 4. Alternative synthetic route to obtain the NHS functionalized tetra-ortho-fluorinated azobenzene.

In contrast to typical azobenzenes, the (Z)-isomer is thermodynamically favored in
diazocines making them a desirable molecule for applications. Moreover, the switching
is possible with visible light. Diazocines bearing a carboxyl group are demanding to
synthesize with moderate overall yields [99,100]. As iodinated diazocines can be easily
obtained [95], we were interested to transfer our method to diazocines. Analogously to the
difficulties for di-iodinated azobenzenes, the use of THF as solvent led only to a partial
conversion; in case of the di-iodinated diazocine, a mixture of mono- and di-functionalized
derivatives was obtained. Again, these problems were resolved by using DMSO as solvent
and diazocines 6a and 6b were obtained in near-quantitative yields (Scheme 5).

To demonstrate the usefulness of the obtained NHS ester derivatives for reactions with
a primary amine, azobenzene 2a and diazocine 8b were reacted with L-alanine tert-butyl
ester hydrochloride under slightly basic conditions yielding the corresponding amino acid
derivatives 9a and 9b in excellent to quantitative yield (Scheme 6).
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3. Discussion

This robust and high-yielding protocol enables new possibilities for the molecular
design of azobenzene and diazocines derivatives. A large scope of 14 mono-functionalized
and 5 di-functionalized azobenzenes and diazocines were prepared in high to excellent
yields. Iodinated azobenzenes are fairly easy to synthesize and a vast number of proto-
cols are available. In contrast to this, the traditional synthetic route requires a carboxyl
group on the azobenzene for the esterification to yield the NHS functionality. This is a
severe synthetic limitation. Indeed, the carboxylated analogous of 3g, 3k–l have not been
reported, but the corresponding NHS derivatives can now be synthesized via our synthetic
approach. These advantages are even more important considering that the solubility of
di-carboxylated azobenzenes in organic solvents is low. Furthermore, the synthesis of more
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complex azobenzenes with a carboxyl-functionality requires many synthetical steps or are
unknown until today. The practicality of the approach was shown by the condensation of
two di-functionalized NHS esters with a protected amino acid.

4. Materials and Methods
4.1. General Information

For reactions under inert conditions, a nitrogen filled glovebox (Pure LabHE from
Inert, Amesbury, MA USA) and standard Schlenk techniques were used (Supplementary
Materials). All carbonylation reactions were performed in microwave reaction vials sealed
with a septum cap from Biotage (Biotage, Uppsala, Sweden). All glassware was dried in
an oven at 200 ◦C for several hours prior to use. NMR tubes were dried in an oven at
110 ◦C for several hours prior to use. NMR spectra were recorded on a Bruker Avance
Neo 600 (Bruker BioSpin, Rheinstetten, Germany) (600 MHz (1H), 151 MHz (13C{1H}), 565
MHz (19F) at 298 K. All 1H NMR and 13C{1H} NMR spectra were referenced to the residual
proton signals of the solvent (1H) or the solvent itself (13C{1H}). 19F NMR spectra were
referenced internally against trichlorofluoromethane. The exact assignment of the peaks
was performed by two-dimensional NMR spectroscopy such as 1H COSY, 13C{1H} HSQC
and 1H/13C{1H} HMBC when possible. High-resolution EI mass spectra were recorded
on a MAT 95XL double-focusing mass spectrometer from Finnigan MAT (Thermo Fisher
Scientific, Waltham, MA, USA) at an ionization energy of 70 eV. Samples were measured
by a direct or indirect inlet method with a source temperature of 200 ◦C. High-resolution
ESI and APCI mass spectra were measured by a direct inlet method on an Impact II mass
spectrometer from Bruker Daltonics (Bruker Daltonics, Bremen, Germany). ESI mass
spectra were recorded in the positive ion collection mode.

IR spectra were recorded on a Nicolet i510 FT-IR spectrometer from Thermo Fisher
Scientific (Thermo Fisher Scientific, Waltham, MA, USA) with a diamond window in an
area from 500–4000 cm−1 with a resolution of 4 cm−1. All samples were measured 16 times
against a background scan. Melting points were recorded on a Büchi Melting Point M-560
(Büchi, Essen, Germany) and are reported corrected. Thin layer chromatography (TLC)
was performed using TLC Silica gel 60 F254 from Merck (Merck, Darmstadt, Germany) and
compounds were visualized by exposure to UV light at a wavelength of 254 nm. Column
chromatography was performed either manually using silica gel 60 (0.015–0.040 mm)
from Merck (Merck, Darmstadt, Germany) or by using a PuriFlash 4250 column machine
(Interchim, Mannheim, Germany). Silica gel columns of the type CHROMABOND Flash
RS 15 SPHERE SiOH 15 µm (Macherey-Nagel, Düren, Germany) were used. The sample
was applied via dry load with Celite® 503 (Macherey-Nagel, Düren, Germany) as column
material. If stated, Celite® 503 (Macherey-Nagel, Düren, Germany) was used as filtration
aid. The use of abbreviations follows the conventions from the ACS Style guide [101].

4.2. General Procedures
4.2.1. General Procedure 1 Carbonylation

(a) Mono-iodinated molecular switch
Under inert conditions, the corresponding mono-iodinated molecular switch (200 µmol,

2.00 equiv), Pd(OAc)2 (1.35 mg, 6.00 µmol, 3 mol%), Xantphos (2.89 mg, 5.00 µmol,
2.5 mol%) and 2,5-dioxopyrrolidin-1-yl formate (57.2 mg, 400 µmol, 4.00 equiv) were dis-
solved in dry THF (3 mL) in a pressure reaction vial. A solution of 1,3,5-trimethoxybenzene
(16.8 mg, 100 µmol) as an internal standard in dry THF (1 mL) was added. The vial was
sealed and heated to 60 ◦C. A solution of triethyl amine (22.2 mg, 220 µmol, 2.20 equiv) in
dry THF (1 mL) was quickly added. Fast gas evolution was observed and the reaction was
stirred for 17 h at 60 ◦C. After cooling to 21 ◦C, the solvent was removed under reduced
pressure. The residue was re-dissolved in DCM (10 mL), filtered through Celite® and the
solvent removed under reduced pressure.

