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Kurzzusammenfassung

Eine niitzliche Strategie, um Kontrolle iiber die Funktion von makromolekularen Sys-
temen zu gewinnen, besteht aus dem gezielten Einsatz von konstruierten molekularen
Schaltern, die nach externer Anregung reversible chemische Reaktionen eingehen. Die
vorliegende Dissertation untersucht die Synthese und Charakterisierung von Ethylen-
verbriickten Azobenzolen, den sogenannten Diazocinen, vor allem in ihrer Rolle als
molekulare Photoschalter in Polymeren. Obwohl Diazocin seit iiber einem Jahrhundert
bekannt ist, wurden aufier der etablierten N-N Redoxkupplung keine alternativen Syn-
thesewege beriicksichtigt und seine Anwendung auf Makromolekiile nicht erforscht. Im
Folgenden wurde eine Strategie verfolgt, bei der ausgehend von 2-Brombenzylbromiden
zuerst 2,2'-Dihalogenbibenzyle erzeugt wurden, entweder auf direktem Wege in einer
reduktiven Kupplung oder indirekt iiber das korrespondierende Stilben. Die Konstruk-
tion des Diazocinheterozyklus wurde durch eine stufenférmige C-N Amidierungsreak-
tion mit einem Hydrazin-basierten Nukleophil ermdéglicht, um danach tiber einfache
Entschiitzungs- und Oxidationsreaktionen zu den gewiinschten Produkten zu gelan-
gen. Die hergestellten Diazocinderivate, die sich urspriinglich in der thermodynamisch
begiingstigten (Z) Form befanden, wurden mit 385 nm Licht in die metastabile (E)
Konfiguration photoisomerisiert und mit 565 nm Licht wieder zuriickgeschaltet. Uber-
einstimmend mit dem unsubstituierten Diazocin konnte eine gute Auflésung der nr*
Absorptionsbanden zwischen den jeweiligen Isomeren gefunden werden. Der Grofteil
der synthetisierten Derivate erreichte einen relativen (E) Isomeranteil von 77-87% im
photostationdren Gleichgewicht bei 385 nm Belichtung. Um Schalteinheiten kovalent
in Polymere einzubauen, wurden primire Alkohol und Aminfunktionen in Alkyl-
halogenide umgewandelt, die als Initiatoren fir Atom transfer radical polymerization
(ATRP) zur Herstellung von Diazocin-dotierten Elastomerketten verwendet wurden.
Die photochromen Eigenschaften der synthetisierten Polymere, also das Schalten zwi-
schen den beiden Isomeren (£) und (E), blieben sowohl in Lésung als auch im Fest-
korper erhalten. Fir die Integration multipler Einheiten in Polymerketten wurden Di-
azocindiacrylate einer Michael-artigen Thiol-En-Folyaddition mit 1,6-Hexandithiol un-
terzogen und zu Poly(thioether)n verkniipft. Zudem wurde die zangenartige (Z) —(E)
Schaltbewegung des Diazocins ausgenutzt, um einen Ausdehnungseffekt zu erreichen,
gemessen an der Zunahme des hydrodyamischen Radius der einzelnen Polymerketten
in Losung mittels Grofenausschluss-Chromatographie (GPC). Die vorliegende Arbeit
ebnet den Weg fiir den Einsatz von Diazocinen in Materialien und insbesondere als pho-
tochrome Schalter, die starke Konformationsinderungen in Polymerketten hervorrufen

kénnen.



Abstract

A useful strategy to gain functional control over macromolecular systems involves the
targeted use of carefully designed molecular switches that respond to external stim-
uli by reversible chemical reactions. The present thesis aims for the synthesis and
characterization of ethylene-bridged azobenzenes, so-called diazocines, as molecular
photoswitches and their incorporation in polymers. Although diazocine has been
known for over a century, synthetic routes alternative to the established N-N redox
coupling were not considered and applications in macromolecules have not been stud-
ied extensively. Herein, a new strategy was pursued towards diazocine compounds
using 2-bromobenzyl bromides as starting materials, which were converted to 2,2'-
dihalobibenzyls directly in a reductive coupling reaction or indirectly via the corre-
sponding stilbene intermediate. The construction of the diazocine heterocycle was
realized by cascade C—N amidations with a hydrazine-based nucleophile before simple
deprotection and oxidation reactions delivered the desired products. Originally in the
thermodynamically favored (£) form, the diazocine derivatives were photoisomerized
with 385 nm light to the metastable (E) configuration and switched back to the (Z) state
with 565 nm light. The diazocine deriatives exhibited a good resolution of the nz*
transition bands between the isomers in agreement with unsubstituted diazocine. The
majority of synthesized derivatives attained 77-87% of relative (E) isomer content in
the photostationary state at 385 nm light irradiation. For the covalent incorporation of
switching units in polymers, primary alcohol and amine functions were transformed
into alkyl halide initiators for the atom transfer radical polymerization to yield defined
diazocine-doped elastomeric chains. The photochromic properties of the synthesized
polymers were retained, efficiently switching between the (£) and (E) forms both in
solution and in the solid state. To integrate multiple units in a polymer chain, diazocine
diacrylates were subjected to Michael-type thiol-ene polyaddition reactions with 1,6
hexanedithiol to produce poly(thioether)s. The (£)—(E) pincer-type switching motion
of the diazocine was further exploited to generate a size expansion effect, whereupon
the individual polymer coils experienced a photoinduced increase in hydrodynamic
radius in solution, as measured by gel permeation chromatography (GPC). This work
paves the way for the use of diazocines in materials, especially as photochromic switches

that can induce large conformational changes in polymer chains.
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1 Introduction

1.1 Molecular Switches

Molecular switches interconvert between two or more metastable states by external
stimuli including thermal and electrical energy, light, mechanical stress and chemi-
cals such as protons or metal ions under thermodynamic or kinetic control.l!'l In these
bidirectional pathways, excitation of the molecular switch to an energetically higher
electronic state is the first step upon which the nuclei experience different electronic
forces. The electronic forces impart thermal motion (nonadiabatic) or enforce photon
emission (adiabatic) until reaching the ground state of the product molecule. The geo-
metrical rearrangements are accompanied by the formation or dissociation of covalent
bonds during the transition and an alteration of the m-conjugation. In photochemistry,
where chemical reactions are induced by light absorption, electrons are excited to higher
energies with incoming photons at around 100-1000 kJmol~—! in energy which relate
to 1200-120 nm in wavelength.[?l Light as electromagnetic radiation has several major
advantages such as the non-invasive manipulation of materials, the energetic modula-
tion by intensity and wavelength and the excellent resolution by spatial and temporal

control.’!

In synthetic molecular photoswitches,¥] a large number of geometrical changes is in-
duced by unimolecular isomerization reactions. As aresult, the photogenerated isomers
exhibit photochromism, i.e., a change of the absorption characteristics upon switching
with shifts to shorter (hypsochromic) or longer (bathochromic) wavelengths and higher
(hyperchromic) or lower (hypochromic) intensities.®l Photochromic molecules are char-
acterized by their photophysical properties that are highly dependent on the chemical
structure and on molecular interactions. In the absorption spectrum, the maximum
absorption is reached at wavelength A,,,,,, while the photostationary state (P55) is de-
fined as the chemical equilibrium under a certain irradiation wavelength with a certain
relative distribution of isomers. Thermally reversible (T-type) photoswitches are char-
acterized by the thermal half-life ¢; ;5, stating the time after which half the amount of
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the metastable state has been converted to the thermodynamic ground state by spon-
taneous relaxation. A good assessment of the efficiency of photochemical reactions
is given by the quantum yield & which counts the number of photochemical events
that occurred after the absorption of a certain number of photons (see Equation 1.1).
The photofatigue resistance of a molecular switch is determined by the stability of the

isomer concentrations after repeated cyclic irradiations.

& number of reacted molecules (1.1)
"~ number of absorbed photons ’

A number of synthetic photoswitches undergo (Z) /(E) isomerization including stilbene
and azobenzene as the simplest examples of diarylethylenes!®! and diaryldiazenes,!
respectively (see Scheme 1.1). Starting from their m-conjugated, thermodynamically
preferred (E) configuration with C5, symmetry, the central double bond is photoex-
cited to set the phenyl rings in motion until reaching the metastable Ca-symmetric (£)
state. In the case of stilbene, conversion to the (Z) isomer provides access to dihy-
drophenanthrene by reversible photoinduced electrocyclization.®! The photoinduced
dimerization reaction of stilbene occurs in the (E) state, leading to the formation of
stereoisomeric tetraphenylcyclobutane products.””! While the stilbene dimerization is
an irreversible process, the [444] cycloaddition reaction of two anthracene molecules
can be reversed.”! The photochromism of dithienylethene,!'”! on the other hand, is
solely based on 6m-electrocyclization (ring closing) since the central ethylene bond is
locked in the (£) form. The ring opening of the closed form of dithienylethene proceeds
exclusively via light and is therefore classified as a P-type photoswitch. To further
control the relative motion between molecular parts adjacent to the isomerizing double
bond, asymmetry was introduced to generate restricted unidirectional rotation in over-
crowded alkenes.'!! The two stereogenic methyl substituents of the first-generation
molecular motor are preferentially in a pseudoaxial orientation due to steric crowd-
ing and dictate the rotation direction of the helical molecular switch.['?l The scientific
advancement of molecular machines was honored with the Nobel Prize in 2016.1%!

1.2 Azobenzene

In 1834, Mitscherlich reported the first synthesis of azobenzene!'*! before Hartley de-
scribed its (Z)/(E) photochromism in 1937.131 The strong UV transition band of (E) at
320 nm corresponds to the Sz(77*) transition while the weak band at 450 nm arises from
the Sy (nm*) transition (see Figure 1.1).1'®! Upon switching to the (Z) isomer, the n7* band
absorbs more strongly and two weak 77* bands peaking at 250 and 270 nm replace the
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Scheme 1.1. Photoisomerization reactions of exempla?_f_ molecular photoswitches and
their irradiation wavelengths.>7.10.121

strong UV transition band of the (E) isomer.['”l Following (E)—(Z) photoisomerization,
the (£)—(E) backisomerization occurs spontaneously by thermal relaxation but can be
triggered also by other external stimuli such as light irradiation (photochromism),[1°]
electrical energy (electrochromism)!'®! and mechanical stress (mechanochromism).[**-!]
The transition to the (Z£) isomer leads to the geometrical distortion of the phenyl rings
twisted by 53° and a CNNC dihedral angle of 8°.17?! As a result, the (Z) azobenzene
structure is truncated from 9.0 to 5.5 A, accompanied by the generation of a dipole
moment of 3.2 DI**l and an overall increase in energy by 15.3 kcalmol !, as compared to
the (E) isomer.!*!! The photoisomerization quantum yields of azobenzene differ greatly
between the excitations of the n7* and 77* transition bands. Measured at 20 °C in
methanol solution, the n7* transition upon 436 nm light irradiation resulted in higher
quantum yields ((E)—(Z) 0.315+0.002, (Z)—(E) 0.469+0.003) than the 77* transition
caused by 313 nm light irradiation ((E)—(Z) 0.155+0.006, (Z)—(E) 0.388+0.053).[%!
However, the azobenzene isomerization pathway is still under discussion, suggesting
mechanisms between rotation by torsion around the N-N bond and inversion by an
in-plane movement of the phenyl rings towards each other (see Figure 1.1).?°l The re-
search on azobenzene as a functional molecular switch to perform a task is ongoing
which covers the areas of photopharmacology,! photonics,[®®! adhesive materials®!
and molecular machinesP?®! among others.[*1.21
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Figure 1.1. UV-Vis absorption spectrum of (E) and (£) azobenzene in n-hexane (left).

Published by John Wiley and Sons.I*! (Z)—(E) Photoisomerization mechanism of
azobenzene including inversion and rotation (right).

Several external factors have a direct influence on the photoisomerization of azoben-
zene including the solvent,**! temperaturel®! and pressure.[*®! Alteration and tuning
of the physicochemical properties such as the operational wavelength range are effec-
tively achieved by introducing substituents onto the phenyl rings (see Figure 1.2).F! For
example, the 4amino-substituted azobenzene exhibits a red shift of the mm* transition
that overlaps with the n7* transition band.*”! The increased electron density in the 7*
orbital produced higher thermal relaxation rates with hydrogen bond formation and
tautomerization. In push-pull azobenzenes (pseudostilbene, donor-acceptor), electron-
donating and -withdrawing groups are located on the opposite para positions.’®l The
large dipole moment and the strong intermolecular charge transfer of the molecule re-
sulted in a red shift of the 77" transition band and an extremely fast thermal relaxation.
Apart from substituents on the phenyl ring, the altered electronic system in heteroaryl
azo dyes offers vast opportunities to add additional functions to photoswitching.*?! The
arylazopyrazole in Figure 1.2 was switched quantitatively in both directions (Z) and
(E) while the thermal stability of the (Z) isomer depended highly on the presence of
substituents on the pyrazole.!*!] Furthermore, the BF;-coordinated azo compound with
an extended conjugation of the diazo m-electrons accomplished a far red-shift of the 77"
transition to the near-infrared region.[*!l The synthetic accessibility and the high impact
of substituents on azobenzene as a chromophore promote its use in dyes and indicators

since over 70% of the world’s commercial dyes are azobenzene-based.*!

Distinct photochromism for the isolated enrichment of a particular isomer requires well-
separated n7* transition bands of the (Z) and (E) isomers that are preferably located in
the visual spectrum.l Visible-light driven azobenzenes extend the scope of future ap-
plications since UV light is only partially penetrable and can be chemically damaging.*!

In order for novel azobenzene molecules to be implemented in biological systems and
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Figure 1.2. Molecular structures of modified azobenzenes in the order of increasing
maximum absorption wavelengths Ama-(E) of the ==* transition band. Amaz(E) of
the nm* transition band.1*725404143]

advanced materials, high photoconversion efficiencies and good control over the molec-
ular motion are very often required. A common feature of tetraortho-substituted azoben-
zenes with chloro,*?! fluoro*! and methoxy!*! groups is the red-shifted n7* band in
the absorption spectra compared to parent azobenzene. As in o-fluoroazobenzenes (see
Figure 1.2), the fluorine atoms reduce the electron density of the nearby N=N bond,
lowering the n-orbital energy. The nm* bands of the (E) and (Z) isomers are well sepa-
rated to allow for the selective excitation of the two isomers in the visible range of the
spectrum. The molecular motion during isomerization is restricted by the steric bulk of
the ortho-substituents. Increasing steric bulk of tetraalkylated azobenzenes at the ortho
positions led to a significant destabilization of the (£) isomers but with slightly higher
photoisomerization quantum yields for (Z)—(E) backswitching.[*"]

1.3 Diazocine

11,12-Dihydrodibenzo|c,¢][1,2]diazocine, commonly named diazocine after its central
heterocycle, can be conceived as the ethylene-bridged cyclic congener of azobenzene.
The first synthesis of diazocine was reported by Duval in 1910,¥! but it was not until
1995 that Tauer and Machinek discovered its photochromism with reversed thermal
stability of the isomers compared to non-bridged azobenzene (see Scheme 1.2).H] The-
oretical calculations later confirmed the higher stability of the (£) to the (E) form by
7.3 kcalmol 1.l The mechanical strain on the (E) diazocine heterocycle accounts for
an energy of about 17 kcalmol~.P! In 2009, Siewertsen and co-workers observed su-
perior switching properties such as very high photoconversion yields in both directions
((Z£)—(E) 92£3%, (E)—(£) =99%,): Light irradiation at 405 nm wavelength triggers the
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nr" excitation of the (£) isomer leading to the (E) isomer, while quantitative backswitch-
ing is accomplished by thermal relaxation or via green light at 525 nm wavelength.[5?]
Hence, photochromism is achieved solely by visible light with a good resolution of the
nm* transition bands between the isomeric states; their maximum wavelengths were
found at 404 (£) and 490 nm (E) which relate to energy barriers of 70.7 (£) and 58.3 kcal
mol~! (E). Diazocine maintained a high photostability after repeated cyclic irradiation
without showing photobleaching or fatigue but the thermal half-life measured in n-
hexane is significantly shorter in diazocine (4.5 h at 28.5 °C)P® than in azobenzene
(2 days at 20 °C).7]

LT
_ “ | ’/I_ (E)-chair \

\NN

or fy (E)-twist [E)-twist
(£)-boat \ ;/{
N gy

(E)-chair

Scheme 1.2. Molecular structures of diazocine as a result of isomerization reactions
between (Z)-boat, (E)-twist and (E)-chair.!*!

Crystal structures of (£) and (E) configurations revealed that the ethylene bridge in dia-
zocine imposes a geometrical constraint on the switching mechanism.?>>*l The central
diazocine ring in (Z) form resembles the geometrical (£) form of azobenzene and is
therefore hardly affected by ring strain.®! The (Z) isomer undergoes a boat inversion
that has a calculated activation barrier of 33.3 kcalmol—! (see Scheme 1.2). However, the
(E) form displays a non-planar structure with a tilted CNNC torsion angle of 147° and
does not attain full m-conjugation. The strong structural contrast between both isomers
is particularly well reflected in the >N NMR spectrum where the (Z) to (E) transition
led to a huge downfield shift of the sole signal from 542 to 601 ppm relative to NH3.%l
Conformational movements of the (E) form consist of the crank-type motion of the cen-
tral ring between the enantiomeric structures of the predominant twist rotamers and the
chair rotamers which are less stable by 2.4 kcalmol ! in energy. Besides, theoretical cal-
culations revealed an almost isoenergetic nm* transition for the (E)-chair conformation
and the (Z)-boat isomer. This fact could contribute to lower (£)—(E) photoconver-
sion yields in modified diazocines, particularly in cases where the chair conformation
becomes more energetically stabilized compared to the fwist conformation.l>¥
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Owerall, the conformational changes of diazocine as a [6,8,6] condensed ring system
originate largely from the central heterocycle that functions as a semi-rigid hinge be-
tween two rigid benzene rings. In comparison to tetrahydrodibenzo[a,e][8]annulene as
a molecule with similar geometry,[®>] the photoactivation of the thermodynamically
favored boat (£) to the twisted (E) diazocine resembles pincer motion, consisting of
a straightening of the central eight-membered ring and an increase in overall molecu-
lar length.P? Crystal structures of 3,8-diaminosubstituted diazocine (see 6, Figure 1.4)
showed an increase in molecular length measured by the distance between the amino
nitrogen atoms from 8 (Z) to 11 A (E).¥’] Femtosecond time-resolved spectroscopy re-
vealed higher quantum yields for (Z)—(E) in n-hexane ((Z)—(E) 0.72£0.04, (E)—=(£)
0.50+0.10) than from theoretical calculations in the gas phase ((Z)—(E) 0.44, (E)—=(£)
0.49),P% because the cooling effect of the solvent on the vibrationally hot (E) isomer
prevents the reformation of the (Z) isomer.® The (Z)—(E) isomerization also attains a

high light conversion efficiency of 7.6% at 400 nm irradiation wavelength./*!