(b) Di-iodinated molecular switch
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Under inert conditions, the corresponding di-iodinated molecular switch (100 µmol,
1.00 equiv), Pd(OAc)2 (1.35 mg, 6.00 µmol, 6 mol%), Xantphos (2.89 mg, 5.00 µmol, 5 mol%)
and 2,5-dioxopyrrolidin-1-yl formate (57.2 mg, 400 µmol, 4.00 equiv) were dissolved in dry
THF (3 mL) in a pressure reaction vial. A solution of 1,3,5-trimethoxybenzene (16.8 mg,
100 µmol) as an internal standard in dry THF (1 mL) was added. The vial was sealed and
heated to 60 ◦C. A solution of triethyl amine (22.2 mg, 220 µmol, 2.20 equiv) in dry THF
(1 mL) was quickly added. Fast gas evolution was observed and the reaction was stirred
for 17 h at 60 ◦C. After cooling to 21 ◦C, the solvent was removed under reduced pressure.
The residue was re-dissolved in DCM (10 mL), filtered through Celite® and the solvent
removed under reduced pressure.

4.2.2. General Procedure 2 Carbonylation

(a) Mono-iodinated molecular switch
Under inert conditions, the corresponding mono-iodinated switch (200 µmol,

2.00 equiv), Pd(OAc)2 (1.35 mg, 6.00 µmol, 3 mol%), Xantphos (2.89 mg, 5.00 µmol,
2.5 mol%) and 2,5-dioxopyrrolidin-1-yl formate (57.2 mg, 400 µmol, 4.00 equiv) were
dissolved in dry THF (4 mL) in a pressure reaction vial. The vial was sealed and heated
to 60 ◦C. A solution of triethyl amine (22.2 mg, 220 µmol, 2.20 equiv) in dry THF (1 mL)
was quickly added. Fast gas evolution was observed and the reaction was stirred for 17 h
at 60 ◦C. After cooling to 21 ◦C, the solvent was removed under reduced pressure. The
residue was re-dissolved in DCM (10 mL) and extracted with water (20 mL) and brine
(20 mL). The combined organic layers were dried over magnesium sulfate, filtered and the
solvent removed under reduced pressure.

(b) Di-iodinated molecular switch
Under inert conditions, the corresponding di-iodinated switch (100 µmol, 1.00 equiv),

Pd(OAc)2 (1.35 mg, 6.00 µmol, 6 mol%), Xantphos (2.89 mg, 5.00 µmol, 5 mol%) and 2,5-
dioxopyrrolidin-1-yl formate (57.2 mg, 400 µmol, 4.00 equiv) were dissolved in dry THF
(4 mL) in a pressure reaction vial. The vial was sealed and heated to 60 ◦C. A solution of
triethyl amine (22.2 mg, 220 µmol, 2.20 equiv) in dry THF (1 mL) was quickly added. Fast
gas evolution was observed and the reaction was stirred for 17 h at 60 ◦C. After cooling
to 21 ◦C, the solvent was removed under reduced pressure. The residue was re-dissolved
in DCM (10 mL) and extracted with water (20 mL) and brine (20 mL). The combined
organic layers were dried over magnesium sulfate, filtered and the solvent removed under
reduced pressure.

4.2.3. General Procedure Condensation Reaction

Triethyl amine (2.20 equiv) was added to a solution of L-alanine tert-butyl ester
hydrochloride (2.20 equiv) in dry DMF. A solution of the corresponding di-NHS function-
alized molecular switch (1.00 equiv) in dry DMF was added and the resulting mixture was
stirred at 21 ◦C for 16 h. Water and ethyl acetate were added, and the mixture was washed
with brine (3×). The combined organic phases were dried over magnesium sulfate, filtered
and the solvent removed under reduced pressure yielding the product.

Supplementary Materials: The following are available online: general information, a list of all
reagents and solvents, experimental procedures and analytical data, determination of 1H NMR yield,
images of all NMR spectra.
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3.2 ortho-Functionalization of Azobenzenes via Hypervalent
Iodine Reagents

Aim:

Cross-coupling reactions are a powerful tool for late-stage functionalization of azobenzenes
in meta- and para-position. Although ortho-halogenated and -metalated azobenzenes are
accessible, there is a lack of literature on cross-coupling methods for this specific position.
As an alternative, C-H activations are used which also require a transition metal catalyst
and often the diazenyl group is not retained. Currently, ortho-substituted azobenzenes are
much sought after photoswitches to reach absorption in the visible range of light or thermally
stable (Z )-isomers. Hypervalent iodine(III) compounds are known to be efficient reagents
in transition metal free syntheses under mild conditions. Particularly, diaryliodonium salts
have shown great potential as electrophilic arylating reagents with various carbon and
heteroatom nucleophiles. The combination of azobenzenes with iodine(III) chemistry was
envisioned to address the challenges associated with the synthesis of ortho-functionalized
azobenzenes.

Title of Publication:

"ortho-Functionalization of azobenzenes via hypervalent iodine reagents"
E. M. Di Tommaso, M. Walther, A. Staubitz, B. Olofsson, Chem. Commun. 2023, 59,
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3 Results and Discussion

Abstract:

ortho-Functionalized azobenzenes are much sought after molecular switches, as they may
be turned to absorb in the visible range of light and the (Z)-isomers can have high
thermal half-lives. To enable straightforward access to these targets, we have developed a
synthetic route via novel ortho-substituted azobenzene-functionalized diaryliodonium salts.
Selective transfer of the azobenzene moiety to O-, N-, C- and S-nucleophiles under mild,
transition metal-free conditions gives access to an unprecedented range of ortho-substituted
azobenzenes. The photoswitching properties of the reagents were investigated and the
structure was determined by X-ray crystallography.
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and structure refinement. I analyzed the crystal structure. E. M. Di Tommaso developed
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compounds) and performed the arylation reactions using the hypervalent azobenzene (15
compounds). E. M. Di Tommaso and I wrote the Supporting Information for our respective
experimental contributions. The manuscript was written and edited by all authors. I was
mainly responsible for the part about azobenzenes in the introduction, the discussion about
the crystal structure and the photoswitchable properties. A. Staubitz and B. Olofsson were
the principal investigators in this project.
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ortho-Functionalized azobenzenes are much sought after molecu-

lar switches, as they may be tuned to absorb in the visible range of

light and the (Z)-isomers can have high thermal half-lives. To enable

straightforward access to these targets, we have developed a syn-

thetic route via novel ortho-substituted azobenzene-functionalized

diaryliodonium salts. Selective transfer of the azobenzene moiety to

O-, N-, C- and S-nucleophiles under mild, transition metal-free

conditions gives access to an unprecedented range of ortho-

substituted azobenzenes. The photoswitching properties of the

reagents were investigated and the structure was determined by

X-ray crystallography.

Azobenzenes are important molecular switches that can be
photochemically switched between the thermodynamically
stable (E)-isomer and the metastable (Z)-isomer.1 Exceptions
exist, in which the stabilities are reversed.2 They show a high
thermal3 and photochemical stability,1 and the switching
mechanisms are well understood.4 Using targeted syntheses,
it is often possible to obtain certain properties. Hence, there is
an increasing number of applications, e.g. in switchable poly-
mers with diverse purposes,5 biomedical applications,6 or as
solar thermal fuels.7 For each task, the azobenzene has to be
finely adjusted due to two main issues.8 The thermal stability of
the less stable isomer can cause an unavoidable background
isomerization9 and the overlap of the isomers’ absorption
spectra results in photostationary states (PSSs) of low selectivity
for either isomer at a particular wavelength.10

Current research focuses on ortho-substituted azobenzenes
to reach thermally stable (Z)-isomers or an absorption in the

visible range of light.11 Switching occurs with wavelengths as long
as 720 nm,12 and highly selective PSS (tetra-ortho-fluorinated
azobenzene: PSS(Z) 91%/PSS(E) 86%).10 However, there are few
synthetic methods available for their synthesis (Scheme 1a).3,13

They can be prepared from appropriately substituted anilines11a,14

and further functionalized via nucleophilic substitution,15 or
through transition metal-catalyzed C–H activation.16 While azo-
benzenes decorated with carbon,17 oxygen,17a,18 nitrogen19 and
halide16,19b substituents in the ortho-position have been synthe-
sized, synthetic drawbacks include the need for transition metal
catalysts, long reaction times at elevated temperatures and scope
limitations. Surprisingly, the literature is void of cross-coupling
methods in the ortho-position, irrespective of whether the azo-
benzene moiety serves as an organometallic nucleophilic compo-
nent or as an electrophilic halogenated cross-coupling partner,13

despite access to ortho-metalated azobenzenes.20

Hypervalent iodine(III) compounds are efficient reagents for
a wide range of transformations under mild reaction
conditions.21 Diaryliodonium salts have been recognized as
highly reactive electrophilic arylating reagents with a variety

Scheme 1 Synthesis of ortho-substituted azobenzenes. (a) State of the
art. (b) This work.
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of carbon and heteroatom nucleophiles under both metal-free
and metal-catalyzed conditions.22 Furthermore, they are rela-
tively non-toxic, bench-stable and easily synthesized through
one-pot reactions of iodoarenes and arenes or arylboronic
acids.23

We envisioned that the combination of azobenzenes with
iodine(III) chemistry could overcome the limitations in the
synthesis of ortho-functionalized azobenzenes. Herein, we
showcase the successful synthesis and applications of ortho-
azobenzene diaryliodonium salts in metal-free arylations to
access hitherto unobtainable products (Scheme 1b).

The study commenced by investigating suitable conditions
for the synthesis of diaryliodonium salts 3 from the corres-
ponding ortho-iodoazobenzenes 1.24 Our standard one-pot con-
ditions withmCPBA and triflic or tosic acid and a suitable arene
failed,23b,d as did one-pot reactions of 1 with arylboronic
acids.23c To our delight, a sequential one-pot reaction25 with
oxidation of iodoarene 1 using mCPBA and tosic acid at 40 1C,
followed by the addition of arene 2 at room temperature was
successful for the synthesis of the novel iodonium salts 3
(Scheme 2). In this way, the otherwise unsubstituted ortho-
azobenzene iodonium salt 3a was obtained in 84% isolated
yield from 1a. A stepwise synthesis of 3a with isolation of the
corresponding [hydroxy(tosyloxy)iodo]arene before treatment
with anisole gave 3a in 78% overall yield.24 Anion exchange to
the corresponding triflate salt 3a0 could be performed by in situ
treatment with triflic acid or workup with NaOTf.24,25b

The scope investigations were focused on the synthesis of
unsymmetric diaryliodonium salts (Ar1Ar2IX) to avoid wasting a
precious azobenzene moiety in subsequent arylations. The anisyl
moiety is often an efficient ‘‘dummy group’’ in chemoselective
arylations with Ar1Ar2IX under metal-free conditions.26 Anisole

was hence utilized as the standard arene in reactions with
substituted ortho-iodoazobenzenes 1b–d to provide iodonium
salts 3a–d in good to high yields. Substituents were well tolerated
on the para-azo aryl moiety, with bromo-substituted salt 3b well
positioned for further late-stage functionalizations. Further sub-
stituents on the iodo-substituted aryl group were also tolerated,
as shown by methyl-substituted product 3d. Mesitylene and
trimethoxybenzene could be utilized to provide iodonium salts
3e and 3f bearing a mesityl or trimethoxyphenyl (TMP) dummy
group, which are reported to give chemoselective arylations with
certain nucleophiles.26 Bis(diaryliodonium) salt 3g was obtained
in good yield through difunctionalization of the corresponding
diiodo-azobenzene 1e.

It was possible to grow single crystals of the (E)-isomer of
salt 3a, suitable for X-ray diffraction analysis (Fig. 1, CCDC
number: 2215795). Diaryliodonium salts generally have the
typical T-shape of iodine(III) compounds, where one aryl group
and the counterion reside in the hypervalent bond.21 Interest-
ingly, the X-ray structure of 3a displays an N–I-aryl hypervalent
bond with an N–I interaction of 2.616 Å, whereas the tosylate
anion coordinates perpendicular to the hypervalent bond (bond
angles: C(13)–I(1)–O(3) 81.84(10)1; O(3)–I(1)–C(1) 90.45(9)1).
While azo-coordination to iodine(III) is unknown, Nachtsheim
and coworkers have recently reported on related N–I interac-
tions in iodine(III) reagents.27 Preliminary calculations indicate
that the pseudocyclic structure is favored for the (E)-isomer,
whereas the (Z)-isomer lacks the N–I stabilizing interaction and
the expected I–OTs coordination is favored.24

The influence of the hypervalent iodine moiety on the
photoswitching behavior of the azobenzene was examined by
1H NMR and UV/vis spectroscopy in CDCl3/CHCl3, comparing
iodonium salt 3a and the parent azobenzene 1a. Under ambient
conditions, both molecules existed exclusively as the (E)-
isomer. Upon irradiation with UV light (340 nm), both mole-
cules switched to the corresponding (Z)-isomer ((E)/(Z) ratio: 32/
68 (1a), 29/71 (3a)). Re-isomerization occurred upon irradiation

Scheme 2 Scope of ortho-azobenzene(aryl)iodonium salts 3 (isolated
yields after precipitation). [a] After workup with NaOTf. [b] TFE as the only
solvent. [c] TsOH�H2O (2.2 equiv.), mCPBA (2.0 equiv.) and anisole (2.0
equiv.).