Determined by ab initio nonadiabatic molecular photodynamic simulations, the S;—5;
photoexcitation of the (Z) isomer sets the CNNC moiety into pedal-like hula-twist mo-
tion and induces large changes to the orientation of the phenyl rings (see Figure 1.3).1
The fast escape from the Franck-Condon region in the S state (about 79 fs)P" is fa-
cilitated by the favorable orientation of the phenyl rings and by the steric blockade
of the deactivation pathways.[®!! However, the electronic relaxation to the Sp state
(270460 fs)P®® is slowed down by the rotational rearrangement of the ethylene bridge
which is triggered by vibrational excitation.P%#?] Compared to the S; lifetime of (Z)
diazocine as well as that of parent (E) azobenzene,[®” the relaxation dynamics of the (E)
diazocine in the S; state is much faster with a lifetime of about 36 fs.I*"l During the short
51 period, the phenyl rings experience an out-of-plane distortion before the ensuing
electronic relaxation to Sp (320+£100 fs).¥l Along the S;; pathway, the vibrational relax-
ation to the final (£) and (E) diazocine products is theoretically an ultrafast process[“r'ul
and completed within 5 ps, as observed by femtosecond time-resolved spectroscopy in

n-hexane.”"!

1.4 Diazocine Synthesis

The molecular structure of diazocine comprises a bibenzyl component with a bridging
diazo group or an azobenzene component with a bridging ethylene group. In this sec-
tion, the common synthetic approaches to bibenzyl and azobezene are outlined before
they are combined to accomplish the synthesis of diazocine. In terms of the chemi-
cal stability towards redox reagents, the ethylene group of bibenzyl is generally more
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CNNC

CNNC/*®

time / f=

Figure 1.3. Ensemble averaged CNMNC dihedral angle in the 5 state after vertical

So—51 photoexcitation at ¢ = 0 as a function of time for (E} (top) and (Z£) (bottom)

isomers of diazocine (@) and parent azobenzene (). In addition, respective data for

the ethylene bridge CCyCyC (H) are shown for (£) diazocine (bottom panel) to illustrate

the cause for the slowdown of the CNNC changes. Reprinted, %! with the permission
from AIP Publishing.

stable and hence to be constructed before the prone diazo group. General procedures
to synthesize bibenzyls include the oxidative coupling of toluene with bromine and
potassium fert-butoxide, facilitated and activated by the strong electron-withdrawing
nitro groups on the phenyl ring (see Scheme 1.3).1*! Bibenzyls can also be prepared
by the Wurtz coupling of benzyl bromide and benzyllithium.[®¥ Alternatively, they are
accessible through stilbene and tolane after the hydrogenation of the central double
or triple bond, respectively. Stilbenes are accessible through many different chemi-
cal reactions.[®! A common method involves the coupling of a benzylphosphonium
halide with benzaldehyde in a Wittig reaction.[®! The Sonogashira cross-coupling re-
action between phenyl halide and phenylacetylene produces tolane.[¥] In contrast to
the straightforward but harsh redox coupling to obtain bibenzyl which usually requires
bromine or n-butyllithium as reagents, the heterocoupling approach via tolanes or stil-
benes is milder and ensures the generation of asymmetric bibenzyls, i.e., with different
functional groups on each phenyl ring.

The diazo group in azobenzene is established by carefully designed redox reactions
between nitrogen atoms on two benzene rings (see Scheme 1.4).[%8] With nitrogen atoms
in the (-I) oxidation state, azobenzene is flanked by hydrazobenzene (-II) and azoxyben-
zene (+1/-1). Widely available anilines (-III) and nitrobenzenes (+III) are often used as
starting materials to initiate the redox process that encounters nitrosobenzene (+I) and
hydroxylaminobenzene (-I) as intermediates. Azobenzene formation is the result of a
Baeyer-Mills condensation between nitroso and amino compounds,®7% or, after the
condensation between nitroso and hydroxylamino groups, the reduction of the orig-
inated azoxybenzene.’!l Alternatively, the N-N coupling between anilines could be
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Phenylacetylens Benzylphosphonium halide Benzyl halide
+ Phenyl halide + Elenzaldehyde + Benzyllithium
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T |-z Me
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Tolane Stilbene Bibenzyl Teluene

Scheme 1.3. Most common synthetic routes towards bibenzyl. X = Halogen.

directly achieved through a single electron transfer mechanism.[”?! The diazo dioxide
(+I) is unstable and tautomerizes with nitrosobenzene.l”® Low yields of azobenzene
are often the result of the overreduction of nitrobenzene or the overoxidation of ani-
line that prevent effective condensation reactions. Therefore, maximizing the yield of
azobenzene requires good kinetic control attained by the optimization of the reaction
conditions and the appropriate choice of the redox agent.

C $2H + 26 H -0}

Mo - T’%N*-::u N-on NH;
e
nitroso (+) -2H" -2 hydroxylaming (-1) * [0 amina (-1}
ff \\"'-._ --\--""--.:_Ai"—‘:-- ___._-""xf g E

/ Y Y \

[ [ o] e e\

K | = OH @I H "
/ .- -. \
f Y ll:::l.

'/ /-H,0 | - H0 y
\ \

H
+2H' + 2o ,©
R @_, @ o QO N
H

Oy = Y =
+[0] + 0] S 2HY - 2w

diazo dioxide (+) azoxy (+1-1) diaza {-1) hydrazo (-11)

Scheme 1.4. Synthetic routes towards azobenzene based on redox pathways.

The general strategy of diazocine synthesis commences with the construction of 2,2'-
disubstituted bibenzyl from 1,2-disubstituted benzenes as starting materials. In contrast
to the bimolecular reaction towards azobenzene, the diazo group formation in diazocine
is accomplished intramolecularly by the covalent connection of the 2,2"-positions, 747
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facilitated by the rotation about the C—C single bond of the ethylene group. There-
fore, the diazocine ring formation is a highly conformation-dependent reaction that
also competes with intermolecular reactions between bibenzyls. To selectively favor
the diazocine product, a one-pot photoreduction method was developed to encapsulate
2,2"-dinitrobibenzyl in a metal-organic cage that acts as a microenvironment catalyst.[”!
In combination with triisopropylamine as the electron donor, the yield of diazocine
increased drastically to 85%, compared to 4% attained in 2009 (see Scheme 1.5).°%! To
obtain diazocine products via the oxidative pathway, 2,2'-diaminobibenzyl was con-
verted by the slow addition of mefa-chloroperoxybenzoic acid as the oxidant in acidic
media, thereby gaining better kinetic control over the intramolecular Mills reaction
(85% yield).[]

OM._z 24 aquiv N{-Prly 2 equiv MCPBA HeN._
mol% Hy = B Min
| 1 mol% H B (0.6 M in AcOH) |
i T L | - /W 2
| P 475 nm LED, pH 10 N=N slow addition over 12 || P
“NO NH
: CHACNHL0 450 ACOHICHSCly 2
22 Dinftroblbenzyl  \¥1 ¥V 25°C Diazocine (R 25°C 5 o Biaminobibanzyl

Scheme 1.5. N-N coupling of 2,2"-dinitro- and 2,2'-diaminobibenzyl under optimized
reaction conditions.”>7! Hg: dye-infused Co-based metal-coordination cage.

1.5 Diazocine Modifications

The use of diazocine in applications most often requires additional functional groups
on the aromatic rings for the covalent connection to other entities such as macro-
molecules. Apart from additional substituents that preexist on 1,2-disubstituted ben-
zenes as starting materials, functional groups can be introduced during the stages of
diazocine formation or afterward in late-stage transformations. Specifically, the 2,9-
positions on diazocine were functionalized by directed electrophilic aromatic substitu-
tions with N-bromosuccinimide (NBS) under strongly acidic conditions,””! while the
iodination with N-iodosuccinimide (NI5) was achieved para to the amino groups in
2,2"-diaminobibenzyl (see Scheme 1.6).[”° Halogenated diazocines can serve as useful

reactants like electrophiles in cross-coupling reactions.”!

The photoswitching behavior of diazocine is affected by substituents on the benzene
ring as well as modifications of the ethylene bridge with heteroatoms (heterodiazocines):
Drastic changes in the thermal half-life of the (E) isomer were observed in the sulfur- (1,
3.5 days at 27 °C) and oxygen-substituted (2, 89 s at 20 °C) congeners.’!! The acetamido
substituent (3) greatly enhances the solubility in water (see Figure 1.4).””] The highest
measured quantum yields (70-90%) and a high light conversion efficiency of 18.1% at

400 nm irradiation wavelength were obtained for the diindane diazocine derivative in
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Scheme 1.6. Halogenation reactions of 2,2'-diaminobibenzyl and diazocine.’>7]

which additional bridges reduced conformational movements and forced a directional
switching motion to further prevent unproductive relaxational pathways.”®! The di-
indane of diazocine exists in two different diastereomers: meso (4) with a very short
(E)—(Z) half-life (3 s in acetone at 27 °C) and racemate (5) with a much longer (E)—(£)
half-life (117 h in acetone at 27 °C) due to the drastic differences in ring strain of the (E)

1SOMETs.
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m T e @
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Figure 1.4. Diazocine modifications and substitutions for applications.[5!75975-5
R = n-octyl.
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Besides improving the photochromic properties and synthetic possibilities, the appli-
cation potential of diazocine was explored to gain photoresponse and photocontrol in
interactive systems. Since backswitching to the thermodynamically stable (£) state is
quantitative, the (E) isomer can serve as a turned-on photoswitch which can be com-
pletely deactivated with green light (525 nm).>#! Pharmacological ligands containing
(£) diazocine that are inactive in the dark were photoactivated to (E) diazocine to gain
signaling control in cells,®? for example to act as a potassium ion channel blocker (7)
or as an estrogen receptor antagonist (8).[*3] Diazocines linked to conjugated 7-systems
showed highly enhanced light emissions when switched to the (E) configuration (9).[34
Photocontrol of the geometrical structure of a Pd-mediated coordination cage was ob-
served with the employment of diazocine-containing chelating ligands (10).[°] Under
constant violet light irradiation, the transformed coordination cage was able to encap-
sulate a small 1on. Diazocines are continuously exploited in various applicative fields,
€.g., as a building block in organogels (11),®! conjugated to carbohydrates (12)*% and
as a linker to triazatriangulene platforms (13).18!1

1.6 Stimuli-Responsive Polymers

MNew challenges in the field of polymer and material science lie in the creation of materi-
als with increasing complexity given by high spatial and temporal self-organization.[¥]
While the organization of passive, static matter depends only on space, the spatial com-
plexity of a dynamic polymer out of its thermal equilibrium changes through time.[%!
Adaptive polymers have the additional ability to respond to external stimuli, leading toa
change in physicochemical properties. Therefore, an important part of the development
of functional materials is the design, synthesis and analysis of those stimuli-responsive
or smart polymers.* One way to enhance and gain control over the properties of poly-
mers consists of the incorporation of molecular switches since their chemical reactions
are reversible and non-destructive to most materials. The mutual influences between
the molecular switching units and the polymer chains are studied to achieve the de-
sired and optimized responses. Complex responses were generated from polymers by
the integration of multiple chromophore types in a macromolecular system,® prefer-
ably with orthogonality, i.e., a clear separation of reactivities between the individual
chromophore types.[®!l The use of multiple discrete wavelengths instead of monochro-
matic light, or multiple external stimuli in general,’"”! allows the execution of stepwise
processes along selectively activated disparate pathways. New morphologies and self-
organized nanostructures arise through implementation of multiple monomers dur-

ing polymerization to generate copolymers.”>** Combinatorial effects and additional
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properties of stimuli-responsive polymers are obtained through the hybrid intercon-
nection between inorganicl®! or biopolymers®! with organic polymers and from the

non-covalent interactions with other materials in composites."”]

1.7 Azopolymers

In the case of azobenzene as a molecular switch, the large geometrical rearrangement
during isomerization from the rod-like (E) to the bent (Z) shape is investigated to
control the physicochemical properties of polymers.>*®] An overview of the possi-
bilities from the synthetic methodology to the stimuli-responsiveness of azobenzene-
containing polymers, or azopolymers, is given in Table 1.1. This section provides a short
introduction to the effects of the polymer structure and the incident light on the physico-
chemical changes in azopolymers. The following sections then deal with polymerization
reactions and applications that are more specific to the present work. The dispersion of
azobenzene molecules with isotropic distribution into an amorphous polymer matrix
is the most straightforward way to create photoresponsive azopolymers. To achieve
a stronger involvement in the dynamic processes of macromolecular systems, func-
tionalized azobenzenes were covalently integrated into polymer systems with various
topologies including linear, **! cyc].ic,nm] dendritic,1™! ladder, ™! star-branched,!'®!
hyper-branched'®! and network architectures.['%] Hence, the classification of azopoly-
mers is typically based on the location of the functional molecular switch in the polymer
chain. Main-chain azopolymers contain single or multiple azobenzene units in the poly-
mer backbone. The incorporation of single azobenzene units was accomplished via a
cross-reaction between reactive sites on the polymer chain with functional azobenzene
molecules.'™! To insert multiple switching units into the polymer backbone, mainly
step-growth polymerization procedures were carried out, namely polyaddition!'™! and

[108] reactions with azobenzene derivatives as monomers. In side-

polycondensation
chain azopolymers, where azobenzene is part of the pendant group of a polymer chain,
polymerization predominantly proceeded through chain-growth polymerization meth-

ods, for example ionic,'™1% radicall® or ring-opening polymerizations.!'!!]

The effect of azobenzene as a photoswitchable molecular building block in materials
depends highly on the order in relation to the other azobenzene units and in relation
to the surrounding environment.[12113] Sirong supramolecular interactions and a high
chain regularity prevalent in semi- and liquid crystalline polymers provide a high
degree of orientational order for the covalently linked azobenzene units.[''* Owing to
the structural changes during molecular isomerization, collective (E) =(Z) switching of

azobenzene units embedded into ordered hierarchical assemblies causes a transition
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Table 1.1. Characterization of azopolymers based on the composition, polymerization,
architecture and stimuli-responsiveness

1) Composition | 2)Polymerization|  3) Architecture R

N _J

from an ordered to a disordered state.l''™ In the case of liquid crystalline polymers,
mesogenic azobenzene groups experience a reversible phase transition from the nematic
to the isotropic state.1'®! For example, azobenzene mesogens were utilized in lightly
cross-linked elastomers to cause a photomechanical actuation of the material and high
degrees of anisotropic mechanical deformation as a result.'®®! The modulation of optical
properties such as birefringence and Bragg diffraction allows the phototropic liquid
crystalline azopolymers to be used as photonic materials.[?]

The photoisomerization of azopolymers is susceptible to the polarization of the incident
light. The alignment of rod-like (E) azobenzenes along a common director to achieve
uniaxial symmetry was induced externally by repeated cyclic (E) /(£) photoisomeriza-
tion with linearly polarized light,!''7] known as the Weigert effect.l!®] The molecules
were reoriented orthogonal to the polarization direction. Photoirradiation with two
polarized light sources that produce interference patterns induced a mass transport,
resulting in the inscription of surface relief gratings into azopolymer films.['1%120] Pho-
topatterning is considered a promising method to store optical data in holographic
recording media.['?!! Furthermore, the use of circularly polarized light enabled the chi-
roptical switching of aligned azobenzene units to impose a supramolecular chirality
onto achiral azopolymer films.!'?]

1.8 Azopolymers by ATRP

The preparation of well-defined polymers with novel architectures, compositions and
functionalities is an ongoing challenge for chemists.!®! Since its discovery by Sawamo-
tol'®! and Matyjaszewskil'?#l in 1995, atom transfer radical polymerization (ATRP) has
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become the most widely used controlled radical polymerization technique and has been
successfully employed for the synthesis of various functional materials.['”! Scheme 1.7
represents the general, Cu-catalyzed ATRP mechanism with ethyl a-bromoisobutyrate
(EBiB) as the initiator and (meth)acrylates as monomers. The Cu-binding ligand L has
a large impact on the ATRP activity and control and belongs to one of four structural
classes: bipyridines, polydentate linear amines, tetradentate tripodal amines and pi-
colylamines.['”®! ATRP commences with the generation of primary radicals from the
initiator (reaction 1a) to react with the monomer (reaction 1b) during initiation.'Z1 The
first step involves the homolytic cleavage of the alkyl halide bond of the initiator by the
activator complex Cu(I)L* via inner-sphere electron transfer to produce the oxidized
Br—Cu(II)L* species and the corresponding alkyl radical.['?] The initiation in ATRP
is usually much faster than in free radical polymerizations to ensure that chains start
growing at the same time for a better control over the chain architecture. Propagation
consists of the repetitive addition of the growing radical chain to the double bond of the
monomer (reaction 2a). In ATRE the propagation is controlled by the kinetic equilib-
rium K a1grp (reaction 2b) under which the growing active radical chains are constantly
deactivated by Br—Cu(II)L* to the dormant species in order to minimize the proportion
of terminated chains (see Equation 1.2).
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I + Iy +
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A _Me - e e B
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Ma Ma
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R =H, Me cul
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Scheme 1.7. The Cu-catalyzed ARGET ATRFP mechanism from initiation to propa-
gation and termination processes under the application of EBiB as the initiator and
(meth)acrylate monomers.
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As a result, the lifetime of the growing chains is much higher than in free radical
polymerizations due to a large amount of Br-capped dormant species. The mainte-
nance of a kinetic balance between initiator reactivity and dormant species activation
is crucial for a good control over ATRP and is realized by the structural similarity of
the components. A much higher activity of the initiator than the polymer chain end
would lead to a high instantaneous concentration of radicals and termination whereas
a higher chain end reactivity would result in a higher dispersity.'Z1%! In all radical
polymerizations, termination events of active radical chains are inevitable and occur
by the direct disproportionation (reaction 3b) or combination (reaction 3c) of free rad-
icals or via the organocopper intermediate as a result of the organometallic mediated
radical polymerization (OMRP) equilibrium (reaction 3a).l*l The radical electron on
the polymer chain can be transferred irreversibly to another molecule (ligand, solvent,
etc.)131 or relocated to another atom of the same molecule (backbiting) which could
lead to branching or cross-linking (see Scheme 1.8).1'*l The effect of slow initiation and
chain-breaking reactions on the overall molecular weight of the propagating polymer
chains is depicted in Figure 1.5.
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Scheme 1.8 & Figure 1.5. Termination of radical polymer chains by backbiting and
transfer (left). Effect of slow initiation and chain-breaking reactions on the molecular
weight (right). Reprinted,!'”! with permission from Elsevier.

The deactivation of the propagating radicals by Br—Cu(II)L*, which is determined by
the rate constant of deactivation kj.,.; in the ATRF equilibrium, defines the control
over chain growth, dispersity D) and the preservation of the chain-end functionality
after the depletion of monomers.['712] Overall, the dispersity in ATRP depends on the
degree of polymerization DP, the polymerization rate ky, kgeqs, the employed concen-
tration of the alkyl halide initiator [RX]p, the concentration of the catalyst [Br— Cu(II)L*]
and the monomer conversion p (see Equation 1.3). In activators generated by electron
transfer (AGET),!"*] a reducing agent like ascorbic acid!'®! is introduced to generate
Cu(I)L* from Br—Cu(II)L*. Some reducing agents like Cu(0) also showed the capability
of directly activating the dormant species (supplemental activator and reducing agent,
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SARA).I"*# By keeping very low levels of Br—Cu(II)L* deactivator, the Cu(I)L* acti-
vator is continuously regenerated in a steady state equilibrium (activator regenerated
by electron transfer, ARGET).['*®! Under ARGET conditions, the polymerization rate
becomes virtually independent from the catalyst loading and is largely determined by
the reduction of Br—Cu(IT)L* while also showing better oxygen tolerance.!'*! Besides
the use of reducing agents, the regeneration of the activator in ATRFP can be achieved
by thermal radical initiators,!*! light,1¥] electrical energy"*! and ultrasound.!'*!