Fig. 1 X-ray crystal structure of the (E)-isomer of 3a with selected bond
lengths. Selected angles: C(13)–I(1)–O(3) 81.84(10)1; O(3)–I(1)–C(1)
90.45(9)1; N(1)–I(1)–O(3) 107.471; C(1)–I(1)–N(1) 69.2(1)1; C(13)–I(1)–C(1)
94.56(12)1; N(1)–I(1)–C(13) 8.54(5).
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with visible light (450 nm) ((E)/(Z) ratio: 90/10 (1a), 72/28 (3a)).
A complete conversion to the (E)-isomer could not be achieved
photochemically but no significant photodegradation was
detected for 1a and 3a upon repeated switching. The incorpora-
tion of the hypervalent moiety had almost no influence on the
absorption maxima of the azobenzene switch: (p–p*: 325 nm
(1a), 338 nm (3a); n–p*: 434 nm (1a), 436 nm (3a)). However, the
thermal half-life was significantly decreased (t1/2 : 124.6 h (1a),
5.83 h (3a)). This can be attributed to the strong electron
acceptor character of the iodine(III) moiety, and the N–I stabiliz-
ing interaction in the (E)-isomer of 3a.

To demonstrate the utility of the novel reagents, well-
established methods for transition metal-free arylation of var-
ious nucleophiles with diaryliodonium salt 3a were utilized
to provide a range of ortho-substituted azobenzene products. The
transformations proceeded with complete chemoselectivity and
retained (E)-configuration (Scheme 3). O-Arylation of phenol and
carboxylic acids28 delivered the azobenzene-functionalized diaryl
ether 4 and aryl esters 5 and 6 in good yields. The aryl ester 6 could
be hydrolyzed under mild conditions into 2-hydroxyazobenzene 7
in 81% yield, which has excellent features as a structural motif in
pharmaceutical and materials science.18b The synthesis of product
7 was also feasible through the hydroxylation of 3a with hydrogen
peroxide29 in a moderate yield. As Pd-catalyzed ortho-acyloxylation
and hydroxylation of azobenzenes is reported,17a,18 we were eager to
evaluate the reactivity of 3a with other types of nucleophiles.

To our delight, S-arylation with a mercaptothiazole30 delivered
the novel, heterocyclic azobenzene product 8 in excellent yield
(93%). The arylation of thioamide31 to thioimidates 9 was more
difficult. Even the C-arylation of a substituted nitroester32 could be
performed to provide the sterically congested product 10. Methods
for N-arylation were next explored, and the arylation of a primary
amine33 proved to be challenging. The novel, amino-substituted
product 11 was obtained in 22% yield due to partial decomposition
of 3a under the reaction conditions. On the other hand, the
arylation of acetanilide34 proceeded smoothly to give the tertiary
amide 12 in 79% yield. Furthermore, arylation of sodium nitrite35

delivered ortho-nitro azobenzene (13) in 63% yield.

The O-arylation methodology28 was subsequently employed
to achieve more advanced ortho-functionalized azobenzene
products that should be relevant in supramolecular chemistry,
materials science14,36 and biological chemistry37 (Scheme 4).
The reaction of bis(diaryl)iodonium salt 3g with phenol gave
the ortho-diphenoxylated azobenzene 14 and the steroid
estrone was arylated with reagent 3a to diaryl ether 15 in 60%
yield. Moreover, the O-arylation of protected ribose38 delivered
the arylated derivative 16. Arylation of acetyl-protected cholic
acid produced ester 17 in moderate yield, as the basic condi-
tions caused partial hydrolysis of the acetate groups, with

Scheme 3 Metal-free arylations of C, N, O and S-nucleophiles with reagent 3a.

Scheme 4 O-Arylations to provide complex ortho-substituted azoben-
zenes. Conditions: 3 (1.0 equiv.), nucleophile and tBuOK (1.2-2.1 equiv.), in
toluene.
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competing arylation to give byproduct 6 in 20% yield.24 Finally,
the O-arylation of oleic acid produced the functionalized ester
18. It should be noted that 8–11 and 15–18 are novel ortho-
azobenzenes, illustrating the utility of the method to quickly
reach a variety of targets. In comparison with literature meth-
ods to reach the known products 4–7 and 12–14, our method
often has milder conditions and shorter reaction times.24

In conclusion, the synthesis of ortho-azobenzene-derived
diaryliodonium salts was achieved in high yields. The novel
iodonium reagents were demonstrated as chemoselective aryla-
tion reagents with a range of C, N, O and S-nucleophiles under
mild and metal-free conditions. The X-ray crystal structure
revealed that the nitrogen is involved in hypervalent bonding
with the iodine(III) center. The photoswitching properties of the
azobenzene were retained in the hypervalent azobenzene deri-
vatives but the incorporation of the hypervalent iodine bond
influenced the position of the absorption maxima and drasti-
cally reduced the half-life time.
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F. Renth and F. Temps, J. Am. Chem. Soc., 2009, 131, 15594–15595.
3 E. Merino, Chem. Soc. Rev., 2011, 40, 3835–3853.
4 T. Kumpulainen, B. Lang, A. Rosspeintner and E. Vauthey, Chem.

Rev., 2017, 117, 10826–10939.
5 (a) K. M. Herbert, H. E. Fowler, J. M. McCracken, K. R. Schlafmann,

J. A. Koch and T. J. White, Nat. Rev. Mater., 2022, 7, 23–38;
(b) A. Natansohn and P. Rochon, Chem. Rev., 2002, 102, 4139–4175;
(c) T. Ikeda and O. Tsutsumi, Science, 1995, 268, 1873–1875.

6 (a) N. Yasuike, K. M. Blacklock, H. Lu, A. S. I. Jaikaran, S. McDonald,
M. Uppalapati, S. D. Khare and G. A. Woolley, ChemPhotoChem,
2019, 3, 431–440; (b) A. C. Impastato, A. Shemet, N. A. Veprek,
G. Saper, H. Hess, L. Rao, A. Gennerich and D. Trauner, Angew.
Chem., Int. Ed., 2022, 61, e202115846.

7 (a) A. Kunz, A. H. Heindl, A. Dreos, Z. Wang, K. Moth-Poulsen,
J. Becker and H. A. Wegner, ChemPlusChem, 2019, 84, 1145–1148;
(b) Z. Wang, P. Erhart, T. Li, Z.-Y. Zhang, D. Sampedro, Z. Hu,
H. A. Wegner, O. Brummel, J. Libuda, M. B. Nielsen and K. Moth-
Poulsen, Joule, 2021, 5, 3116–3136.

8 L. N. Lameijer, S. Budzak, N. A. Simeth, M. J. Hansen, B. L. Feringa,
D. Jacquemin and W. Szymanski, Angew. Chem., Int. Ed., 2020, 59,
21663–21670.

9 H. A. Wegner, Angew. Chem., Int. Ed., 2012, 51, 4787–4788.
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3.3 Stille vs. Suzuki - Cross-Coupling for the Functionalization of Diazocines

3.3 Stille vs. Suzuki - Cross-Coupling for the
Functionalization of Diazocines

Aim:

Until recently (see Section 1.5), cross-coupling reactions of diazocines were hardly investi-
gated and the few reported examples suffered from low yields and no general approach. As
the possibilities for the synthesis of diazocines have significantly improved, cross-coupling
reactions as a tool for late-stage functionalization of diazocines gained more interest,
mostly with the diazocine as the formally electrophilic component. Here, a more holistic
cross-coupling approach was developed with the diazocine being the formally nucleophilic
component. Via the following coupling with organic bromides, the access to functionalized
diazocines was expanded.

Title of Publication:

"Stille vs. Suzuki – Cross-Coupling for the Functionalization of Diazocines"
M. Walther,‡ W. Kipke,‡ R. Renken, A. Staubitz, RSC Adv. 2023, 13, 15805–15809.
DOI: 10.1039/D3RA02988C.
‡ These authors contributed equally.

This article was published open access distributed under the terms of the Creative
Commons CC BY license, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited (https://creativecommons.org/

licenses/by/4.0/). The manuscript and the supporting information including detailed
experimental procedures, characterization data and copies of NMR spectra are available
free of charge on the journal’s website.

Abstract:

Diazocines are fairly new molecular switches and only few examples of cross-coupling
reactions have been reported. In this work, we systematically compare the Stille cross-
coupling of 2,9-bis-stannylated diazocines and Suzuki cross-coupling of 2,9-bis-borylated
diazocines with organic bromides. It was found that a catalyst system of Pd(OAc)2/XPhos
was most suitable for a wide variety of coupling partners for both cross-coupling types
yielding 47 - 94% (Stille cross-coupling) and 0 - 95% (Suzuki cross-coupling), respectively.
Furthermore, three coupling reactions were performed exemplary on 3,8-bis-stannylated
(71 - 84%) and 3,8-bis-borylated (77 - 83%) diazocines giving similarly good results. In
general, the Stille cross-coupling produced better results in terms of isolated yield.
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Stille vs. Suzuki – cross-coupling for the
functionalization of diazocines†

Melanie Walther, ‡ab Waldemar Kipke, ‡ab Raul Renkena and Anne Staubitz *ab

Diazocines are azobenzene derived macrocyclic photoswitches with well resolved photostationary

states for the (E)- and (Z)-isomers, which improves their addressability by light. In this work, effective

procedures for the stannylation and borylation of diazocines in different positions are reported. Their

use in Stille cross-coupling and Suzuki cross-coupling reactions with organic bromides is

demonstrated in yields of 47–94% (Stille cross-coupling) and 0–95% (Suzuki cross-coupling),

respectively.

Introduction

In the last few years, ethylene-bridged azobenzenes, diazo-
cines, have garnered interest because of their photochemical
properties.1 The bent (Z)-isomer is the thermodynamically
favoured state, which can be switched to the stretched (E)-
conguration using violet light (400 nm). The re-isomerization
takes place upon irradiation with green light (520 nm) or
thermally. The n–p* absorption maxima of both isomers are
well separated, which improves their specic addressability by
light.1a Thus, diazocines are promising candidates for a wide
range of applications, e.g. molecular imaging,2 optical data
storage2b,3 and photodynamic therapy.4 They also have been
incorporated into functional polymers.2a,c,3,5 However, the
synthesis of functionalized diazocines is more demanding
than of similarly substituted azobenzenes.6 Since the
discovery of photoswitchable properties of diazocine in
2009,1a the main focus has been on the development of effi-
cient synthetic routes to obtain diazocines with various
functional groups.6 Several strategies with a broad substrate
scope have been published, e.g. reduction of dinitro
compounds,7 oxidation of dianiline derivatives4a,8 or a cross-
coupling strategy.9 With those in hand, the number of acces-
sible diazocines was greatly enhanced: precursors with more
complex substitution patterns were used and unsymmetrical
diazocines could be obtained.4b,10

However, one common tool in organic chemistry for late-
stage functionalization, namely cross-coupling reactions, has
only been used sporadically, with diazocine as the formally

electrophilic component.4a,8a,11 and one single example with
a stannylated diazocine.12 In those examples, the cross-coupling
reactions were not further investigated (Scheme 1a). We were
interested in a more general cross-coupling protocol that
tolerates a broad variety of functional groups, and which
proceeds via easily accessible and storable diazocine precur-
sors. They necessitated a high yielding synthesis of stannylated
and borylated diazocines, which serve as new synthetic reagents
in efficient protocols for Stille and Suzuki cross-coupling reac-
tions. As with azobenzenes,13 it is much rarer to be able to
prepare the photoswitch as the formally nucleophilic reagent,
because of the risk of reduction of the N]N double bond,14 e.g.
reductions of the azo group with bis(pinacolato)diboron have
been reported.15. However, if organic bromides can be used as
coupling partners, the range of accessible products is much
broadened (Scheme 1b).