22 ) a3)

1
P=1+—
* 07+ oaBr—cami

Dp
Functional polymers via ATRP are synthesized by the employment of functional mo-
nomers, functional initiators or through conversion of the chain-end functionality
of the originated polymer.l'”! To generate azobenzene-doped polymers, azobenzene
was transformed into alkyl halide initiators that mimic the dormant species of the
corresponding poly(methyl acrylate) (PMA) and poly(methyl methacrylate) (PMMA)
chains.[1*140141] Afier the synthesis of azobenzene-centered PMA and (E)—(Z) pho-
toisomerization (see Scheme 1.9), ultrasonication of the azopolymer in THF solution
transduced the generated mechanical force towards the central azobenzene unit in the
polymer chain and led to its mechanochromic (Z)—(E) backswitching,!'*]
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Scheme 1.9. SARA ATRP of methyl acrylate with a difunctional azobenzene-based
initiator to diazocine-centered PMA.%!

1.9 Azopolymer Examples

The most straightforward application of the azobenzene photoisomerization in poly-
mers consists of the transfer of the anisotropic mechanical motion to enforce large
conformational changes to the three-dimensional structure of polymer chains.[14%14
Using single-molecule force spectroscopy, individual main-chain azopolymer chains
were found to contract against an external force applied by an atomic force microscopy
(AFM) tip (up to 500 nN) along the polymer backbone due to optical (E)—(Z) switch-

[14] When an external load was

ing, thus delivering mechanical work (see Figure 1.6).
applied to the polymer in the original extended (E) configuration (I), it followed the

force-extension curve up to point (II), where the system was photoswitched with 365 nm
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light to its short (£) configuration (III). The ensuing polymer contraction AL is related
to the optomechanical work output of the system. The removal of the load resulted in
the relaxation of the polymer (IV). From there it was switched back with 420 nm light
to (E) to complete the force-extension cycle (I).
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Figure 1.6. Chemical structure of the examined azopolymer by single-molecule force

spectroscopy (above). Reversible photoinduced contraction of the azopoly mer against

the external force applied by the AFM tip (below left). Used with permission of Royal

Society of Chemistry;!'** permission conveyed through Copyright Clearance Center,

Inc. Force-extension cycle of the azopolymer (below right). Reprinted with permission
from AAAS.™! Tr — trityl. Adoc — adamantyl-oxycarbonyl.

In order to maximize the deformation of individual polymer chains, multiple azoben-
zene units were incorporated into the backbone of poly(p-phenylene) via polycondensa-
tion (see Figure 1.7).14%] (E) +(Z) photoisomerization resulted in a reversible shrinkage
and compression of the extended rigid rod-like polymer chains. Likewise, individ-
ual linear hybrid polymer chains with alternating trisiloxane and azobenzene units
exhibited a photoinduced hydrodynamic contraction in solution.['%®!
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Main-chain poly(azo-triziloxane)

Figure 1.7. Azopolymer examples.|®!%.45] R — n-dodecanyl.

In general, research on azobenzene as a trigger in polymers focused on the photocontrol
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of solubility, surface wettability, viscosity, electrical conductivity and mechanical prop-
erties.['*¢] Concomitant changes in free volume, chain stiffness and interchain cohesion
influence the thermal properties of azopolymers, causing a shift in the glass transition
temperature (T;).['4.148] The T, is the temperature region in which a polymer transitions
from a hard, glassy state into a soft, rubbery state and is marked by a step change in the
heat capacity and the coefficients of thermal expansion. At temperatures below T, the
elastic modulus of polymers is strongly increased since the motion and reorientation
of polymer chains are restricted. As a consequence, polymers with high T} relative to
room temperature (20 °C) often serve as hard coatings or as structural elements. On
the other hand, polymers with low T, are processable and healable by molding and
extrusion due to a much higher elasticity and polymer chain flexibility. Reversible
addition-fragmentation chain-transfer (RAFT) polymerization as a controlled radical
polymerization technique was applied to prepare polyacrylate chains with pendant
azobenzene groups.”! The polymer side chains in the (E) configuration constituted a
crystalline structure with higher relative densityl'¥’] that restricted segmental motion
and provided less free volume in the matrix.["*! (E)—(2) photoisomerization induced
a higher flexibility to the polymer side chains and caused a large decrease in T, from
48 °C to -10 °C, thus traversing room temperature and enabling the reversible pho-
toinduced melting and recrystallization of the polymer. This photomelting effect has
potential applications in healable hard coatings, fabrication of smooth surfaces and
transfer printing. A similar effect was realized in a main-chain azopolymer in which an
azobenzene diacrylate was subjected to the Michael-type thiol-ene polyaddition with
1,6-hexanedithiol to yield poly(azo-thioether).'%1 (E) —+(Z) photoisomerization led to
the disintegration of its semi-crystalline structure followed by a decrease in T, from
34 °C to -35 °C (see Figure 1.8).
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Figure 1.8. Photoinduced melting, recrystallization (left) and molecular structure

(right) of the main-chain poly(azo-thioether). Reprinted with permission.'™! Copy-
right 2020 American Chemical Society.
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1.10 Examples of Polymers Containing Diazocines

The photoresponsive properties of diazocine were examined in main-chain,['® side-
chain™®l and cross-linked polymers.['*21%] Initial research focused on its influential
control over the functionality of biopolymers.'>! Diazocine substituted with two 2-
chloroacetamide groups on the phenyl rings was implemented as a cross-linker into a
peptide that contained two sulfhydryl groups from cysteine residues (see Figure 1.9).
Intramolecular cross-linking resulted in a circular peptide in which the diazocine moi-
ety functioned as a molecular clamp. The photoinduced unlocking of the clamp owing
to its (Z)—(E) molecular expansion initiated conformational changes in the peptide
and an increase in alpha-helical content as a consequence (see Figure 1.10). Therefore,
a single diazocine unit can alter the conformation of a polymer chain substantially, in
order to gain photocontrol over the three-dimensional structure and the functionality
of macromolecules such as peptides. The inclusion of single diazocine units into the
side chain of oligonucleotide strands was carried out by the phosphoramidite-based
solid phase synthesis.'®!! Diazocine accommodation led to a decrease in the stabil-
ity of oligonucleotide duplexes, as evident by a decrease in the melting temperature.
However, this destabilizing effect mitigated upon (Z)—(E) photoswitching, concluding
that the (E) isomer was better accommodated than the (Z) isomer. The photocontrol
over the temperature-dependent formation of oligonucleotide duplexes demonstrated

the efficient application of diazocine photoisomerization to modulate supramolecular

structures.
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Figure 1.9. Diazocine derivatives as building blocks and linkers for the integration into
polymers.SLISIS DMT = dimethoxytrityl.

Moreover, diazocine derivatives were transformed into difunctional monomers for the
synthesis of linear chains containing multiple diazocine units.['*"! For instance, the 3,8-
diamine of diazocine was polymerized with hexamethylene diisocyanate and dibutyltin
dilaurate as the catalyst in a polyaddition reaction to form polyurea (see Figure 1.10).
The resulting linear polymer chains with a molecular weight of 5 kDa comprised mul-
tiple diazocine units and exhibited a dispersity of 1.05 as characterized by GPC. No
thermal phase transitions could be detected by DSC measurements. After processing
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the polymer to a thin film, 405 nm light irradiation resulted in the photoexpansion
of the surface layer and the mechanical deformation of the film away from the light
source. The photoactuation process was reversible with 532 nm light irradiation. The
urea groups in the backbone presumably formed intermolecular hydrogen bonds that
constructed a higher-ordered network microstructure. While the non-planarity of (£)
diazocine prevented m-m stacking interactions between the switching units, (Z)—(E)
photoisomerization was believed to favor 7 stacking due to the nearly planar geome-
try of (E) diazocine resulting from an amorphous-to-crystalline transition.

fo ¥ o A 0
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Figure 1.10. Photoinduced conformational change of the diazocine-crosslinked FE-

11 peptide (left). Reprinted with permission.l'*! Copyright 2012 John Wiley and

Sons. Molecular structure and photomechanical bending of the diazocine-containing

polyurea film (right). Reprinted with permission.['>" Copyright 2018 American Chem-
ical Society.

To incorporate diazocine as a component in a cross-linked network, 3,8-divinylated
diazocine was co-polymerized with 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane and
di-tert-butyl peraxide as the radical initiator to produce photochromic thin films via
initiated Chemical Vapor Deposition.'>*! The same method was successfully employed
to copolymerize monomers of different polarity, namely 3,8-divinylated diazocine with
hydroxyethyl methacrylate.'>?l Trradiation with blue light onto the obtained polymer
film enabled reversible (£)—(E) photopatterning after applying a mask and photola-
beling using a laser pointer as the light source.



2 Objectives

Despite the early synthesis of diazocine in 1910 and the discovery of its unique pho-
toswitching properties in 2009, the synthetic method to obtain diazocine remained
unchanged and produced low yields. Therefore, it was necessary to overcome limita-
tions of previous synthetic methods and provide better alternative solutions to higher
and more predictable yields. Project I examines possible alternative pathways toward
the synthesis of diazocines which is centered around the connection of 1,2-substituted
arenes to bibenzyls, the formation of the eight-membered diazocine ring and the estab-
lishment of the diazo group. A new strategy could offer more flexibility in the handling
of diazocines and its precursors under various chemical conditions and enable access
to previously unknown products. Synthetically, the formation of the eight-membered
heterocycle is considered the most challenging step after which the conversion to the
desired diazocine product would proceed easily and in good yields. Instead of a con-
densation reaction between nitrogen atoms at 2,2"-positions of bibenzyl, connection via
two consecutive C—N coupling reactions with a dinitrogen building block represents
a different retrosynthetic approach to diazocine (see Scheme 2.1). To establish a syn-
thetic pathway, the newly found method needs to be tested with equivalent starting
materials containing substituent groups on the benzene rings for the synthesis of dia-
zocine derivatives. Special emphasis is placed on electron-donating and -withdrawing
groups to alter the photoswitching m-system as well as aromatic heterocycles as sub-
stituents for benzene. Finally, the photochromic properties of the newly synthesized
diazocines are analyzed and compared spectroscopically in solution, with a focus on

the photostationary states after the enrichment of the (£) and (E) isomers.

Unlike azobenzene, the potential of diazocine as a novel molecular photoswitch has
only been little explored in polymers. Inspired by the strategies to synthesize and char-
acterize azopolymers, the substituents on the benzene rings of diazocine are designed
and transformed into reactive functional groups for the covalent incorporation into
polymers. By using diazocine-derived initiators in ATRF as a radical polymerization
technique, diazocine-capped and diazocine-centered polymers are easily generated for
the study of the photoisomerization behavior of single diazocine units in polymer chains

22
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Scheme 2.1. Retrosynthetic considerations for diazocine.

(see Scheme 2.2). Although there has been much progress in the understanding of ATRE
the reactivity of functional alkyl halides during initiation has not been systematically
studied. The radicals generated during radical polymerizations could potentially inter-
fere with the functional groups on the initiator or the monomer. Therefore, the reaction
conditions for the synthesis of functional polymers often need to be optimized to ob-
tain the desired architecture and dispersity in good yields. Particularly for diazocine
units in amorphous polymers with elastomeric properties, the isomerization efficiency
of a novel photoswitch in a solid polymer matrix environment is highly dependent on
the chemical composition of the polymer which determines the free volume and chain
flexibility. In this context, the effect of the polymer matrix on the photochromism and
on the (E)—(Z) thermal relaxation of diazocine is investigated for different substitution
patterns on diazocine with PMA and PMMA as exemplary elastomers in Project I1.

ATRP i
——
LN — ——
hv or A

Scheme 2.2. Diazocine as an ATRP initiator to build diazocine-centered elastomeric
chains. Yellow shape: (£) diazocine. Red shape: (E) diazocine.

The utilization of molecular switches to induce changes in the macromolecular confor-
mation and the physicochemical properties of polymers has been extensively explored
for different kinds of azobenzenes. However, the (£)—(E) pincer-type switching mo-
tion and the reversed stability of isomers compared to parent azobenzene are unique
features of diazocine that could be exploited, i.e., transferred to or enhanced on a
macromolecular scale for future applications in novel smart materials. In terms of poly-
merization strategies, diazocines with a single vinyl group could act as monomers to
build side-chain azopolymers while diazocines containing two vinyl groups qualify as
cross-linkers or as monomers in polyadditions to build main-chain azopolymers. Acry-
lates are widely used as reactive functional groups not only for radical polymerizations
but also as strong electron acceptors that readily react with nucleophiles such as thiols
in a Michael-type thiol-ene reaction. In Project 111, the inclusion and effect of multiple
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molecular switching units in a linear polymer chain are investigated to alter the polymer
backbone conformation and potentially enable cooperative switching in an organized
superstructure. In addition to a higher chromophore load leading to higher absorption
intensities, photoswitching of the diazocine units in the backbone would result in a
correlated pincer-type motion of diazocines and an overall extension of the individual

polymer chains (see Scheme 2.3).

hv
———
ff—
hv or A

Scheme 2.3. Polymer with multiple diazocine units in the main chain and photoin-
duced size expansion. Yellow shape: (£) diazocine. Red shape: (E) diazocine.



3 Results

3.1 A New Strategy for the Synthesis of Diazocines

Cross-Coupling Strategy for the Synthesis of Diazocines
Shuo Li, Nadi Eleya, and Anne Staubitz, Org. Lett. 2020, 22, 1624-1627.
DOI: 10.1021/ acs.orglett.0c00122

Reprinted with permission from ACS Publications. Copyright 2020. Published by
American Chemical Society. The supporting information includes all used materials and

methods, experimental procedures, analytical data, images of spectra and is available
free of charge online.

Abstract

Ethylene bridged azobenzenes are novel, promising molecular switches that are ther-
modynamically more stable in the (£) than in the (E) configuration, contrary to the
linear azobenzene. However, their previous synthetic routes were often not general,
and yields were poorly reproducible, and sometimes very low. Here we present a new
synthetic strategy that is both versatile and reliable. Starting from widely available
2-bromobenzyl bromides, the designated molecules can be obtained in three simple

steps.
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Scientific Contribution

After initial drafting and planning by Prof. Dr. Anne Staverrz, this project was planned,
organized and conducted by me. The synthesis, purification and characterization of the
compounds were carried out by me. The manuscript and the supporting information
were written by me. Dr. Nadi EvLeva supported me with the synthesis of two diazocine
compounds. Prof. Dr. Anne Stausrz as the principal investigator was responsible for
the funding and edited the article. All authors have read and edited the article and
agreed to the published version of the manuscript.

Table 3.1. Contribution of the candidate in % of the total workload (up to 100% for
each of the following categories)

Experimental concept and design 80%
Experimental work and /or acquisition of (experimental) data  90%
Data analysis and interpretation 100%
Preparation of Figures and Tables 100%

Drafting of the manuscript 80%
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ABSTRACT: Ethylene bridged smoberzenes are novel, promising X

molecular switches that are themmodynamically more stable in the HmR —_— R'@E}‘ —_— nm.
(Z) than in the (E) configuration, contrary to the linear e .

mobermene. However, their previous synthetic rowtes were often
not general, and yields were poody reproducible, and sometimes
very low. Here we present a new synthetic strategy that is both vesatile and reltable. Starting from widely available 2-bromobenzyl
bromides, the designated molecules can be obtained in three simple steps.

he development of molecular switches that somerze by

irradtation with light have gained much attraction in
recent years due to thelr numerous applications.’ In 2009, the
ethylene-bridged cydic congener of amobermene, 11,12-
dibydrodiberzo[cg][1,2]dbzodne (cAB, la), was observed
to have erfor switching propertes compared to linear
moberzene.” In particular, the high photoconversion (Z = E
92 + 3%, E = Z 100%), the good resolution of absorption
bands between isomedc states [ Z to E somer: 404 to 490 nm),
and photolsomedzation quantum yields (£ = E 72 + 4%, E —
Z 50 % 10%) are much higher in cAB than in the nonbridged
aoberzene. Furthermore, in ¢AB, photochromism is achieved
solely by vighle light: Blue lght irradiation at 385 nm tdggers
the ng* exdtation and transition to the (E) isomer, while
badswitching is accomplished by thermal relastion or via
green light at a wavelength of 520 nm. In contrast to linear
mobermene, the (Z) somer of cAB is thermodymamically
favored over the (E) isomer by 37.08 kJ /mol® The switching
behavior of cAB has been examined in detad by quanturmme-
chanical drubtions™ and spectroscopic methods™ How-
ever, compared to Inear spobenzenes” diwocines have been
used to a much leser extent (examples are a photocontrolled
switch in a peptide” in polyures,' on molecular platfoms
and in oligonucleotides).'" The reason for this low level of
exploitation of these fwomble properties & that although
gyntheses exist, they tend to be low Welding and substmte
spedfic.

Synthetically, cAB can be undemstood a5 two dgid benzene
fngs lnked by a diazo and an ethylene group. These entities
are formed successively from 1 2-disubsttuted arenes as
starting matedals. Previous reports descibe C=C coupling of
e-nitrotoluene (1) to establish the ethylene bradge (3) firat
(Scheme 11" Then, the nitro groups were joined in an
intramolecular reduction step wsing lead a5 a reductant to
generate the diazo group in cAB in 51% yield. "™ Very recent
approaches to the dazodne ring formation imvolve an
intramolecular oxidation of amino groups by Oxone' (40%
yeld) or by m-chloroperoxybenzole actd (85% yield)"”
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Scheme 1. Comparison of Strategies for the Synthesis of
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Commonly, arenes containing nitro groups are often less
soluble in organic solvents. A further complication s that the
success of the reduction depends on the addiion of gpecific
amounts of reductant or oxddant and the cholce of defined
reaction condittons. ™" To date, all procedures for cAB
preparation rely on an intramolecular redox reaction between
nitrogen-containing functional groups to establish the diazo-
cine ring.

Herein, we follow a novel retrosynthetc disconnection:
Instead of breaking the bond between the nitrogen atoms, we
aimed for the inzertion of a diszo unit via comsecutive C=N
cross-coupling reactions to construct the diszocine Ang. Only a
few studies described the synthesis of heterocydes containing
diszo functions'™'" and mobenzenes™ v C-N bond
formation. In this report, an altemative Bdle synthess of
funcHonalired cABs &5 presented.