Scheme 1 Cross-coupling reaction of diazocines.
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Results and discussion

The iodinated diazocines 1 and 2 were synthesized according to
optimized literature procedures in yields of 71% and 37%,
respectively (see ESI†).1a,11g,12 These were to serve as starting
materials for the stannylated (3–4) or borylated diazocines (5–6)
as key reagents (Scheme 2). We elected those two types of cross-
coupling reaction because of the high bench stability of the
corresponding metallated derivatives. Moreover, there was

a high potential for the optimization of the Stille reaction as the
reported examples led to very low yields of the cross-coupling
(10–31%).11b,c,12 To our knowledge, no Suzuki cross-coupling of
diazocines has previously been reported.

The stannylated diazocines could be prepared by a micro-
wave assisted Stille–Kelly cross-coupling:13a In this fashion, the
coupling of 1 with hexamethyldistannane provided 3 in 77%
and themeta-derivative 4 was obtained in a similar yield of 70%.
In comparison to the previously published meta-mono-
stannylated diazocine (51%),12 the efficiency of the cross-
coupling procedure was signicantly higher.

However, the borylation was less straightforward: to
synthesize the borylated precursors 5 and 6 Miyaura borylation
was used as the starting point.16 Unfortunately, this led to the
formation of a reduced species in signicant amounts (see
ESI†). We attempted to suppress the reduction by applying
a range of other catalysts, solvents or bases (see ESI†). However,
it emerged that to obtain 5 in high yields up to 91%, the reaction
time was the most important parameter (Scheme 2). Therefore,
monitoring the reaction progress was crucial. Finally, the
Miyaura borylation of 2 furnished 6 in a yield of 68%.

With the diazocine derivatives 3–6 in hand, we investigated
their ability to serve as the formally nucleophilic coupling
partner in Stille and Suzuki cross-coupling reactions
(Scheme 3). The Stille reaction required signicant optimiza-
tion efforts regarding the catalytic systems, additives and reac-
tion temperature (see ESI†). Eventually, a modied procedure
by Buchwald17 using a combination of Pd(OAc)2 and XPhos as
catalytic system and CsF as additive proved to be superior in the
test reaction of 3 with 4-bromotoluene (92% yield aer 4 h).

Scheme 2 Synthesis of stannylated 3–4 and borylated diazocines 5–
6.

Scheme 3 Scope of Stille and Suzuki cross-coupling reactions for para-substituted diazocines 3 and 5.
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For the Suzuki cross-coupling, several catalysts and ligands
were investigated (see ESI†). We found that the catalytic system
involving Pd(OAc)2 and XPhos also yielded the best result for the
Suzuki cross-coupling in the coupling reaction between 5 and 4-
bromotoluene (91%).

Subsequently, this catalytic system was tested with an elec-
tron rich and an electron decient aromatic electrophile: the
coupling of the electron rich 4-bromoanisole performed in
a yield of 90% for the Stille coupling and 95% for the Suzuki
coupling. The reaction with the electron decient 1-bromo-4-
nitrobenzene yielded 17 in 89% (Stille) and 80% (Suzuki).

Attaching para-, meta- and ortho-isopropyl benzene to obtain
8, 9 and 10 was possible in high yields except for the Suzuki
coupling of 1-bromo-2-isopropylbenzene. In this case, the yield
was signicantly lower with 60% compared to the Stille
coupling reaction with 86%. Steric hindrance seemed to inu-
ence the Suzuki cross-coupling more strongly than the Stille
cross-coupling. This observation was supported by the synthesis
of mesityl-diazocine 11 and o-nitrophenyl-diazocine 19.
However, to gain the sterically demanding di-functionalized
diazocines 10 and 11 in a sufficient yield via the Stille reac-
tion, the amount of catalyst needed to be increased: while the
standard reaction conditions mainly led to the mono-coupled
diazocines, using 10 mol% of a 1 : 3 mixture of Pd(OAc)2/
XPhos furnished 10 in 86% and 11 in 57% yield. Increasing the
catalyst load (up to 20 mol%) for the Suzuki cross-coupling, did
not improve the yield of 11.

Further cross-coupling reactions of electron decient
compounds provided 18, 20 and 21 in high yields for both cross-
coupling types tolerating nitro, nitrile and triuoromethyl
groups. The coupling of stronger coordinating compounds with
free electron pairs, e.g. aryl aldehyde (22), aryl ester (23) and
furan heterocycles (27 and 28), proceeded in low to moderate
yields (39–59%) for the Suzuki cross-coupling, while the Stille
cross-coupling gave high yields (80–91%). The same trend
became apparent upon the coupling of other heterocycles such
as thiophenes (25 and 26) or pyridine (29): the Stille coupling
yielded excellent results (90–94%), whereas moderate yields
were obtained with the Suzuki coupling (57–66%). However, the
functionalization with 4-bromopyridine proved to be chal-
lenging for both cross-coupling types.

For the Stille reaction of 3 with 4-bromopyridine it was
necessary to increase the temperature to 100 °C and thus the
solvent had to be changed to the higher boiling DMSO. For the
Suzuki coupling no product could be isolated applying the
standard conditions. The desired compound 29 was only ob-
tained with potassium hydroxide a stronger base in aqueous
mixture with THF instead of potassium carbonate.

Other electron rich aryl bromides were coupled with 3 and 5
yielding tertiary amines 14 and 15 as well as benzo-dioxole 24 in
good to excellent yields. Only compound 14 was isolated in
a lower yield of 31% for the Suzuki coupling. Moreover, it was
possible to react the unprotected 4-bromophenol and aniline
via the Stille reaction using 10 mol% of a 1 : 3 mixture of
Pd(OAc)2/XPhos. The corresponding diazocines 13 and 16 were
obtained in 56% and 47% yield, respectively.

For the corresponding Suzuki cross-couplings a multitude of
different species was observed (Scheme 4). In both cases, the
unsubstituted diazocine 31 was obtained as the main product.
Besides the monosubstituted side products 32 and 33, we could
also identify secondary amine 34 as a coupling product with 4-
bromoaniline, which suggests a competing Buchwald–Hartwig
cross-coupling reaction. In order to solve the problem, we
increased the catalyst load to 20 mol% and changed the base
(2 M KOH) but neither changing one condition nor changing
both at the same time led to the desired products 13 and 16.

Lastly, it was also possible to react diazocines 3 and 5 with
a non-aromatic bromide. Allyl bromide was coupled to yield 30
in 57% (Stille) and 63% (Suzuki), which could be of use as
crosslinker for polymerization reactions (Scheme 3).