Following the newly designed strategy, we stanted with
formation of the C=C bond in cAB from an initial 1,2-
disubstituted arene (Scheme 1), Thus, reducton of 2-

Received: January 15, 2020
Published: February 3, 2000
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bromobenzyl bromide (4a) with s-butyllithinm (#-Buli)
corstructed the ethylene bridge of biberayl.*! Further addition
of n-Buli and quenching with iodine converted the aryl
bromide into corresponding aryl iodide (5a) in an overall £1%
yield. The resulting dielectrophile then underwent Cu-
catalyzed cascade amddations with di-tert-butyl hydraodicar-
boxylate (DBADH, ) a5 a dinudeophilic hydrazine substrate in
which the second C=N coupling led to intramolecular
oydization (6a) in 55% yield This step followed a protocol
for d.h.nﬂ.ne Hgand—catal}uai Ullmann—Goldberg amidation
reactions™ " except that a low-beiling solvent was used, Le,
acetonitrile. As the major byproduct of this reacion, we
detected the amidation product having consumed two
DBADH, substrates, one on each aryl halide position.
Remaining tert-butyloxycarbonyl (Boc) groups on the
dizzocine heterocycle were cleaved via Lewis add promoted
hydrolysts using trimethylsilyl iodide (TMSI) before oddation
of the exposed hydramo group with NBS Py, furnishing the
cAB product (1a) in 67% yeld.

We sought to explore the scope of this new process by
fabrication of novel cAB dedvatives contaning functional
goups at comverdent carbon posiHons 2, 3, 8 and 9
Consequently, an array of 2-bromobenzyl bromides induding
electron-domating and electron-withdrmwing groups were
prepared (Scheme 2). Subsequent homocouplng to the
comesponding bibenzyk Sh—5n occurred in 41-82% welds
Fusion of benzyl bromides containing redudble functional
goups such as methyl ester and nitdle was achieved
employment of the reductive Zn/[MiCL(PPhy).] system ™
Asymmetdc cAB carrying difierent substitution patterns on

Scheme 2 Synthesis of Various Bibenzyls from Benzyl
Bromides

B

%%%

LR

P, P o P

B, BN S aTRT

n-Oall, THF, -7 "0
M"mh T 3G

“1.5 equiv of Zn, 5 mol % [NiC1(PPh,).], 1 equiv of MEL], MeCHN/
THE, 20 *C. "Via Wittiy reaction and alkene reduction; see the
Supporting Information. "5 equiv of n-Buli, THF, —78 *C.

each bermene ring of the molecule such & Im was prepared
from the combinadon of a benzyl bromide with a
benzaldehyde in a Wittlg reaction. The resulting tilbene was
then hydrogenated to the desired bibenzyl compound Sm ™
Mongside benzyl coupling, we also established ethylene
bridges between heterocydes such as thiophene (50) and
pyddine (5p).

Subsequently, we focused on the cycliation of orthe
halogenated biberzyl compounds wing C=N coupling
chemistry (Scheme 3). Both electron-rich and elecron-

Scheme 3. Synthesis of Various cABs from Bibenzyls
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%4 equiv of TMSL wsed “1 equiv of Cul used.

defident arenes were readily trandformed to the desired
divzodne products 6b—6n with similar effidendes (35-70%).
However, when aryl bromides were used as electrophiles, the
dedred cyclization product was only obtaned in comparable
yields after addiion of 1 equiv of Cul catalyst Likewise
heterocydes could ako be annulated, delivedng nowvel
condensed ring systems 6o and 6p. Deprotection of the Boc-
protected dibvwodne species and owidation of the exposed
hydrazo to diazo fumished the cAB products 1b=1p in all
cases in good to excellent yelds (33=92%). In the exmple of
the tet-butyl ether (6e), concomitant deavage of ether and
carbarmate groups firally resulted in the phenol (1e).

In all previous examples, the functional group substituents
are already present in the corresponding starting materials.
However, late-stage derbvatization iz extremely valuable in
terms of versatlity and synthetc effidency. Therefore,
capitalizing on the Cl functiomal group allowed the conversion
to amines (1g, 1r) wsing a Buchwald—Hartwig amimaton with
lithdurm bis(trimethylsild Jamide (LHMDS ) as the nuc]ecf
cross-coupling partner in 51-56% welds (Scheme 4a)”
examples show that geneml cross-coupling chemhtry is
possible for chlorinated cABs. Treatment of the methyl ester
funcHons such as basic lysis and the reducion with
ditsobutylaluminum hydride (DIBAL) were accomplished to
give cABs with carboxylic add (1s, 1t) and benzyl alcohal (1)
in good to excellent yields (70-91%) (Scheme 4b). Finally,
the photochromic properties of cABs were examined by UV—
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vs and NMR specroscopy (see Supporting Information).
Absorption madma and photostationary states were deter-
mined after iradiaton, with 385 and 565 nm wavelength lght,
of la=1un in acetondtrile or DMS0. Mo significant deviaons
from parent cAB were found except for the products le, 1g, 1r,
and 1o where the electronic coupling between the substituent
and the aromatic system presumably causes rapld themnal
rebtion of the (E) isomers™

In concluidon, we show a new geneml route to functon-
alized ethylene 'I:rldged azoberzenes carrying a wide variety of
functional groups. Additional derivatives could be prepared, in
which the diazo group was Hanked by the aromatic
heterocydes thiophene and pyddine Our strategy for the
establishment of the dbzodne ring consisted of building the
ethylene bridge from 2-bromo berzy bromides and inserting a
hydrazine undt via cascade C=MN coupling reactions. This
method ako provided products which could be further
trandomed into wefn]l bulding blocks that may be wed in
matertals chemistry,” ™" in which higher amounts of ethylene
bridged smoberzenes are required.
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3.2 ATRP Optimization and Characterization of Diazocine-

Doped Linear Elastomers

ARGET ATRP of Methyl Acrylate and Methyl Methacrylate with Diazocine-Derived

Initiators

Shuo Li, Ruchira Colaco, and Anne Staubitz, ACS Appl. Polym. Mater. 2022, 4, 6825-6833.
DOI: 10.1021/ acsapm.2c00769

Reprinted with permission from ACS Publications. Copyright 2022. Published by
American Chemical Society. The supporting information includes all used materials and

methods, experimental procedures, analytical data, images of spectra and is available
free of charge online.

Abstract

Dhazocine-functionalized initiators for atom transfer radical polymerization (ATRFP)
were synthesized and tested for their efficiency in controlled radical polymerizations of
methyl acrylate and methacrylate under reaction conditions for activators regenerated
by electron transfer (ARGET). The a-bromoisobutyl condensates of anilide and benzy-
loxycarbonate required high amounts of reducing agents and catalysts for the imtiation.
On the other hand, violet light irradiation during ATRP caused severe retardation or
termination during initiation of the anilide compound, in contrast to the previously
reported photoinduced initiation under otherwise very similar conditions. The final
linear elastomers obtained from optimized polymerization kinetics responded to light
irradiation of 405 and 525 nm wavelengths by (Z) /(E) photoisomerization of diazocine
in both solution and in the solid state. The (E)—(Z) thermal relaxation rate was highly
influenced by electronic effects on the diazocine ring, the solvent, and the polymer
matrix in the solid state. Our polymers find potential use as photonic materials in
ultraviolet light sensors and optical waveguides.
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Scientific Contribution

After initial drafting and planning by Prof. Dr. Anne Staverrz, this project was planned,
organized and conducted by me. The synthesis, purification and characterization of the
compounds were carried out by me. The manuscript and the supporting information
were written by me. Ruchira Coraco synthesized the ligand MegsTREN and prepared
the solid thin films by drop-casting. Prof. Dr. Anne Stausrrz as the principal investigator
was responsible for the funding and edited the article. All authors have read and edited
the article and agreed to the published version of the manuscript.

Table 3.2. Contribution of the candidate in % of the total workload (up to 100% for
each of the following categories)

Experimental concept and design 70%
Experimental work and /or acquisition of (experimental) data  90%
Data analysis and interpretation 90%
Preparation of Figures and Tables 100%

Drafting of the manuscript 80%
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ABSTRACT: Diazocine-functionalized initiztors for atom transfer radical polymerization (ATRP) were synthesized and tested for
their efficiency in controlled radical polymerizations of methyl acrylate and methacrylate under reaction conditions for activators
regenerated by electron transfer (ARGET). The a-bromoisobutyl condensates of anilide and ate required high
amounts of reducing agents and catalysts for the initiation. On the other hand, violet light irradiation during ATRP caused severe
retardation or termination during initiation of the anilide compound, in contrast to the previously reported photoinduced initiation
under otherwise very similar conditions. The final linear elastomers obtained from optimized polymerization kinetics responded to
light irradiation of 405 and 525 nm wavelengths by Z/E photoisomerization of diazocine in both solution and in the solid state. The
E — Z thermal relaxation rate was highly influenced by electronic effects on the diazocine ring, the solvent, and the polymer matrix
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in the solid state. Our polymers find potential use as photonic materials in ultraviolet light sensors and optical waveguides.
KEYWORDS: poly(methyl acrylate), poly(methyl methacrylate), atom transfer radical polymerization, diazocine, photochromism

B INTRODUCTION

Macromolecular systems can be modified and enhanced by the
incorporation of molecular switches that change their
molecular and therefore physical properties upon
irradiation with light ™ Among these switches, the ethylene
bridged azobenzene (diazocine) stands out as a photo-
responsive molecule with interconvertible configurations
where the bent (Z) form is energetically favored over the
(E) isomer (Scheme 1).*° The photoswitching of diszocine is

Scheme 1. Photochemical Isomerization Reaction between
(Z)- and (E)-Diazocine

WL % _
(Z) {E)

accomplished by irradiation with violet (405 nm wavelength)
and green light (525 nm wavelength) and is affected highly by
the modifications of the ethylene bridge. Drastic changes in the
thermal half-life of the (E) isomer (4.5 h, all carbon skeleton)
were observed in the oxygen- (89 s) and sulfur-substituted (3.5
days) congeners,” while the n.cel:amldn substituent greatly
enhanced the solubility in water® A very high energy

© 2022 American Chamicl Sodety
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conversion efficiency of 18.1% was evaluated in the di-indane
of diazodine compared to the original molecule (7.6%).°

To date, there have been two reports on the use of diazocine
a5 a comonomer: Li et al. applied the 3.8-diaminosubstituted
diazocine in a polyaddition reaction to synthesize a polyurea
polymer that could be photopatterned and also reported the
photomechanical bending of a film."" Burk et al. fabricated
photochromic thin films via initiated chemical vapor
deposition from the radical polymerization of divinylated
diazocine in the gas phase.“ However, the incorporation of a
single functional unit is often sufficient to accomplish an
effective photocontrol of macromolecular systems. Dizzocines
have been utilized in biomolecules such as peptides,'
oligonucleotides,'” and carbohydrates'* to induce a conforma-
tional change for functional control.

Atom transfer radical polymerization (ATRP) is a widely
used radical polymerization technigque that allows for good
control over molar mass distribution, dispersity (P), and
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architecture of polymer chains.'™'® The initiation of the
polymerization'” proceeds through a concerted inner-sphere
electron transfer mechanism involving the C—X bond
dissociation of an alkyl halide initiator and transfer of the
halogen atom to fmdu.ce X—Cu(II)L* from the Cuo(IJL*
catalyst complex'® Among various initiastion systems for
}LT'RP,” activators regenerated by electron transfer
{ARGET) shows better oxygen tolerance and polymerization
control via the dynamic ATRP ilibrium between the X—
Cu(II)L* deactivator and the Co(I)L* activator. The polymer-
ization rate is determined particularly by the type and the
amount of the employed reducing agent, which continnously
regenerates the Cufl)L* species.” The polymerization of
acrylates was extensively studied by the groups of Haddleton™
and Percec™ who employed the highly reactive ethyl a-
bromoisobutyrate (EBiB) initiator in combination with the
Cul0)/tris] 2-( dimethylamino)ethyl |amine (MesTREN) cata-
Iytic system in dimethyl solfoxide (DMS0). Cul0) is
considered the supplemental activation reducing agent
(SARA), to regenerate Cu{I)L" from X—Cu{II)L" through
comproportionation.” Hutchinson and co-workers demon-
strated that the polymerization of methyl acrylate wsing
ascorbic acid (AA) is very efficient after Cu(0)-mediated
initiation.” In fact, some ATRP ligands such as MesTREN are
capable of effectively reducing the X—Cu{ll)L" complex
especially when they are used in excess ™ Anastasaki and
co-workers achieved outstanding end-group fidelity and
control of the polymerization of acrylates with photoinduced
ATRP (photo-ATRP)**** in which the photoexcited
Me;TREN ligand presumably becomes an electron donor to
the initiator to indoce C—Br bond homalysis.™™

In this work, we report the polymerization of methyl acrylate
and methyl methacrylate wsing the photochromic diazocine,
functionalized with a-bromoisobutyryl initiating sites. The
newly synthesized initiating system is compared to the
established EBiB initiator with regard to its polymerization
efficiency and the resulting molar mass distributions. With
these studies, we could detect for the first time a strong
inhibiting effect of violet light on the initiation process of
ARGET ATRP. With optimized ATRP conditions for the
diazocine-functionalized initiator, structural variations of that
initiating system were tested for the synthesis of poly(methyl
acrylate) and poly(methyl methacrylate) (PMMA). We further
studied the photochromism of diarocine incorporated in high-
molecular-weight acrylate and methacrylate polymer chains in
both solution and in the solid state. Polymers containing
photochromic units in the main chain serve in potential
photonic applications™ such as optical waveguides,™ data
storage, ™ and photopatterned surfaces.'™*%%

B EXPERIMENTAL SECTION

Materials. a-Bromaiscbutyryl bromide (BIBE, 98%, Sigma-
Aldrich), NN,N'N",N"-pentamethyldiethylenstriamine (PMDETA,
Merck), tris[2-(dimethylamino Jethyjamine (Me;TREN, synthesized
according to the by Ciampolini and Mardi),” and
tripthylamine (anhydrous, Fluorochem) were degassed by three
freeze—pump—thaw cycles and stored in the glovebox. Methyl
acrlate (99%, Alfa Aesar) and methyl methacrvlate (99%, J&K)
were passad through aluminum oxide 90 basic (Macherey-Nagel, 50—
200 um particle sire) before use. Tetrahydrofran (THF) (>99%,
Honeywell) was dried by a solvent purification system (5P3) from
Inert Tac jas. Ascorbic acid (>00%, Roth), anisole (-00%,
Roth), and DMS0 (99.7%, Acros) wers without fiurther
purification. To conduct the polymerization with Cu(0), the copper

wire (diameter: 0.4 mm, Knor Prandell) was wrapped around a
stirring bar, deaned with concentrated HCI (12 M) for 10 min, rinsed
with water and acetone, and transferred into the glovebox. The
stirring bar was added to the reaction mixture to start the
polymerization. To irradiste the reaction vial with light during the
reaction, the light-emitting diode (LED) light source was switched on
just befiore the stiming bar was added. A solution of CuBr; (99%, Stem
Chemicals) in DMS0 (67 mg/3 ml, 0.1 M) was prepared in the

Instrumentation. NME s were recorded on a Bruker
Avance Meo 600 (Bruker BioSpin, Rheinstetten, Germany) (600
MHz ('H), 151 MHz (“C{'H})) at 208 K Al 'H NME and
BC{'H} NMR spectra were referenced to the residus] proton signals
of the solvent ('H) or the solvent itself (“C{'H}). The emact
assignment of the peaks was performed by two-dimensional NMR
spectroscopy such as 'H comelated spactroscopy (COSY), BC{'H}
heteronuclear single quantum coherence {HSQC), and 'H/YC{'H}
heteronuclear multiple bond correlation {(HMBC) when possible. The
UV—vis absorption measurements were recorded in a PerkinElmer
UV,/vis near-infrared (WIR) spectrometer Lambda 900 and in a VWR
UV-1600PC at 296 K. Cuartz cuvettes of 10 mm optical path length
were usad. The imadiation experiments were carried out wsing LED
light sources from Sahlmann Photochemical Solutions of £05 nm
central wavelength (3% Michia NVSU233A of 980 mW optical
power) and 525 nm central wavelength (3 Michia NCSG219B-V1 of
400 mW optical power) at a I om distance from the cuvette or from
the reaction vial The ionary states (PS5s) of compounds
2a—d were datermined by '"H NMR spectroscopy (5 mM in MeCN-
ds) at 15 “C. The NMR tubes were irradisted with light at 405 and
525 nm wavelength for 2 min each before the NME spectra were
recorded. Absorption maxima at wavelengths i (E) and 1__(F) of
compounds 2—4 were determined by UV—vis (1 mM in
THEF for 2a—d, 10 mg/mL in THF for 3a—d and 4a—d) at 15 =C.
The cuvettes were iradiated with light at 405 and 525 nm wavelength
for X min each before the absorption spectra were measured. The
thermal relaxation kinetics of 21—4 were monitored by
UV—vis spactroscopy (1 mM in THF for 2a—d, 10 mg/mL in THF
and as drop-casted thin films for 3a—d and 4a—d) at 25 °C. After the
photostationary state (PSS) at 405 nm was reached, 19 specira ware
recorded in the dark in 10 min intervals. The absorptions at i_,.(E}
were plotted against the reaction time before the rate constant & and
the half-life f; were determined via first-order kinetics. Kinetic
mezsurements for every sample were conducted three times to
determinge the mean and the standard deviation of k and f 5. Gel
permeation chromatography (GPC) was performed on a polymer
standard service (PSS) SECurity GPC system at 308 K after a
conventional calibration using polystyrene standards. The molar mass
distribution of polymers was determined wsing refractive index
dataction (RID) in combination with light scattering (LS) detaction
and diode-array detection (DAD). The were dissolved in
THF (=1 mg/ml; 5 mg/mL for the detection of absorption at 395
nm wavelength), and the GPC spectra were recorded at the 1 mg/mL
elution flow rate. To pre&are polymer thin films (003004 mm
thickness), 100 ul. of a &0 mg/ml polymer solution in THF was
drop-casted and distributed onto a Menzel-Glassr cover skip (18 mm
» 18 mm) and dried on a glass plate at 60 °C for 24 h

Chemical Synthesis. Procedure for the ization of
Methyl Acrylates 3a—d. Methyl acrlate (1.72 g 200 mmaol, 1000
equiv}, initiator 2a (10.7 mg, 20,0 ymol, 1.00 equiv), and DMSO (1.9
mL) were added to a microwave vial and degassed by purging with
argon for 10 min. The sealed vial was transferred into a glovebox,
opened, and AA (35.0 mg, 223 ymol, 5000 equiv), CuBr, solution in
DMSO (40.0 pL, 400 gmol, 100 mM, 0.20 equiv), and Me,TREN
(6,40 uL, 24.0 gmol, 1.20 equiv) were added within 20 5. The vial was
sealed, transferred out of the glovebox, and stirred at 20 °C for 2 h
Samples were taken periodically and conversions were measured using
'H NMR. spectroscopy. Then, the vial was opened and the reaction
mixture was precipitated dropwise in stiming methancl (25 mL). The
resulting solid was collected, redissolved in THF (15 ml), and re-
precipitated in methanol (25 mL) twice before the solid residue was
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dried in vacuum (530 *C, 48 h) to furnish product 3a (244 mg, 14%)
as a yellow solid. This procedure was adopted for the synthesis of 3b
from b, 3c from 2c, and 3d from 2d (see the SI).

Procedure for the ion of Methyl Methacrylates 4a—
d. Mathyl methacrylate (100 g, 20.0 mmeod, 1000 equiv), initiator 2a
(10.7 mg, 20.0 wmol, 10D equiv), and anisobs (2.2 mL) were added to
a microwave vial and degassed by purging with argon for 10 min. The
sealed vial was transferred into the and AA (350
mg, 20.0 gmol, 1.00 equiv), CuBry sobetion in DMSC0 (2000 gL, 200
jpmod, 100 mM, 0.10 equiv), and PMDETA (4.20 g1, 53.0 gmol, 1.00
equiv) were added within 20 s. The vial was sealed, transferred out of
the glovebox, and stirred at 90 *C for the given time. Samples were
taken periodically and conversions were measured using 'H NMER
spectrescopy. Then, the vial was opened and to the reaction mixture
was added THF (25 mL) and precipitated dropwise in stirring
methanol (25 mL). The resulting sofid was collected, redissobved in
THEF (5 mL), and re-precipitated in methanol (25 mL) twice bafore
the solid residue was dried in vacusm (50 °C, 48 h) to furnish
product 4a (086 mg, 40%) as a yellow solid. This procedure was

for the synthesis of 4b from 2b, 4¢ from 1c, and 4d from 2d
(see the SI).

B RESULTS AND DISCUSSION

Preparation of Diazocine-Functionalized ATRP Ini-
tiators. The syntheses of substituted diazocines have been
established previously in a three-step process starting from
functionalized 2-bromobenzyl bromides.” Treatment of diani-
lines 1a and 1b with a-bromoisobutyryl bromide (BIEB)
generated the desired difunctional diazocdine initiators 2a and
2b in 32 and 84% yields (Scheme 2). The easily accessible
dihydroxymethyl derivative of diazocine lc was treated under
the same conditions to deliver the difunctional initiator 2c in a
92% yield. To obtain the monofunctional equivalent of
initiator 2c, benzyl bromide 5 and benzaldehyde & were first
combined in a Wittig reaction to generate the stilbene 7 (see
Scheme 52). The ensuing hydrogenation with Adams’ catalyst

Scheme 2. Owerview of Starting Materials 1a—d, Initiators
2a—d, Poly(methyl acrylate)s 3a—d, and Poly({methyl
methacrylate)s 4a—d Containing Diazocine™
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to the bibenzyl compound paved the way for the synthesis of
benzyl alcohol 1d via the cascade Cuo-catalyzed amidation
reaction, in accordance with the previously reported synthesis
of 1. Condensation with BiBB finally provided the product
2d in a 46% yield. Thuos, the ATRP initiators 2a—d were
generated containing one or two a-bromoisobutyryd groups
with different attachments to the diazocine core.

ATRP Optimization for Poly(methyl acrylate) with a
Difunctional Diazocine Initiator. Throughout this study,
the targeted degree of polymerization was set to 500 for each
reactive initiating alloyl bromide site. Molecular weights M and
M, were obtained from the molar mass distribution by GPC
analysis (calibrated from polystyrene standards, Figures 51—
58) and conversions were determined by 'H NMR spectros-
copy. Prior to the investigation of the diazocine-functionalized
initiators, the polymerization of methyl acrylate was repro-
duced with the highly reactive initiator EBiB to compare the
subsequent polymerization results (Table 1, entry 1). The use
of the wery effective catalyst system CuBr; and tris[2-
(dimethylamino)ethyl |amine (Me;TREN) in DMS0 with
Cu(D) as the reducing agent was adopted from Haddleton
and co-workers.*™** The solvent to monomer ratio was set to
50:50 v/v DMS50/methyl acrylate and the reaction temper-
ature of 20 °C was kept constant throughout the reaction.
After 5 h, 91% of the monomer had converted to poly{methyl
acrylate) with an M, of 42 kDa and a dispersity of less than 1.1,
in good agreement with the literature.

However, when the same conditions were applied to the
diazocine initiator 2a, conversion after 2 h was only at 4%
{entry 2). Low conversion in combination with an excessively
high M; of 104 kDa and a dispersity of 1.8 strongly suggested
that initiator 2a was less reactive than EBiB. Increasing the
length of the Co{0) wire from 3 to 25 cm led to an increase in
conversion to 63% and the targeted degree of polymerization
was reached after only 2 h of reaction time (entry 3). The GPC
result revealed a trimodal distribution of polymers, containing
the major peak of the expected extension of the difunction-
alized initiator on both reactive sites together with a minor
peak consisting of single-extended polymer chains and a broad
peak that was attributed to bimolecular radical terminations.
Entry 3 illustrates that the amount of the available reducing
agent and thus the rapid generation of the Cu(T)L" activator
during the initial stage of polymerization are crudal in the case
of 2a. The decline in initiation efficiency from EBiB to 2a also
caused significantly more radical terminations at the nascent
polymer chain end.

To evaluate whether the amount of the catalyst influences
the outcome regarding molar mass distribution, the concen-
trations of CuBr, and Me;TREN were increased 10-fold (entry
4).% Apart from a high conversion of 70%, which was reached
after only 1 h, bimolecular radical termination events became
maore frequent as reflected by the high M, shoulder in the
muolar mass distribution (Figore la). As a consequence, rapid
polymer chain growth and bimolecular combinations gen-
erated a very high M, of 123 kDa and a dispersity of 1.9 after 1
h of reaction time. The result is consistent with the observation
made by Anastasaki and co-workers in which an increase in
ligand concentration led to more termination events mediated
by the ligand Me;TREN.*" Defunctionalization by chain
transfer and ligand quaternization at the @-chain end resulted
in dead polymer chains. An increase in bimolecolar radical
termination events is explained by the acoumulating amounts
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Table 1. Comparison of ATRP Reaction Conditions and Results for 2a to 3a after 2 h of Reaction Time™"

ME\{ME H N HE}e’m G iTT';;N NEIDC MB M H HMB i CD "
By S g SR
1RSI SR G-~ K\ﬂlfj e
N=N DM=0, 25°C
exixy mnitiatar [Cubis]/[Me TREN] reducing agent convensica. (%) H.,u-c (k) My, (k2] B
1" ERiB 002:0012 5 cm Ca(0) a1 42 40 =L1
2 1a 002:0012 5 cm Ca(0) 4 104 4 LB
3 1a 002:0012 15 cm Cul0) a3 B2 5 L&
& la 0212 15 cm Cuf0) 70 123 61 19
5 1a 02:12 + " 15 cm Cul0) 9 -] B L3
& Ic 02:12 + " 15 cm Cul0) 46 -] 40 L3
) 1a 02:12 [AA] =1 A2 & 45 11
B la 0212 [AA] = 10 &8 BT 50 14
9 1a 02:12 + " [AA] = 10 43 152 8 il
A= Endgruip.hl‘duuumenhltﬂbmundeme 500. “2 equiv of the initiator, reaction time 5 h. “Reaction time 1 b “405 nm fBald

values represent the following: 2a and 1c are the assigned names of the chemical initiztors. Entries 4 and B are separately discussed in Figure 1.
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Figure 1. Comparison of the reducing environments 25 cm Cu(0) (entry 4, red) and 10 equiv AA (entry 8, black) in the ATRP to poly(methy
acrylate) 3a. Mormalized molar mass distributions of entry 4 (after 1 h) and entry 8 (after 2 h) {a), reaction kinetics (b)), dispersities (), and chain

growths (d).

of Cu(I)L", which can mediate polymer chain 7‘gutm:m.li after its
attachment to active radical chain ends***—*

It is possible that the configurational states (Z) and (E) of
the diazocine exert thermodynamic influence over the
homolysis of the C—Br bond. Therefore, the reaction mixture
was irradiated with light at 405 nm wavelength before and
during polymerization (entry 5). Surprisingly, the conversion
after 2 h of reaction time was only 9%, with a smaller than
expected M, of 66 kD'a. No progress in polymerization was
detected even after gradual thermal relaxation from (E) to (Z)
isomers over 24 h, thereby preventing monomer addition
during the initial stages by violet light. In photo-ATRP
established by Anastasaki and co-workers, C—Br bond
homaolysis of the initiator and the (re)generation of the
Cu(I)L" activator were accomplished by an external light
source at 305—550 nm wavelengths in the absence of a

ngzntm'“ However, initiators 2a and 2c only
underwznt (Z) to (E)} photoisomerization as evident by a
color change from yellow to red and did not initiate
polymerization under photo-ATRP conditions. In the presence
of Cu(0), both initiators yielded polymers with constant M, of

66 kDa and dispersities of 1.3. However, a substantial
difference in conversion was detected, obtaining only 9% of
poly(methyl acrylate) from initiator 2a (entry 5), opposite to
46% from initiator 2c (entry &). Therefore, the photo-
isomerization of diazocine had no significant effect on the
C—Br bond homaolysis. On the other hand, the strong effect of
violet light on the initiator 2a but not on 2c orginated from
competing side reactions involving the a-bromoamide groep:**
In the presence of a Cu(I)L"-based catalyst, it could undergo
reactions with methyl acrylate to form the comesponding
iminolactone.*® Heterocycle condensations uosually require
high temperatures but the photoactivation of the catalyst
could forther lower the activation barrier. As shown before for
the catalytic amination of a-chloroisobutylamides, Cu(l)
complexes can be photoactivated by blue ligj:rl'..‘r'r

Since the monomer conversion highly depends on the
concentration of the reducing agent, Cu(0) wire was replaced
by ascorbic acid (AA),* creating s homogeneons reaction
environment independent from the surface area of Cul0)
(entry 7). After 2 h and a relative initial AA concentration of 1
to the initiator, 52% of the monomer was converted to
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poly{methyl acrylate) with a low dispersity of 1.2, but the
propagation stopped at about an M; of 60 kDa and the
distribution remained trimodal. As a result, raising the relative
amount of AA from 1 to 10 aimed for a faster conversion and
sustained propagation (entry &). Monomer conversion reached
68% after 2 h of reaction time {Figure 1b), comparable to the
same conditions under Cul0) in entry 4. Linear growth of the
nascent polymer chains was observed, leading to well-defined
poly{methyl acrylate) of close to ideal M, of 87 kDa (Figure
1d). The good solubility of AA in DMSO contributed to a
faster generation of the Cu(I)L" activator to accelerate the
initiation. At the same time, the high concentration of AA
suppressed catalyst deactivation, causing dispersities to grow
slowly over the course of the reaction from 1.1 to 1.4 (Figure
1c).

Interestingly, violet light irradiation during the polymer-
ization did mot cause termination of the reaction (entry 9).
Instead after 2 h, a slight decrease in conversion to 43%, a very
high M_ of 152 kDa, and a dispersity of 3.1 confirm that violet
light hampers the initiation process. However, the high
concentration of AA enabled faster kinetics of initiation than
the competing photoinduced termination processes while
reducing the photocatalytic activity of free MesTREN through
protonation.

Preparation of Diazocine-Centered Poly{methyl
acrylate)s. Following the optimization of ARGET ATRP
with initiator 2a, the conditions from entry 8 were applied to
the initiators 2b—d (Table 2). Generation of poly(methyl

Table 2. Polymerization Results of Initiators 2a—d to

Polymers 3a—d and 4a—dc”
/ =

S R a = S~ S
lato 3a 02:1.2%10 68 &7 5 14
b to 3b 02:1.2%10 73 50 63 14
Ic to 3 0.2:1.25:10 64 7% 56 14
M to 35 021200 65 50 1] 14
Zato 4a oL 63 97 64 15
b to 4b oL 65 113 66 18
Ic to 4 oL 78 50 7 13
1 to oL 75 52 38 14

445"
“Monomers,/alkyl bromide site = $00. *Ligand Ma,TREN. “2 equiv of

the initiztor. "il.@m'l PMDETA. “Reaction time 3 h

acrylate) was successful in all cases with very similar results in
conversion (64—73%), M, (79—87 kDa in 3a—c and 50 kDa in
3d), and a dispersity of 1.4. Trace signals of the diazocine
center were detectable in the aromatic region of the '"H NMR
spectra and were highlighted (see the 5I). Most importantly,
the measured M, approached the targeted values of 87 and 44
kDa and the purified polymers were confirmed via "H NMR
spectroscopy. Slightly lower theoretical M, than obtained by
GPC is attributed to the lower reactivity of dizzocine-derived
initiators. Nevertheless, the use of AA as the reducing agent
combined with a high concentration of the catalyst ensured
effective polymerization, thus establishing a general method for
the syntheses of poly{methyl acrylate) from less efficient a-
bromoisobutyryl-based initiators.

Preparation of Diazocine-Centered Poly{methyl
methacrylate)s. The polymerization of methyl methacrylate
with functional initiators 2a—d by ARGET ATREP (Tzble zg
followed similar conditions derived from a previous study,”

except that tin(Il) 2-ethylhexanoate was replaced by AA as the
reducing agent. The catalyst system was chosen with relative
concentrations of 0.1:1:1 for [CuBr,]/[PMDETA]/[AA]
(PMDETA = NNN' N N"-pentamethyldiethylenetriamine)
to the initiator and a solvent to monomer ratio of 30:50 v/v for
anisole/methyl methacrylate. The targeted degree of polymer-
ization was set to 500 for each reactive initiating alkyl bromide
site. Purification after the reaction led to diazodne-centered
poly(methyl methacrylate)s 4a—d with M, of 89—113 and 52
kD'a near the targeted value of 101 and 51 kD, as confirmed
by 'H NMH spectroscopy and GPC. Trace signals of diazocine
in the aromatic region of the 'H NMR spectra were
highlighted (see the SI). While the dispersities remained
constant for poly(methyl acrylate)s 3a—d, deviating results
between 1.3 and 1.8 were obtained from the poly{methyl
methacrylate)}s 4a—d. The poor solubility of AA in anisole led
to its agglomeration during the reaction. Although there was a
lower activity resulting from the reduced surface area of AA,
high conversions (63—78%) were reached within 2—3 h.
Therefore, the chosen ARGET ATRP condition is wery
effective for the polymerization of methyl methacrylate from
initiators 2a—d.

To verify the covalent incorporation of diazocdne in the
poly(methyl acrylate) and methacrylate chains, the GPC
analysis of the polymers 3a—d and 4a—d was repeated with
both refractive index detection (RID) and diode-array
detection (DAD) set at 395 nm wavelength absorption to
detect the ne® absorption band of (Z)-diazocine. The results
were compared to a linear poly(methyl methacrylate) sample
without diarocine content as the negative control. While all
polymers including the negative control showed a signal in the
RID), which was applied for the determination of their molar
mass distributions (Figure 59, an increased absorption of light
at 395 nm wavelength in the DAD could only be detected in
the diazocine-containing polymers 3a—d and 4a—d. Thus, the
absence of an increased absorbance signal from the PMMA
negative control during the GPC elution confirms the covalent
incorporation of diazocine in the polymers.

Photochromism of Initiators and Diazocine-Centered
Poly(methyl acrylate)s and Methacrylates. The UV—vis
spectra of the initiators 2a—d and the polymers 3a—d and 4a—
d in THF were recorded at 25 °C (Figures S10-515).
Photoexcitation of the (Z) isomers with light at 405 nm
enzbled the isomerization to the metastable (E) configuration
with good photoconversion yields of 55—69% for 2a—d (Table
S1). A complete E — Z conversion (>99%) was achieved with
light at 525 nm wavelength. The photostationary states (P55s)
of the diazocine products were all reached within 1 min of
irradiation time. The n—x* transition maxima of the (Z) and
(E) isomers were detected at around 405 and 490 nm,
respectively (Table 52).

The spontaneous E — £ thermal relaxation of the initiators
2a—d and polymer-linked diazocine 3a—d and 4a—d followed
first-order reaction kinetics ( Tables 3 and 53 and Figures 520—
§22) and was measured by the decay of the absorption band of
the (E)-isomer at its maximum wavelength ip,. The
determined thermal halflives f; (Table 3) of the initiators
show a high dependence on the substituents on the aromatic
ring of diazocine; fast relaxation kinetics were found with the
para-substituted strong electron-donating substituents NHR
and OR in 2a (143 min) and 2d (69 min) in particular. The
general half-life trend among the explored diazodne types a—d
was maintained in the diazocine-centered polymers 3a—d and
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Table 3. E —+ Z Thermal Relaxation Half-Lives f,, of the
Initiators 2a—d, Diazocine-Centered Polymers 3a—d and
4a—d in THF, and as Solid Films Determined from UV—Vis
Spectroscopy

diazocine la—d in Ja—d in Ja—d as the solid 4a—d in

product  THE (min} THF (min}  &lm (min) THE (min}
a 43+l 113x2 153 + 17 105 + 2
b 33+ 11 306 + 10 B26 + 27 447 + 35
c 17+1 1T+ 4 368 + 19 5+ 5
d B0 Tzl ECE ] +3

4a—d dissolved in THF. Thermal backisomerizations pro-
ceeded slightly faster in diazocines bound to poly(methyl
acrylate) for 3b (306 min) and 3c (173 min) when compared
to the initiztors Zb (333 min) and 2c (237 min) but were
agrin decelerated when bound to poly(methyl methacrylate)s
4b (447 min) and 4c (225 min) in relation to their
poly{methyl acrylate) counterparts. The increased halflives
of 2b/4b to 3b and 2c/4c to 3cin THF are presumably caused
by the vicinal substituents on the diazodne moiety. The heavy
bromine atoms in 2b and 2c and the additional steric methyl
group in the repeating unit in 4b and 4c restrain the
conformational transitions of the diazocine heterocycle.