It was also investigated if the substitution position of the
diazocine inuences the cross-coupling reactions. In line with
the previous test reactions for para-substituted diazocines 3 and
5, 4-bromotoluene, 4-bromoanisole and 1-bromo-4-
nitrobenzene were therefore coupled as model substrates with
4 and 6 (Scheme 5). In all cases, good yields were obtained for
the Stille (71–84%) and Suzuki coupling (77–83%). In compar-
ison with the corresponding reactions with para-substituted
diazocines 3 and 5, the yields were generally lower; e.g. the
coupling of 4-bromoanisole with para-substituted diazocines 3
and 5 proceeded in 90% (Stille) and 95% (Suzuki) but withmeta-
substituted diazocines 4 and 6 in 71% (Stille) and 78% (Suzuki).

Experimental
General procedure for the Stille–Kelly cross-coupling reaction

Under inert conditions, the corresponding di-iodinated diazo-
cine (345 mg, 750 mmol, 1.00 equiv.), hexamethyldistannane
(573 mg, 1.75 mmol, 2.33 equiv.) and [Pd(PPh3)4] (34.8 mg,
30.0 mmol, 4 mol%) were dissolved in toluene (2.5 mL) and THF
(2.5 mL) in a microwave reaction vessel. The reaction mixture
was stirred for 10 min at 150 °C under microwave irradiation
and subsequently ltered through Celite®. Then, the solvent
and excess hexamethyldistannane were removed under reduced
pressure (9.5 × 10–2 mbar, 80 °C). The residue was puried via
column chromatography on silica.

Scheme 4 Side reactions of Suzuki cross-coupling.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 15805–15809 | 15807
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General procedure for the Miyaura borylation

Under inert conditions, the corresponding di-iodinated diazo-
cine (1.00 equiv.), Pd(dppf)Cl2 (5 mol%), B2Pin2 (2.80 equiv.)
and KOAc (4.00 equiv.) were dissolved in DMSO (10 mL
mmol−1). The mixture was stirred at 100 °C and the reaction
progress was monitored by TLC (cyclohexane/DCM/ethyl acetate
55/40/5). Aer completion (approx. 2 h), the reaction mixture
was diluted with ethyl acetate (20 mLmmol−1) and washed with
brine (4 × 50 mL mmol−1). The organic phase was dried over
sodium sulfate, ltered and the solvent removed in vacuo. The
residue was puried by column chromatography on silica
(eluent: cyclohexane/DCM/ethyl acetate 55/40/5) to obtain the
corresponding diazocine as a yellow solid.

General procedure for Stille cross-coupling reaction

Under inert conditions, the corresponding di-stannylated
diazocine (53.4 mg, 100 mmol, 1.00 equiv.), the corresponding
brominated coupling partner (200 mmol, 2.00 equiv.), Pd(OAc)2
(449 mg, 2.00 mmol, 2 mol%), XPhos (1.05 mg, 2.20 mmol,
2.2 mol%) and CsF (30.4 mg, 200 mmol, 2.00 equiv.) were dis-
solved in dry DME (2 mL) in a pressure reaction vial. The
mixture was stirred at 80 °C for 24 h. Aer cooling to 23 °C, the
reaction mixture was ltered through Celite® and the solvent
was removed under reduced pressure.

General procedure for Suzuki cross-coupling

Under inert conditions, the corresponding di-borylated diazo-
cine 5 (46.0 mg, 100 mmol, 1.00 equiv.), Pd(OAc)2 (1.12 mg, 5
mmol, 5 mol%), XPhos (4.77 mg, 10.0 mmol, 10 mol%), K2CO3

(69.11 mg, 500 mmol, 5.00 equiv.) and the corresponding
brominated coupling partner (200 mmol, 2.00 equiv.) were dis-
solved in THF (5 mL) and sealed in a pressure reaction vial. The
mixture was stirred at 90 °C for 18 h. Aer cooling to 23 °C, the
reaction mixture was ltered through Celite® and the solvent
was removed under reduced pressure.

Conclusions

In summary, we developed a robust synthetic methodology to
bench-stable bis-stannylated and bis-borylated diazocines in
meta- and para-position to the azo group. These served precursors

for Stille and Suzuki cross-coupling reactions with a broad scope
of electrophiles. The catalytic system Pd(OAc)2/XPhos yielded
good to excellent results and tolerated a wide range of functional
groups. In this way, functionalized diazocines that might be of
interest in material science or biological applications were
straight-forward synthesized. While steric hindrance and electron
lone pairs lowered the yield, this was observed for the Stille
reaction to a smaller extent. Here, the reaction conditions could
be easily adapted in order to obtain the desired product in
a satisfying yield. Moreover, the coupling of anilines or phenols
was possible using the Stille cross-coupling, while Buchwald–
Hartwig type side reactions were observed under the Suzuki
conditions. Overall, the Stille reaction produced better results in
terms of isolated yields and in most cases less catalyst was
needed. Nevertheless, other factors besides the yield have to be
considered when planning a reaction. In fact, the Stille coupling
outperformed the Suzuki coupling applying the here described
conditions but the higher potential health risk of the Stille
coupling due to the involvement of tin compounds should be
mentioned. Depending on the scientic question, the use of the
borylated compound for Suzuki coupling reactions might be
preferred.
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Scheme 5 Scope of Stille and Suzuki cross-coupling reactions for meta-substituted diazocines 4 and 6.
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3.3 Stille vs. Suzuki - Cross-Coupling for the Functionalization of Diazocines
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4 Conclusion and Outlook

This thesis aimed at enhancing the late-stage functionalization of azobenzenes to expand
the access towards tailored azobenzene based photoswitches for future applications in
materials and life sciences. Different chemical dimensions and several features of the
azobenzene were examined. Therefore, efficient protocols for the synthesis of the iodinated
precursors were installed and the flexibility of this motif was exploited in three distinct
approaches:

Cross-Coupling Protocol for Photoswitchable NHS Esters. In the first subproject
(Section 3.1), a robust and efficient cross-coupling procedure to yield mono- and di-NHS
functionalized azobenzene 1k and diazocine derivatives 9e under mild conditions was
established. For this purpose, the iodinated precursors 1j and 9d were reacted with NHS
formate as CO surrogate in a palladium catalyzed carbonylation to the corresponding
active esters 1k and 9e that were subsequently quantitatively converted in a condensation
reaction using a carboxyl group protected amino acid (Scheme 4.1).

high functional group tolerance
mono- & di-functionalization

up to quantitative yield
easy purification

NN

N
N

R1

O

O
N

O

O

R3

O

O N

O

O

R2

R2 R2

R2

NN

N
N

I

R1

IR3

R2

R2 R2

R2

NN

N
N

R1

O

O
H
NR3

O

O NH

R2

R2 R2

R2

R4

R4

Cross-coupling Condensation
1j

9d

1k

9e

1l

9f

Scheme 4.1 The NHS functionalized azobenzenes 1k and diazocines 9e were obtained via a Pd
catalyzed carbonylation reaction with NHS formate and subsequently reacted with a carboxyl group
protected amino acid in a condensation.