In the solid state, the polymers 3a—d and 4a—d underwent
photochromism as evident from the color change between the
yellow (Z) and red (E) configurations (Figure 2). Therefore,
drop-casted thin films of the polymer samples were prepared to
compare the photochromism (Figures 516—519) and thermal
behavior of polymer-bound (E)-diazocine in THF solution and
in the solid state. At 25 "C, poly(methy acrylate) is in a
rubbery state (glass transition temperature, Ty 16 5y
compared to the glassy state of poly{methyl methacrdate) (T
105 °C).*" Strikingly, the solid-state samples of 4a—d did not
follow first-order kinetics since the regression functions deviate
from straight lines (Figure 522, right), a common feature
found in photochromes within polymer matrices below their
Tg.ﬂ"'“ Based on the temperature-dependent Williams—
Landel—Ferry model for relaxation rates in amorphous
polymers,* the low chain segmental mobility in poly({methyl
methacrylate) enforces a different environment on each
photochromic unit, thereby causing thermal relaxation rates
to depend on individual conditions and to be nonlinear.” "

Solid thin films of diazocine types b and ¢ exhibited large
differences in halflives when compared to the dissolved
samples. In solid-state poly(methy acrylate)s (826 min in 3b
and 368 min in 3c), thermal relaxation is decelerated more
than twice as much compared to the solutions in THE (306
min in 3b, 173 min in 3c). Due to the moltiexponential decay
of (E}-diazocine in solid-state poly(methyl methacrylate],
thermal half-lives of 4b and 4c in solid thin films cannot be
obtained and compared with the relaxation in THF (447 min

in 4b, 225 min in 4c) via fist-order kinetics (Figure 3).
Monetheless, the juxtaposition of reaction kinetics in the solid

0.0

e
¥ . |
«0.5+ g P
< 05 . ]
T { = dninTHF K"Hq_u\
1 = 4cin THF ""k..\_\:_\_\_
1 . .,
A0 = dbas solid fim -
1 — 4cas soid fim e
. - . - ' T '
[i] &0 100 150

tirme [min]

Figure 3. First-order thermal relaxation kinetic plot of poly(methyl
methacrylate}s 4b and 4c in THF (black and red) and as solid thin
films (green and blee) from the PSS (405 nm) at 4 (E). Unlike the
polymer solutions, the sclid-state samples did not follow first-order
kinetics as the regressions deviate from straight lines.

state and solution in Figure 3 reveals a notable acceleration of
the E — Z isomerization reaction from the solution to the solid
state in both 4b (bMack vs green dots) and 4c (red vs blue
dots). Similar to the pronounced solvent effect during the E —
Z photoisomerization of parent diazocine where hexane
extended the lifetime of the excited intermediate structure of
the (E) form through steric hindrance,™*' THF presumably
induces a stabilizing effect on the (E) isomer and thus lowers
reaction rates for 4b and 4c than in the solid state. The
contrary relaxation behavior of poly(methyl acrylate)s 3b and
3c in relation to poly(methyl methacrylate)s 4b and 4c with
regard to the transition from solution to the solid state can be
explained by the influence of the polymer matrix on the
diazocine unit. Poly{methyl acrylate) acts as a viscous Hquid
that cools the excited states of (E)-diazocine through
molecolar vibration. ™ Poly(methyl methacrylate), on the
other hand, is more rigid and provides less free volume for
photochromic  transitions.**** The Z — E irradiation of
diazocine units imposes a2 high internal strain on the stiff
polymer matrix that needs to be resolved thermodynamically
by diazocine backisomerization.”**** In the case of the
diazocine types a and d, thermal relaxation is predominantly
controlled by the strong electronic effects of the substituents, ™
s0 that solvents and polymer matrices exert less influence on
the kinetic reaction rates.

N COMCLUSIONS

Three structurally different difunctional initiators and a
monofunctional diazocne-based initiator were prepared and
utilized in the ATRP of methyl acrylate and methyl

a b e
9000 000 0

Figure 1. Polymer samples after light irradiation for 2 min at {a) 525 nm and (b) 405 nm wavelength (each from top left to right 3a—d and from

bottom left to dght 4a—d).
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methacrylate under generalized and optimized ARGET
conditions. The initiators were less reactive than EBRiB so
high initial amounts of the catalyst and reducing agent were
required to obtain poly(methyl acrylate) in high conversions
and low dispersity. However, when the reaction was irradiated
with violet light, ARGET ATRP of methyl acrylate with the a-
bromoamide initiator was severely hampered or terminated.
Therefore, with regard to the effectivity of ATRP initiators, a-
bromoamides are less suitable than the comesponding a-
bromoesters due to their potential reactivity and involvement
in side reactions. To date, the influence of the initiator
structure on ATRP is only poordy studied,”™*" even though
functional ATRP initiators are widely used for the preparation
of advanced materials.'*"** The final diazocine-centered
poly{methyl acrylate}s and methacrylates were photochromic
in both solution and solid states, effectively switching their
colors between yellow and red by light irradiation at 405 and
525 nm wavelengths. The E — £ thermal relaxation kinetics of
the diazocine-centered polymeric chains depended greatly on
the presence of the solvent and on the polymer matrix (glassy/
rubbery) in the solid state, especially when strong electronic
effects from substitnents on the diazocine aromatic ring were
absent. Our diazocine-containing elastomers qualify as

potential candidates for the use in optical waveguides,™ data
torage,*** and photopatterning. m#h
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3.3 Synthesis and Characterization of Polymers with Diazocine

Repeating Units in the Main Chain

3.3.1 PartA

Facile Synthesis of Light-Switchable Polymers with Diazocine Units in the Main
Chain

Shuo Li, Katrin Bamberg, Yuzhou Lu, Frank D. Sénnichsen and Anne Staubitz, Polymers
2023, 15, 1306.
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Published by MDPL The supporting information includes all used materials and meth-
ods, experimental procedures, analytical data, images of spectra and is available free of
charge online.

Abstract

Unlike azobenzene, the photoisomerization behavior of its ethylene-bridged derivative,
diazo-cine, has hardly been explored in synthetic polymers. In this communication,
linear photore-sponsive poly(thioether)s containing diazocine moieties in the polymer
backbone with different spacer lengths are reported. They were synthesized in thiol-
ene polyadditions between a diazocine diacrylate and 1,6-hexanedithiol. The diazocine
units could be reversibly photoswitched between the (Z) and (E) configurations, with
light at 405 nm and 525 nm, respectively. Based on the chemical structure of the di-
azocine diacrylates, the resulting polymer chains differed in their thermal relaxation
kinetics and molecular weights (7.4 vs. 43 kDa) but maintained a clearly visible photo-
switchability in the solid state. Gel permeation chromatography (GP'C) measurements
indicated a hydrodynamic size expansion of the individual polymer coils as a result of
the (£)—(E) pincer-like diazocine switching motion on a molecular scale. Our work
establishes diazocine as an elongating actuator that can be used in macromolecular

systems and smart materials.
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Scientific Contribution (including Part B)

After initial drafting and planning by Prof. Dr. Anne Staverrz, this project was planned,
organized and conducted by me. The synthesis, purification and characterization of the
compounds were carried out by me. The manuscript and the supporting information
were written by me. Katrin Bameerc and Prof. Dr. Frank D. S56nmichsEn measured
and analyzed the '"H DOSY NMR spectra. Yuzhou Lu supported me with the synthesis,
purification and characterization of polymer P2 during his E-Praktikum at the University
of Bremen under my supervision. Prof. Dr. Anne Srausrrz as the principal investigator
was responsible for the funding and edited the article. All authors have read and edited
the article and agreed to the published version of the manuscript. In order to ensure
the reproducibility of the GPC data for polymer P2, Jasmin Ricuter helped with the
execution of the experiment under my guidance.

Table 3.6. Contribution of the candidate in % of the total workload (up to 100% for
each of the following categories)

Experimental concept and design 80%
Experimental work and/ or acquisition of (experimental) data 70%
Data analysis and interpretation 70%
Preparation of Figures and Tables 80%

Drafting of the manuscript 80%
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Abstrack Unlike azobenzene, the photoiscmerization behavior of its ethylene-bridged derivative,
diazocine, has hardly been exploned in synthetic polymers. In this communication, linear photore-
sponsive paly(thicether)s containing diazocine modeties in the polymer backbone with different
spacet lengths ame reported. They wene synthesized in thiolene polyadditions between a diazocine
diacrylate and 1,6-hexanedithiol The diazocine units could be reversibly photoswitched betwesn
the (Z} and (E}configurations with light at 405 nm and 525 nm, respectively. Based on the chemical
structume of the diazocine diacrylates, the nesulting polymer chains differed in their thermal relaxation
kinetics and melecular weights (7.4 vs. 43 kDa) but maintained a clearly visible photoswitchability in
the solid state. Gel permeation chromatography (GPC) measurements indicated a hydrodynamic
size expansion of the individual polymer coils as a result of the Z—E pincer-like diazocine switching
maotion on a molecular scale. Our work establishes diazocine as an elongating actuator that can be
used in macromalecular systems and smart materials,

Keywords: photoswitch; thiolene; main-chain diazocine polymer; photochromism; hydrodynamic
size expansion; DOSY NME

L Introduction

Photoswitching of molecular systems is a powerful tool to modulate their chemical
and physical properties with spatiotemporal control [1]. The most prominent photoswitch,
axobenzene, acts as a photochromic molecule with two infercomvertible configurations, the
planar Cy -sy mmetrical (E) isomer and the bent (£) isomer in which the phenyl rings are
twisted by 307 [2]. Azobenzene and its derivatives have been applied in many advanced
materials [2,4], molecular machines [5] and biological systems [6]. The photoisomeriza-
tion of synthetic polymers that contain azobenzene groups in the main chain leads to
conformational changes of the polymer backbone, often resulting in the contraction and
expansion of the polymer chains [7,5]. Particularly in polymers with semi-rigid backbones,
the collective motion of azobenzene groups can induce reversible helical folding [9-11],
show aggregation behavior for an amplified photoresponse and alter the electrochemical
conductivity in mconjugated chains [12]. Recent advances in main-chain type azobenzens-
containing polymers also focused on the photocontrol of semi-crystalline and liquid crys-
talline properties [13-15]. The resulting photoinduced phase transitions enabled reversible
photomelting [15,16], photomechanical actuation of thin films [17-20], as well as surface
relief gratings after polarized light illumination with interference patterns [21,22].

Among azobenzene modifications, so-called diarocines enjoy special attention be-
cause the mlative thermodynamical stability of their photoswitchable isomers is reversed
compared to the parent azobenzene: the bent (£) isomer is thermod ynamically favored,

Polymers 2023, 15, 1306 hitps:// doiorgy 10,3390/ palym15051306
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L Materials and Methods
Maisgipigend Methods

21 %E under Schlenk conditions or in a glovebox (Pure LabHE from Inert, Ames-

ether (>99.8%, contained butylated hy droxy toluene), ethy] acetate (ACS grade, =99.5%)
and toluene (ACS grade, >%9.7%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cyclohexane (ACS grade, »99.5%) and THF (reagent grade, »%%%: contained 250 ppm
butylated hydroxytoluene) were purchased from Honeywell (Morristown, NJ, USA). All
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solvents for purification and extraction were used as received. Solvents used for synthesis
under inert conditions (CH3Cly, THE, toluene) were dried using a solvent purification
system (SP5) from Inert Corporation (Amesbury, MA, USA). 1,%Nonanediol (98%, from
TCI, Tokyo, Japan) and acryloyl chloride (96%, stabilized with 400 ppm phenothiazine,
from Alfa Aesar, Ward Hill, MA, USA), Nay50y (ACS grade, 99.0%, from Merck, Darm-
stadt, Germany), Ma(l »>%%%, from T.H. Geyer, Benningen, Germany), NaHCOy (analytical
reagent grade, from Fisher Scientific, Pittsburgh, PA, USA), NaOH (pellets, from VWE,
Fadnor, PA, USA), NHyCl (>99.7% p.a., from Roth, Karlsruhe, Germany), pyridine (99.5%,
from Griissing, Filsum, Germany) and thionyl chloride (99.7%, from Fisher Scientific, Pitts-
burgh, PA, USA) wemre used as received. 1,6-Hexanedithiol (HDT, %7+%, from Apollo,
Cheshire, UK), dimethylphenylphosphine (DMPF, 97%, from Alfa Aesar, Ward Hill, MA,
UsA), dimethylformamide (DME, 99.8%, extra dry, from Fisher Scientific, Pittsburgh, PA,
USA) and triethylamine (TEA, anhydrous, from Fluorochem, Hadfield, UK) were stored in
the glovebo. Spin-coating was performed with poly mer solutions (3 mg/mL) on Menzel
Gliser coverslips (Thermo Fischer Sdentific, Waltham, MA, USA) (18 mm x 18 mm) at
150 rps for 1 min.

2.2. Methods

MMER spectra were recorded on a Bruker Avance Neo 600 (Bruker BioSpin, Rheinstetten,
Germany) (600 MHz (*H), 151 MHz (PC{'H])) at 298 K. 'H DOSY NMR spectra were
recorded on a Bruker Avance [T HD 600 (Bruker BioSpin, Eheinstetten, Germany) (600 MHz
{*H})) at 298 K with 32 increments, & scans, 14 ppm spectral width, 2.5 s delay time and
130 ms diffusion delay time and analyzed with MestReMNova 11.0.4 (Metmrelab Research,
Santiago de Compostela, Spain) and Bruker TopSpin 4.0.6 (Bruker Biospin, Rheinstetten,
Germany) software. All 'H NMER and BC['H) NME spectra were referenced to the residual
proton signals of the solvent {*H) or the solvent itself (*C['H}). The exact assignment
of the peaks was performed using two-dimensional NMR spectroscopy such as 1H,'H-
COSY: 'TH, B C-HSOC; and 'H, B C-HMBC when possible. Photostationary states (FS5) of
compounds M1, M2, P1, P2 weme determined using 'H NMR spectroscopy (1 mM in for
monomers M1 and M2, 3 mg/mL for polymers P1 and P2 in THF-dg) at 25 “C. Compound
irradiations were performed directly on sample solutions in the NME tubes with light at
405 nm or 525 nm wavelength for 2 min before the WM spectra were recorded.

High-resolution EI mass spectra were recorded on a MAT 95X1. double-focusing mass
spectrometer from Finnigan MAT (Thermo Fisher Sdentific, Waltham, MA, USA) at an
ionization energy of 70 eV. Samples were measured using a direct or indirect inlet method
with a source temperature of 200 *C. High-resolution ESI and APCI mass spectra were
measured using a direct inlet method on an Impact I1 mass spectrometer from Bruker
(Bruker Daltonics, Bremen, Germany). ESI mass spectra were recorded in the positive ion
collection mode.

IR, spectra were recorded on a Nicolet i510 FI-IR spectrometer from Thermo Fisher
Scientific (Thermo Fisher Scientific, Waltham, MA, USA) with a diamond window in an
area from 500 to 4000 cm ™! with a msolution of 4 cm~!. All samples were measured
16 times against a background scan.

Melting points were recorded on a Biichi Melting Point M-560 (Biichi, 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 wem visualized using exposure to
UV light at a wavelength of 254 nm. Column chromatography was performed by using
SiCy (0.040-0.063 mm, 230400 mesh ASTM) from Merck

Irradiation experiments were carried out using LED light sources of 405 nm central
wavelength (optical power = 680 mW; intensity = 2.2 mW/ cm?) and 525 nm central wave-
length (optical power = 20 W; intensity = 64 mW /cm?) at a 2 cm distance from the object.

UV-vis absorption measurements were recorded on a Perkin Elmer UV /VIS NIE
Spectrometer Lambda (PerkinElmer, Waltham, MA, USA) 900 at 298 K. Cuarte cuvettes



Results

Polyaners 2023, 15, 1306

dofld

of 10 mm optical path length were used. The absorption maxima at wavelengths Ama
and thermal relaxation kinetics were determined using U'V-vis spectroscopy (1 mM in for
monomers M1 and M2 in THE, 0.5 mg,/mL for polymers P1 and P2 in THF) at 25 °C. The cu-
vettes and the spin-coated films were irradiated with light at 405 nm or 525 nm wavelength
for 2 min before the absorption spectra were measured. The thermal relaxation kinetics
were recorded three times using UV-vis spectroscopy (1 mM in for monomers M1 and M2
in THE 3 mg,/ml. for polymers P1 and P2 in THF) at 25 °C. The cuvettes were irradiated
with light at 405 nm wavelength for 2 min before 37 spectra were recorded in the dark in
5 min intervals. The absorption at Apy, (E) was plotted against the reaction time before the
rate constant k and the half-life 1,7 were determined via first-order reaction kinetics.

Diffusion coeffidents D of compounds M1, M2, P1, P2 wemr determined using H
DOSY NME spectroscopy (1 mM for monomers M1 and M2 in THE-dg, 3 mg/mlL for
polymers P1 and P2 in THF-dg) at 25 °C under the same irradiation conditions as above.
The average over the three aromatic diazocine signals and the resulting standard error
were determined. Dhue to the fast relaxation kinetics of the (E}diazocines in M1 and P1, the
DOSY signal intensities were corrected and normalized. For the (£)-isomer, a time offset f
was necessary to describe the hypothetical time at which I{(Z) = 1:

1— (UZ)/Ip(Z)) =e = (L
This time f was calculated with the following equation:
I[Z)={amount of E att=0) x e ¥ =1 (2)

In addition to the experimental time of the DOSY, the period between irradiation and
the start of the DOSY experiment must also be considered. The time of each data point of
the DOSY results from the quotient of the experimental time and the number of intervals
between the data points, which is successively added to the start time of the DOSY after the
irradiation. The corrected and normalized intensity I’ results from the following equation:

I'=n =] (3

The normalization factor i was chosen so that the intensities of the first data point,
both in the measured and in the corrected data set, stay identical. These corrected and
normalized intensities were plotted as a function of the gradient strength & and fitted with
the Stejskal-Tanner equation [35]:

I'=e(—D x 47 FGHA - 5/ D) x I ()

D diffusion coefficent in em® s, 7 gyromagnetic ratio, §: pulse width, A: diffusion
delay time, G: gradient strength. The hydrodynamic radii were determined using the
Stokes-Einstein equation:

r=k x T/(fm xn x 1) (5)

with k: Boltemann constant, T: temperature, and [} diffusion coefficient. The dynamic
viscosity n of THF-dg at 298 K was adopted from Dowds and co-workers [32):

n=484 % 107* Paxs {6)

el permeation chromatography (GPC) was perfformed using a PS5 (polymer standard
service) SECurity GPC system with a comventional calibration using polystyrene standards.
The polymers were dissolved in THF (1 mg/mL) and the GPC elugrams were recorded
at an elution flow rate of 1 mL/min. Molecular weights M;, and M,, were obtained from
the molar mass distribution via GPC analysis using PS5 WinGPC® UniChrom 5.20 (PSS
GmbH, Mainz, Germany) software. Apparent molecular weights of the polymers P1 and
P2 (1 mg/ mL in THF) were calculated from molar mass distributions using GPC at 35°C.
The open vials were irradiated from above with light at 405 nm or 525 nm wavelength
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viscosity 1 of THE-ds at 295 K was adopted from Dowds and co-workers [32]:

1 =4.84x10+ Paxs

Gel permeation chromatography (GPC) was performed using a P55 (polymer star
ard service) SECurity GPC system with a conwventional calibration using polystyre
standards. The polymers were dissolved in THF (1 mg/mL) and the GPC elugrams wn
recorded at an elution flow rate of 1 mL/min. Molecular weights M. and M- were obtair
from the molar mass distribution via GPC analysis using P55 WinGPC® UniChrom &
(PSS GmbH, Mainz, Germany) software. Apparent moleculat*i#ights of the polymers

and PZ [T mgmL in THF]were calculated from molar mass distributions using GPC at

“C. The open vials were irradiated from abowe with light at 405 nm or 525 nm wavelen;
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In a glovebox, a sealed tube was charged with the solid residue, dry toluene (11 mL),
prridine (370 pL, 453 mmeol) and 9-hydroogmonyl acrylate (551 mg, 2.57 mmel). The vial
was capped, transferred out of the glovebox and stirred at 100 °C for 3 h. After cooling to
20°C, the reaction mixture was quenched with water (50 mL), extracted with ethyl acetate
(3 x 30 mL), washed with saturated agq NH4Cl (30 mL) and brine (30 mL), and dried over
Maz50u. After filtration, the organic phase was concentrated under reduced pressure and
the crude residue was purified using silica gel cohumn chromatography (cvcohexane to
cyclohexane/ethyl acetate 75/25) to furnish the product M1 as a vellow solid (481 mg, 700
pmol, 63%).