With this newly developed procedure, it was possible to synthesize previously inaccessible
photoswitches, which cannot be obtained by conventional syntheses for active esters, e.g.,
azobenzenes decorated with an ether or a primary hydroxyl group as well as a further
bromine substituent. Moreover, tetra-ortho-functionalized azobenzenes and diazocines
could be utilized. Thus, active esters with absorption in the visible range of light and
separated absorption maxima were acquired, which are two main aims of current azobenzene
research. As NHS esters react readily and in a quantitative manner with primary amines,
this becomes even more relevant for biological applications[208] where UV light might harm
cells and where primary amines are ubiquitous in all types of biomolecules. Hence, future
research will focus on the integration of the obtained NHS esters 1k and 9e into materials
and the investigation of the material properties for the desired application.
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Hypervalent Iodine(III) Azobenzene Derivatives. By combining hypervalent io-
dine(III) chemistry with ortho-azobenzenes 1m, a new class of compounds was created:
ortho-azobenzene(aryl)iodonium salts 23d (Section 3.2). These useful building blocks were
obtained in high yields via oxidation of ortho-iodinated azobenzenes 1m using mCPBA
and their potential as chemoselective arylation agents was demonstrated upon reactions
with different C, N, O and S-nucleophiles under mild and transition metal-free conditions
(Scheme 4.2). The structural and photoswitchable properties of the hypervalent iodine(III)
azobenzene 23d were investigated revealing that the nitrogen of the azobenzene is involved
in hypervalent bonding with the iodine(III) center in the (E)-isomer. The photoswitchable
features were retained: While the incorporation of the hypervalent iodine bond influenced
the position of the absorption maxima only slightly, the half-life time was significantly
decreased, most likely due to N-I stabilizing interactions in the (E)-isomer and the strong
electron acceptor character of the iodine(III) moiety.

One-pot synthesis
7 examples

up to 88% yield

ortho-Functionalizations
14 examples

up to 93% yield

N N

ITsO
R2

R3

R1

N N

I
R2

R1

N N

Nu
R2

R1

Oxidation Arylation

1m 23d 1n

Scheme 4.2 The ortho-azobenzene(aryl)iodonium salts 23d were obtained via oxidation using
mCPBA in a one-pot synthesis and subsequently reacted with C, N, O and S-nucleophiles in mild
transition metal-free arylations yielding a large scope of ortho-functionalized azobenzenes 1n.

The photoswitchable properties of azobenzenes 1 are highly tunable via ortho-functional-
ization, i.e., not only the position of the absorption maxima can be altered drastically but
also the half-life of the metastable (Z )-isomer (Z)-1. Hence, modification possibilities of the
ortho-positon are in great demand. Especially, since cross-coupling reactions often fail ortho
to the diazenyl group and C-H activation carries the risk that the azo bridge does not persist
the reaction conditions. The oxidation to hypervalent iodine(III) azobenzene derivatives
23d and following arylations expand significantly the toolbox for ortho-functionalization of
azobenzenes 1. Future research will therefore extend the possibilities of this methodolodgy
even further. For example, different substitution patterns are conceivable to produce
tetra-ortho-substituted azobenzenes switchable with visible light based on precursors such
as 2,2’-diiodo-6,6’-dimethylazobenzene.
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4 Conclusion and Outlook

Cross-Coupling Reactions of Metalated Diazocines. Finally, cross-coupling re-
actions of meta- and para-difunctionalized diazocines 9e and 9f were investigated (Sec-
tion 3.3). In a first step, the iodinated diazocines 9d were either stannylated via Stille-Kelly
cross-coupling using hexamethyldistannane or borylated via Miyaura borylation using
bis(pinacolato)diboron. These served afterwards as formally nucleophilic component in Stille
and Suzuki cross-coupling reactions with a wide range of organic bromides (Scheme 4.3).

NN

I I

NN

Nu Nu

= SnMe3, BPinNu

NN

R R

Stille-Kelly cross-coupling
or

Miyaura borylation
Stille or Suzuki 
cross-coupling

9d 9e 9f 9g

4 examples
up to 91% yield

27 examples
up to 95% yield

Scheme 4.3 Stannylated 9e and borylated diazocines 9f were obtained via Stille-Kelly cross-
coupling or Miyaura borlyation, respectively. These molecules were then reacted in Stille and
Suzuki cross-couplings with various organic bromides.

Not only were robust synthetic protocols for the generation of bis-stannylated 9e and
bis-borylated diazocines 9f developed but also general cross-coupling conditions for nucle-
ophilic diazocines established, showing a high tolerance to functional groups. This enabled
the transition from single individual examples in literature to a more holistic approach in
the late-stage functionalization of diazocines facilitating the use of this type of photoswitch
in different fields of science. Especially for applications, where it is beneficial to have the
(E)-isomer as the thermodynamically stable isomer, this synthesis strategy is of high value.
Moreover, with the bis-stannylated diazocines 9e in hand, a tin-lithium exchange will
become feasible facilitating access to a new field of functionalizations for diazocines.

In summary, three efficient methodologies for late-stage functionalization of azobenzene
based switches were established. Different chemical dimensions and characteristics of the
photoswitch were investigated. For the latter, diverse substitution patterns were obtained
for cyclic and open azobenzene derivatives enabling the tuning of the switching properties
without using pre-functionalized starting materials. Current emphases of azobenzene
research can be addressed by the developed synthetic procedures such as switching with
visible light. Consequently, the next step will be the incorporation of the photoswitches
into materials for various types of applications.
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5 Experimental Section

5.1 Active Ester Functionalized Azobenzenes as Versatile
Building Blocks
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