1H NME (601 MHz, CDCls): =779 (dd, J=82, 1.7 Hz, ZH, H), 767 (d, J=17 Hz,
2H, H-a), 6.88 (d, J=582 Hz, 2H, H-d), 6.39 (dd, J=17.3, 1.5 Hz, 2H, H-p), 6.11 (dd, J=173,
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R 0.30 (cyclohexans/ethyl acetate = B0/20)

Results

A nitrogen-flushed Schlenk-flask equipped with a magmnetic stirring bar and a refhoc
condenser was charged with compound 1 (325 mg, 1.10 mmol, reference [26]) and thiomyl
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In a glovebox, compound 2 (268 mg, l.ﬂ]mm.uL reference [26]), dey DME (5 mL]land

- adandir A
and added dropwiggvdthin i mm@mm@m&&mm extracted with
up to 20 °C and stirred for a further 24 h. The solution was diluted and extracted with

DCM (50 mL), washed with HyO (2 % 15 mL) and brine {10 mL), and dried over Nas 50,
After filtration, the organic phase was concentrated under reduced pressure and the crude
residue was purified using silica gel column chromatography (cyclohexane/ ethyl acetate
70,/30) to furmish product M2 as a yellow solid (140 mg, 370 pmol, 379%).

TH NMR (601 MHz, CDCls)k 6= 7.16 (dd, | = 8.1, 1.8 He, 2H, H-c), 7.00 (d, | = 1.8 Hz,
2H, H-a), 6.86 (d, | = 8.1 Hz, 2H, H-d), 6.43 (dd, | = 17.3, 1.3 Hz, 2H, H-k), 6.14 (dd, [=17.3,
10.5 Hz, 2H, H+j), 585 (dd, | = 10,4, 1.3 He, 2H, H-K"), 5.06 (s, 4H, H-h), 2.88 {m, 4H,
H-g) ppm.

TH NMER (600 MHz, THFk £ = 7.16 (dd, | = 8.0, 1.6 Hz, 2H), 7.05 (d, ] = 1.4 Hz, IH),
679 (d, = 8.0 He, 2ZH), 6.34 (dd, | = 17.3, 1.6 Hz, 2H), 6.12 (dd, | =17.3, 10.4 Hz, 2H), 5.81
(dd, ] =104, 1.6 Hz, ZH), 5.02 (d, | = 8.9 He, 4H), 297-276 (m, 4H) ppm.

BC{'H} NMR (151 MHz, CDCl): § = 166.0 (C), 155.3 (C-e), 134.9 (C-b), 1315 (C-k),
129.6 (C-a), 128.3 (C-f, CH). 126.8 (C-c), 119.5 (C-d), 65.7 (C-h), 318 (C-g) ppm.
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?‘ﬂﬁrﬂl meﬁm g, 37%).

'H NMH NDIRHE, EY0E] £BETE 6 () p+did] JERHz] BEE 5] T[4 e 5 He] 8 He,
2H, H2 E8a]d Bé §d] Fep X1k 2] da|daif+dd, 7 4 Bz BT 25 S 4jda]14dd 3 =173,
10.5 HH) B T B [ G3F £ { - WHz] FTEIF], k)54 [F145, 186 S a4, H-g)
PPm. ppm.

1H NME MRV WEEE): FHE:16 +38]§ «8i) ] -8 Hz] By TH |4 5 Hi =] THz, 1H),
6.79 (o & Bd) Hep TET ] 288 il M £, § 4 ¥WHz] B I8l 7 +49, 7,1 02 318) =5 i), 5.81

(dd.J ﬂidmﬂﬂﬁm& thﬁﬂﬂfzﬂ} mfﬂrmﬂi} PPm- 7 of 14

Pol t3,3' h.exane— E—dly]bls{su]finedlyl} bls{mmn Imc T 1) (Z)-(11,12-dih .

Bit ol i h i b

Gap (C-a),

i
1“"‘*5. Ir%), 27.9

THF (1 mL)and 1, ﬁ-hzxaredlll'unl {34 0 |.I.L R&{ |.|.1-:u31’]. Dl.meﬂ'i}rlphﬂ'i}rlphusphm { Bﬂ
5.80 umol) was added, the tube was capped with a crimp cap equipped with a PTFE septum
and the reaction mixture was stirred at 20 °C for 40 min. Then, the tube was transferred out
of the glovebox and reaction mixture was precipitated dropwise in methanol (5 mL). The
resulting solid was collected, redissolved in THF (2.5 mL) and re-precipitated in methanol
(10 mL}). The resulting solid was collected, redissolved in THF (2.5 mL) and re-predpitated
in diethyl ether (10 mL) before the solid residue was dried in vacuum (50 °C, 48 h) to
furnish the product P2 (168 mg, 56%) as a yellow solid.

TH NMER (500 MHz, THF): § = 7.19-7.10 {m, 2H, H-c), 7.08-7.01 {m, 2H, H-a), 6.84-676
{m, ZH, H-d), 5.03-4.90 (m, 4H, H-h), 298275 (m, 4H, H-g), 275-268 (m, 4H, H-k), 2.56
(m, 4H, H-j), 2.53-2.46 (m, 4H, H-1), 1.62-1.48 (m, 4H, H-m), 1.48-1.34 {m, 4H, H-n) ppm.

BC{'H} NMR (151 MHz, THF): § = 172.1 (C-i), 156.6 (C-e), 136.3 (C-b), 1304 (C-a),
1291 (C-f), 127.5 (C-c), 12000 (C-d), 66.2 (C-h), 35.8 (CH), 32.7 (C), 32.5 (C-g), 30.6 (C-m),
29.5 (C-n), 27.8 (C-k) ppm.



ferred out of the glovebox and reaction mixture was predipitated dropwise in methanol (5
mL). The resulting solid was collected, redissolved in THF (2.5 mL) and re-precipitated in
methanol (10 mL). The resulting solid was collected, redissolved in THF (2.5 mL) and re-
predpitated in diethyl ether (10 mL) before the solid residue was dried in vacuum (30 °C,
Resuli® h} to fu::msh the pn:bduct P2 [168 mg_. 56".—3} asa yellcrw Sd.'.l].lﬂ_ 51

o Iv HF ] — [ - ToE—=

—ﬁ?ﬁ{m ZI-I,H-d} 503 iBﬂ{mxﬂ-I Hh} 295 2?5{::1 4_H,H—E} 2?5 263[111 -ﬂ-I
H-k), 2.56 (m, 4H, H+j), 2.53 — 2.46 (m, 4H, H-1), 1.62 — 1.48 (m, 4H, H-m), 148 — 1.34 (m,
4H, H-n) ppm.

BC{tH} NMR (151 MHz, THF): 6 = 172.1 (C-i), 156.6 (C-g), 136.3 (C-b), 1304 (C-a),
1291 (C-f), 1275 (C-c), 1200 (C-d), 66.2 (C-h), 35.8 (C+), 32.7 (C-), 32.5 (C-g), 30.6 (C-m),
295 (C-m), 27 8 (C-k) ppm.

IR (ATR): ¥ = 2924 (m), 2851 (w), 1729 (s), 1414 (w), 1376 (w), 1343 (m), 1239 (s), 1143
Polymers 1 Bofld

3. Results and Discussiglyxrg), 5 - 2024 (m), 2851 fw), 1729 (s), 1414 (w), 1376 (w), 1343 (m), 1239 (s), 1143
Previous worksletflited S¥hémadiFstmici Fuirottirdi el 2 dirihe compounds [26],
among which carbgpglic acid (1) and dihydroxymethyl (2) compounds (Scheme 2) were
easily formed fm_m If‘e?}g\.lfﬂ%uai the fommon starting material, Acylation of the Y nong
droxymethyl derivatigantAiazeringd vithaaaybddaicls povidssHe BarHaradng. asily
diacrylate M2 in a 3%nwiklurF owthe syithesiob il distriagrovmptisingationartjbabip drox-
spacers M1, the caiethHiclamatimetidnzosrd Lrdi aeilraled e desemodedcie dilstidlagocne
before eﬂenﬂaﬂmﬁwﬁﬁ?ﬂ%ﬁzﬁﬁﬁmm e
63% yield. Finally, fh, m&&gﬁ&. ﬂm.Mlﬁkmﬂrmﬂ Wolverall
ene polyaddition resetien|Bélnatiimbasanedithiel Bildkrasiie-nu cleaphiiainl abd Bibl ene
stoichiometric raticptdyveddiien [w A fhaxgraliithior CREE enthe anderpilewentl 051
disulfide links. E}rw : R REHPR A R _';Eﬁrﬂerf
PHE o i . sphine | bl as the catalys
lyst, the desired pofyingis 1 and ¥3 #ﬁlﬂ%ﬂ L 200t VIl (B AR, Py TSRS vely)
tively) after Pun.ﬁcihﬂq:hwputahnn

00 g bt

W= 2 Shydroxynonyl acrylate,
pyriding, toluena, 100 *C

M1, 63%

DMPR, THF, 26 "C

) Q Q
HO oW eyl chlaride A oA
S —
= TEA, THF, §°C to 26 °C m
NN
H Mz, 37%
*\ﬂsf\iuwui./\ ,\/* ‘—l

DMFF, THF, 25 °C

lmﬁig%sm of the diazocine w and E hymers) was xﬁ%@lﬂd using
The PthG ﬂﬂsm CE m tra maxlma ]]lsnd I:Ej
ing UV-vis specirosgopya

compounds [Flg;ures 1a,b and 51). No signs of phnl:udegrardahun WETE ubaenred for 1:he
polymers P1 and P2 after ten cyclic irradiation measurements (Figure 52). The spontaneous
E—+Z thermal relaxation of the diazocine units followed first-order reaction kinetics (Figures
53 and 54). Since the relaxation rates are predominantly influenced by the electronic effects
of the prowimal substituents on the aromatic rings of diazocines [25], a large difference in
thermal half-lives was determined between the polymers P1 and P2 (39 min and 350 min)
but without significant differences compared to the respective monomers M1 and M2 (42
min and 358 min). In the solid state, the polymers P1 and P2 underwent photochromism in
bulk, as evident from the color change between the yellow (£) and red (E) configurations
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isomers were detected at around 400 and 492 nm, in agreement with existing diazocine

Results compounds (Figures 1a, 1b and 51). No signs of photodegradation were observed for the

52

pelymers F1 and FI after ten cyclic irradiation measurements {Figure 5J). The spontane-
ous E—Z thermal relaxation of the diazocine units followed first-order reaction kinetics
(Figure 53 and 54). Since the relaxation rates are predominantly influenced by the elec-
tronic effects of the proximal substituents on the aromatic rings of diazocines [25], a large
difference in thermal half-lives was determined between the polymers P1 and P2 (39 min

and 350 min) but without significant differences compared to the respective

M1 and M2 (42 min and 358 min). In the solid state, the polymers P1 and P2 underwent
photochromism in bulk, as evident from the color change between the yellow (£) and red

Folymers 20388 A 3¥fi rurations (Figure 2). To compare the photochromism of the polymers P1 and P2

Gofld

in the solid state with the dissolved samples tl'ﬁnﬁlmsvmep:odunedusmgspin—ooaﬁzg

ofﬂmpdynﬂmhhmmmﬁ

light irradiation

gtates at 405 and 525

mersP'.l
a5 I

nm
the solid state
[3[‘%?@5%mr

iation

Sfrfirradiation times. The abﬁurptmn spectla Df th.e ll'un ﬁlms msemb]e l.hE pul}rmer
solutions in THE thereby showing equal photochromic efficiendes in the solid state (Figure
Table 1. Diazocine mtnswitdu'ng data obtained from UV-vis and NMR spectroscopy.

PISbM05 Hiar)cine photoswitching data PEGHEIwm LN-vis and NMR speciroscopy.
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Figure 1. UV-vis spectra of polymers 1 (a) and P2 (b) at PS5 (405 nm, red) and PS5 (525 nm, black)
at a concentration of 0.5 mg/mlL in THF; and molar mass distribution of polymers P1 (c) and P2 {d).
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The diazodne products were further analyzed using 'H NME spectroscopy, initially
depletion of the acrylate signals of the monomer and the emergence of broad alkyl signals
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ta.u'ued end-group acrylate sipnals which allowed the determination of a DP of 17 using
the integration of the signals between the acrylate protons and aromatic protons of the
diazocine repeating units. Upon photoexdtation of the [ £) isomers at a wavelength of 405
nm, the photostationary states (P55) of all diazodne products were reached within 1 min
with an acoummulation of the downfield-shifted (E) isomer in good photoconversion yields
(Tz—¢) for M1 (60%) and M2 (64%) (Table 1). In comparison to the s M1 and M2,

the E/Z ratios of the respective polymers P1 and P2 remained constant, thereby showing
no signs of restraint with regard to the switching ability of the integrated diazodne units

n ﬂ'l.E Pol}-m.e: :ham_ Cumplete COTVErsion [I':—}z = 99%] to the I:Z} isomers was reaﬁjl'aqd

n . W
r® - ©

Fare 2T POV AR e PE PR AR PR F S T i PR P V.

@ K s
f{i%mmg mmmﬁmmgwmmm compounds

1, M2, P1 and FL.
Table mwmw&mulmm the rrl.ulEcu]a.t mass distributions

measurement was expected to be more aﬂru.ral:e. Aﬂzr i.tﬁdiatinn of pﬂ]'_r,.rm.er P2 with light
at 405 nm wavelength, the apparent M;, measured using GPC increased to 81 kDa. In
comparison to the measurement under ambient conditions, the apparent increase in M, by
(.7 kDa reflects the collective photoisomerization of the main-chain diazocine groups which
caused hydrodynamic size expansion of the individual polymer coils in THE. However, no
change in the apparent M, could be detected after light irradiation at 405 nm wavelength
for P1, possibly due to the fast E—Z thermal relaxation of the diazocine units during the
GPC elution process or because the change is small.

Table X GPC and DSC data for polymers F1 and PL

M, cpc (kDa) B T, (°C)
p1 PSS (525 nm) 4 25 —113
PSS (405 nm) 4 25 -109
- PSS (525 nm) 74 16 123
PSS (405 nm) 81 16 103

To study the thermal properties and potential transitions of the polymer materials P1
and P2, the photoinduced enthalpic changes of the polymers P1 and P2 wemre measured as
a function of temperature using differential scanning calorimetry (DSC). The long alkyl
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spacers between the diazocine units in polymer P1 led to a low glass transition temperature
II,TE} of —11.3 °C under ambient conditions (Figures 56 and 57). The shorter polymer P2
exhibited a T at 12.3 "C without further phase transitions at higher temperatures. Apart
from the glass transitions, no other thermal phase transitions could be detected. After
irradiation of the poly mer samples with light at 405 nm wavelength, the changesinTgas a
result of the £—E photoisomerization of the diazocine groups were negligible ((L4—2 *C).
Themefore, the configurations of diazocine did not have a strong impact on the rigidity
of the polymer chains and did not suggest a higher crystalline order upon photoinduced
£—E switching. In comparison to the amorphous-to-crystalline transition in diazocine-
containing polyurea proposed by Li and co-workers [31], the poly (thioether) chains F1
and P2 did not form an intermolecular network and allowed an isotropic movement of the
diazocine units. The polymers remained in a soft, rubbery state at room temperature (25 *C)
due to the low T of P1and P2 Sufficient free volume in the polymer matrix provided a
similar photochromic behavior compared to the polymer solutions in THE

'H DOSY NMR spectroscopy provided useful information about the size of individual
polymer coils. For polymers containing molecular switches that undergo substantial
geometric changes such as the diazocine, the collective isomerization of the switching
units is expected to lead to an alteration of the measured diffusion coefficients ([0). The
hy drodynamic radius (r) of an individual polymer coil is inversely proportional to the
diffusion coefficient and dependent on the dynamic viscosity of the solvent given by
the Stokes-Einstein equation (Equation 9). In order to detect the hydrodynamic size
expansion of the polymer coils in solution, DOSY experiments at PSS of 405 and 525 nm
light irradiation wavelengths were conducted in THF-dg focusing on the aromatic signals
of diazocine. The dynamic viscosity of THF-dg at 25 °C was adopted from previous work
by Dowds and co-workers (Equation 10) [32]. As expected at PS5 (525 nm), single diffusion
coefficients of the diazocine products M1, M2, P1 and P2 in (£) configuration were obtained
(for M2 and P2, see the SI).

The (E) isomers of M1 and in P1 relaxed noticeably during the DOSY measurements,
as the experiment duration (~20 min) was of the order of the compound half-lives (~25 min),
see also Figure 58 The associated increase or decrease in concentration of (£) and (E) species,
respectively, influenced the integrals of the DOSY peaks, which in turn affected the fit
quality and led to erroneous diffusion coefficients D for both species. In order to cornect
this error in the measured data, the E—Z thermal relaxation kinetics must be taken into
account. Therefore, the intensities were corrected and normalized with a normalization
factor 1, and a time offset f was included in the calculation of the (£) isomer intensities
{Table S1). Finally, the corrected and normalized intensities I' were plotted as a function
of the gradient strength G and fitted with the Stejskal-Tanner equation (Figure 59) [35]. A
detailed procedure can be found in the Methods section.

Phutmdﬁingafﬂ'ﬁediazmh'llwﬂh-ﬁﬁmnﬁnhtﬁ%h ve rise to a new and
slightly decreased diffusion coefficient of 7.39 + 007 x 107 cm® 5! that cormesponded to
the (E) isomer compared to the steady (£) isomer at 7.45 £ 0,14 » 10 % cm? 571, In addi-
tion, the DOSY spectra of the polymers P1 and P2 reflecied the molar mass distributions
obtained using GPC analysis: Firstly, the diffusion coefficients showed higher statistical
deviation attributed to the polydispersity of the polymers (see Table 51). Secondly, the
higher M;, of P1 compared to P2 was confirmed by the lower diffusion coefficient of F1
(196 £ 005 x 10 fcm?s™ 1) compared to P2 (284 £+ (.08 x 1075 am? 5~ 1). Since each
individual polymer chain in P1 and P2 contains multiple diazocine units, photoswitching
with light at 405 nm wavelength resulted in a distribution of the (£} and (E}-diazocine
isomers within a macromolecule. As a consequence, the diffusion behavior of the polymers
in THF-ids upon photoswitching to PSS (405 nm) is expected to shift collectively for both
isomeric forms. In this case, the mean value of the diffusion coefficient of P1 decreased from
1.96 4+ 0.05 % 107 0 1.91 £ 0.02 x 1075 (£) and 1.90 £ 0.03 x 1075 (E) am® 571, and the
diffusion coefficient of P2 decreased from 2.84 + 0,08 x 10 % em® 57! t0 272 £ 0.21 x 107°
{Z)and 275 + 007 » 10%(E) em? 51, which corresponded to an increase in hydrody namic
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radius from 2.30 nm (£) to about 2.36 nm (E), and from 1.59 nm (Z) to about 1.64 nm (E), re-
spectively. The observed changes in size, however, are small compared to the experimental
error of the DOSY NME measurements and the distribution of the diffusion coefficients
resulting from the polymer dispersity. Because of these error margins, DOSY experiments
are not by themselves sufficient to prove a size change. While the photoswitching of the
diazocine units is expected to alter the conformation of the polymer backbone, the overall
size of the polymer coil emained largely unaffected. This was presumably caused by the
conformational freedom of the interconnecting alkyl chain linkers that simultaneously
ensured a non-restrained photoswitching of the diazocine units.

4. Conclusions

Based on our synthetic strategy for the synthesis of functionalized diazocines, diacry-
lates with two different alky] spacer lengths were generated and employed as monomers
in the thiol-ene polyaddition reaction with 1,6-hexanedithiol. The resulting linear polymers
with diazocine moieties in the polymer backbone differed in molecular weight and glass
transition temperature while dosely mimicking the photochromic behavior of the respec-
tive monomers. Owing to the £—E pincer-like motion of the diazocine switch, the flexible
polymer coils experienced a photoinduced hydrody namic size expansion of the polymer
with shorter alkyl chain linkers as confirmed by an incease in the apparent molecular
weight from analytical GPC measurements in THE. However, the diffusion coefficients ob-
tained from 'H DOSY NMR only decreased minimally at PSS {405 nm), probably due to the
conformational freedom of the interconnecting alkyl chain linkers. Our results clearly show
the potential of diazocine with its favorable properties as a photoswitch in the main chain
of polymers. The reactive acrylate end groups of the polymers can be further exploited in
post-polymerization modifications and cross-linking reactions. Future work includes the
implementation and incorporation of diazocines in more complex poly meric architectures
and higher crystalline environments such as micelles, where photoinduced size-switching
can be instrumentalized for targeted drug delivery [37].

Supplementary Malerials: The following supporting information can be downloaded at: hitps:
/ Swww.ndpl com farticle / 10,3390/ polym 15051306/ 51, Figure 51: UV-wis spectra of compournds
M1 (left) and M2 (right) after light irradiation at 405 nm (ped) and 525 nm wavelength (black) at a
concentration of 1 mM in THF; Figune 52 Cydic UV-vis measurements of polymers P1 (left) and P2
(right) after light irradiation at 405 nm (red) and 525 nm wavelength (black) at a concentration of
0.5 mg/mL in THF; Figure 53. First-order thermal relaxation kinetics of M1 (left) and M2 (right) from
PS5 (405 nm wavelength) at Ay, (E) at a concentration of 3 mg/ mL in THF; Figure 54 First-order
thermal relaxation kinetics of P1 (left) and F2 (right) from FS5 (405 nm wavelength) at Ay, (E) at a
conceniration of 3 mg,/ mL in THF; Figure 55. UV-vis spectra of polymers F1 (left) and P2 (right) after
light irradiation at 405 (red) and 525 nm wavelength (black) as spin-coated thin films; Figure 56 DSC
Plots of polymer P1 at PSS (525 nm) (black) and PSS (405 nm) (red) indicating the glass fransition
temperature Ty. The DSC measurements were oy cled between —70 and 150 “C and —40 and 40 °C,
respectively; Figure 57, DSC plots of polymer P2 at PSS (525 nm) (black) and PS5 (405 non) (red)
indicating the glass transition temperature T, The DSC measurements wen: cycled between —70
and 150 “C and —40 and 40 *C, respectively; Figune S8. Stacked plot of the 10 'H NMR spectra of
M1 from B.5 to —0.5 ppm at T = 208 K. Bottomn: befone itradiation, center: after rradiation at t=0
min and tog: after irradiation and the DOSY experiment at t= 27.3 min; Figure 59, Example graphs
are presented to highlight the effect of data intensity cormection of cne peak of the (E) (top) and (Z)
isomer (bottom) after light irradiation at 405 nm wavelength of M1. Fit statistics ane shown for the
individual fits of these resonances; Figune S10. Stacked plot of the 10 TH NMR specira of polymer P1
from 8.5 to —0.5 ppm at T = 208 K. Bottonn: before irradiation, center: after irradiation at t =0 min
and top: after irradiation and the DOSY experiment at t = 26.5 min; Table 51. Comected diffusion
coeffidents I [10—% cm? s~ of the () and (E) isomers of M1, P1, M2, P2 after light irradiation at 405
and 525 nm wavelength from "H DOSY NMR measurements ; 'H and *C|'H) NMR spectra of the
preducts.; "H DOSY NME spectra of M2 and P2 Ref [37] is cited in Supplementary Materials,
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3.3.2 PartB

The reversible photoinduced size-expansion effect of polymer P2 was confirmed by
repeated GPC measurements of the respective crude polymer product P2a without
undergoing purification by precipitation. The molar mass distribution of P2a revealed
the presence of low molar mass species, presumably involving cyclic oligomers as side
products during the polymerization reaction (see Figure 3.6). Overall, the molar mass
distributions at PS5 (405 nm) slightly shifted to higher apparent molecular weights
compared to the molar mass distributions at PS5 (565 nm). (Z)—(E) photoswitching
of the inherent diazocine units in the polymer backbone resulted in an increase in M,
from 5.14 to 5.51 kDa and an increase in M,, from 7.82 to 8.69 kDa (in average numbers,
see Figure 3.7 & Table 3.9), thereby confirming the size-switching effect of polymer P2.

2.0+ — 405 nm (1)
— 585 nm (1)
-7 405 nm (2)
= — 565 nm (2)
@ 1.0+
% 405 nm (3)
0.5 565 nm (3)
0.0

T 1
107 104 105
M, [Da]

Figure 3.6. Molar mass distributions of polymer P2a after light irradiation at 405 nm
(red) and 565 nm wavelength (black).

. 9 '\./\./‘\
= 8 PSS M, [kDa] M,, [kDa]
Sl = M, 405 nm (1) 5.54 8.74
s | o wm 525nm (1) | 522 7.94
56 405nm (2) | 547 8.61
g, Tt 525nm (2) | 511 7.79
S 405 nm (3) 5.51 8.71

4 —r 525nm (3) | 5.09 7.73

405 565 405 565 405 565
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Figure 3.7 & Table 3.9. Apparent molecular weights My, and M,, of polymer P2a after
cyclic light irradiation at 405 nm (red) and 565 nm wavelength (black)

The synthetic strategy towards functionalized diazocines developed in Project I was
applied to gain access to more diazocine-containing building blocks for the purpose
of polymerization. Side-chain azopolymers generally achieve a high alignment of the
pendant azobenzene groups in the polymer matrix/®! but diazocine as a photoswtich-
able pendant group has only been little studied.!'*!l To synthesize a diazocine-derived
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monoacrylate, compound 1d from Project 1l was subjected to acylation with acryloyl
chloride to obtain M3 in 28% yield (see Scheme 3.9).

1.5 eguiv o
Me. .~ .0 | = ,_:xﬂ/\DH acryloyl chloride Me._~__O P C,f'le.:f"
FNEN R 2 equiv TEA, DMF, g
0°Cto20°C N=HN
1d from Project Il M3, 28%
2 equiv ’
1) 1.7 equiv NaBH,
" \CEGHO Lorementieng et CHO 1ieoH, 0°Clo20°C S0 [ [ e
= 2.5 equiv KaC0; 2) 0.5 equiv PBr =
B " B 3, B
" MeCN,80°C b1 66%  CHaCh 0°C b2, 64%
0.5 equiv m-BuLi,
THF, -78 °C
S s R ., O~ 7 1.2 equiv DBADH, B
| [ 3 equiv K3POy, |
= i, S = 0.~
_fN"\{ 1 equiv Cul,
Boc  Boc 20 mol% dmeda, Br
b4, 48% MeCN, 82 °C b3, 78%

1} 2 equiv TMSI, CH,Cl, 20 °C
2} 2 equiv TEA then Hz0, 20 °C

3} 1.2 equiv NBS, pyridine, DCM, 20 °C MG\U N O
- -
N=N

M4, 37%

Scheme 3.9. Synthetic route towards diazocine monoacrylate M3 and diazocine di-
olefin M4.

The interconnection of diazocine monomers linked by linear alkyl chains could also
provide a polymer matrix with high crystalline content{!>*] as the more polar and bulkier
ester or amide linkages could interfere with the alignment or crystallization process.
The diolefin monomer M4 was synthesized by applying the typical procedure towards
diazocines developed in Project I to the 2-bromobenzyl bromide derivative b2 (see
Scheme 3.9). b2 was prepared from 2-bromo-5-hydroxybenzaldehyde by Williamson
ether synthesis with 4-bromobut-1-ene (66% yield), followed by the transformation of
the benzaldehyde to the benzyl bromide in two steps and in overall 64% yield. The
photochromism of the potential monomers M3 and M4 was characterized by UV-Vis
and NMR spectroscopy (see Table 3.10 and Figure 3.8).

Table 3.10. Diazocine photoswitching data of M3 and M4 obtained from UV-Vis and
MNMER spectroscopy in acetonitrile

Diazocine | \,..(Z) PSS (525nm) M, (E) PSS (405 nm)

Monomer | [nm] % (Z) [nm] % (E)
M3 407 >99%, 491 69%
M4 405 >99%, 488 65%
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Figure 3.8. UV-Vis spectra of compounds M3 (left) and M4 (right) after light irradiation
at 405 nm (red) and 525 nm wavelength (black) in acetonitrile.



4  Summary and Outlook

The present thesis deals with an alternative synthetic method towards ethylene-bridged
azobenzenes, so-called diazocines (Project I), the optimization of ATRP conditions to
generate diazocine-doped elastomers via ATRP (Project II) and the concatenation of
diazocine monomers to build linear main-chain azopolymers (Project I1I). With a focus
on the photochromism of diazocine as a molecular switch, the final products were
characterized by UV-Vis and 'H NMR spectroscopy for their potential application in
functional materials.

In Project I, a new synthetic method for the synthesis of diazocines was established.
Common strategies commence with 1,2-substituted benzenes for the construction of
the ethylene bridge to yield 2,2-bibenzyls, either by the base-promoted oxidation of
toluenel®! or the hydrogenation of tolanes.””] The present work utilized benzyl bro-
mides as starting materials for diazocine syntheses (see Scheme 4.1) which were readily
obtained from the Wohl-Ziegler radical bromination of toluenes or from the conversion
of benzyl alcohols with phosphorus tribromide. 2,2°-Dibromobibenzyl compounds
were easily generated by the Wurtz-type reduction of 2-bromobenzyl bromides with
n-butyllithium without a need for activation. The bromine atoms on the phenyl rings
were conwverted to lodine atoms by further lithiation with n-butyllithium and quench-
ing with iodine. To integrate functional groups such as nitrile and methyl ester which
are sensitive to organolithium reagents, benzyl bromides were metalated with zinc to
undergo a Negishi-type coupling with [NiClz(PPh3);] as the catalyst.['¢]

Distinctive coupling between different 1,2-substituted benzenes enables access to asym-
metric bibenzyls for the generation of asymmetric diazocines. In an approach conducted
by Trauner and co-workers, the transformation of an acetylene derivative by two suc-
cessive Sonogashira reactions to the tolane and subsequent hydrogenation yielded the
asymmetric bibenzyl compound.>l However, this approach could not be applied in
the present strategy because bromine or iodine substituents on the benzene rings were
reserved for the ensuing C-N coupling reactions. For this reason, asymmetric stilbenes
were synthesized in a Wittig reaction between a benzaldehyde and a phosphonium
ylide. Phosphonium ylides were obtained from the phosphorylation of benzyl bromides
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with triphenylphosphine followed by the deprotonation with potassium ferf-butoxide
or sodium methoxide. Subsequent hydrogenation of the central double bond of stilbene
with Adams’ catalyst provided the asymmetric bibenzyl compounds. Hydrogenation
with in situ-generated diimide from the thermal degradation of tosyl hydrazide only

provided the bibenzyl product in incomplete conversion and lower yield.

CfD

q\ul Wurtz/ Cascade
Megishi Ulimann +-Bul Ot-Bu
S “H.Eouupllng amidation -~ = Yod ‘;’
2-Bromebenzyl - "n“ ~"H H Bocprotected
bromide T [ diazocine
o -
. ““’ﬁ“/ tBUO—{ H—OtBu | Lewis-acid
O 0 promoted
\ - hydrolysis and
\h__:f_, 22 D}l(halghll‘.lb-enr_yl mild axidation
#~ CHO ' 7 B T
| Wittig olefination | j
Ty, and hydrogenation = NEN =
2-Bromobenz- Dhazocine

aldahyde

Scheme 4.1. Three-step synthetic method towards substituted diazocine products from
2-bromobenzyl bromides as starting materials.

The construction of the diazocine heterocycle had proceeded through the intramolecular
coupling of the bibenzyl compounds with nitrogen-based functional groups at the
2,2'-positions. By using a dinitrogen building block to connect the 2,2'-dibromo or 2,2'-
diiodo positions of bibenzyl compounds in two consecutive C—N coupling reactions, the
diazocine heterocycle was established without traversing multiple redox intermediates
and different nitrogen species. Di-tert-butyl hydrazine-1,2-dicarboxylate (DBADH;) was
chosen as the dinucleophile for cascade Ullmann-Goldberg amidation reactions with
2,2’-dibromo- or 2,2"-diiodobibenzyl electrophiles due to the very efficient deprotection
of tert-butyloxycarbonyl (Boc) protecting groups and the high nucleophilicity of the
nitrogen atoms. The reaction follows the conditions optimized by Buchwald and co-
workers, employing the Cu(I}-dmeda complex as the catalyst and the auxiliary inorganic
base K;POy to quench the originating hydrogen halide acid.['*”] This one-pot reaction
was carried out in acetonitrile instead of DMF as the solvent and the amount of Cul
catalyst had to be increased for the conversion of the less reactive 2,2"-dibromobibenzyls
in order to obtain higher product yields. This finding suggests the requirement of an

iodide source for the reaction involving the less reactive aryl bromide electrophiles.

The attached Boc protecting groups on the heterocycle are generally easy to cleave under
acidic environments but the resulting exposed diazocine ring could further undergo an
acid-promoted benzidine rearrangement, leading to undesired products. Therefore,
the hydrolytic deprotection of Boc groups was carried out under the promotion of the
Lewis acid trimethylsilyl iodide and in the presence of triethylamine as the base. After
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deprotection, the exposed hydrazo group was readily oxidized to the diazo group with
N-bromosuccinimide/ pyridine under mild conditions. Future work should include
different dinitrogen building blocks for the synthesis of diazocines, containing carba-
mate groups to be deprotected under basic conditions or the direct implementation of
hydrazine to carry out cascade Buchwald-Hartwig aminations on 2,2"-dihalobibenzyls.
In the proposed scenarios, oxidation to the diazo group could directly follow the car-

bamate deprotection or the C-N coupling reactions in the same reaction mixture.

The photostationary states at 385 and 565 nm wavelength of the synthesized diazocine
compounds were captured by UV-Vis and '"HNMR spectroscopy In acetonitrile, except
for the carboxylic acids which were measured in DMSO (see Figure 4.1). The majority of
diazocine compounds accumulated 77-87% of the (E) isomer after photoirradiation at
385 nm wavelength. The electron-poor pyridine species attained the highest (87%) and
the electron-rich thiophene species the lowest (18%) (E) /(£) ratio. Amino and hydroxy
groups on the diazocine caused rapid (E)—(Z) thermal relaxation which prevented
accurate P'SS measurements. All diazocine samples were switched back quantitatively
to the (£) state after 565 nm irradiation within 2 min. Therefore, light sources at 385 and
565 nm irradiation wavelengths are highly suitable for efficient diazocine photoswitch-
ing. However, the photoconversion yields for the (E) isomer are expected to shift with
slightly different irradiation wavelengths according to the different absorption spectra

of each diazocine derivative.

Thiophene 2228 18%
3,8-NH, [ 28%
2,9-CF; I 62%
y - | _/) 2,9-0Me T1%
NN s 73%
— 3,5--Bu T —— 75%
‘ S L 3,8-C O, Me | Y 77
Rn_' L "b i h“l /_:R 3,8-C | RSS2
A a B 3,8-CN T £ 1,
3,8-F, 2,9-CO,H ' EE e s e 21
= s 2,9-Cl, 2,9-CH,OH | 230
N° e N \ all-H, 2,9-F | e 85%
Pyridine R E I R £:7
] L] L] ] ] ]
0 20 40 60 80 100

% (E)

Figure 4.1. (E) isomer content of diazocine derivatives at PS5 (385 nm) in acetonitrile.
'In DMSO. For 2,9-OH and 2,9-NHj, the thermal relaxation to the (Z) isomer was faster
than data acquisition of the (E) isomer.



Summary and Outlook 64

Generally, the acylation of primary amines and alcohol functions to form amide and
ester groups is a facile assembling method to create reactive alkyl halide initiators
for ATRP and vinyl monomers for radical and addition polymerizations. Diazocine
diamines were synthesized from the dichlorides via Buchwald-Hartwig amination and
the hydroxymethyl derivatives were obtained after reducing the methyl ester functions
on diazocine with diisobutylaluminium hydride, followed by the re-oxidation of the
hydrazo to the diazo group with CuCly /air.[®*! For the realization of Projects I1 and 111,
the primary amines and alcohols of diazocine were acylated with a-bromoisobutyryl
bromide (BIBB) and acryloyl chloride to obtain appending alkyl halide and acrylate
functions (see Figure 4.2). Additionally, a diazocine diacrylate was prepared containing
long alkyl spacer chains as spacers between molecular switch and acrylate groups.
Aliphatic terminal olefins on diazocine could fulfill the role of a crosslinker or monomer

in transition metal-catalyzed polymerization reactions.
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Figure 4.2. Synthesized diazocine-based ATRP initiators (left) and monomers (right)
for polymerization.

In Project 11, four diazocine-functionalized alkyl halide initiators were synthesized for
the polymerization of methyl acrylate and methyl methacrylate via ARGET ATRF. The
reaction conditions for the synthesis of poly(methyl acrylate) were optimized, especially
comparing the reducing agents Cu(0) with ascorbic acid. In comparison to the commer-
cially available initiator EBiB, ATRP initiation decelerated when diazocine-based ATRP
initiators were used. Therefore, the catalyst and reducing agent concentrations were
increased to ensure a higher initial availability of Cu(I)L* activator for a more efficient
initiation. However, high activator concentrations resulted in lower deactivation rates

and less control over the propagation, so that dispersity increased from less than 1.1 for
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EBiB to 1.4 for the diazocine-based initiators 2a—2d. The dependency on the catalyst con-
centration indicated that the initiation process was decelerated by the diazocine-based
ATRP initiators, hence producing higher dispersities and more radical terminations un-
der ARGET ATRP conditions.'?®l The heterogenous reaction environment with Cu(0)
wire as the reducing agent proved to be inferior to the highly soluble ascorbic acid which
was required to accelerate the initiation process. Especially for the polymerization of
acrylates, the OMRP equilibrium is shifted towards the organometallic species which
can lead to increased termination events including chain-end coupling. In conclusion,
slow initiations did not only affect the polymer conversion and dispersity but also in-
creased radical chain terminations. In fact, 405 nm photoirradiation led to the rapid
termination during the initial stages of ATRF. The Cu(I)L* complex was presumably
photoactivated, catalyzing the reaction between the diazocine-based initiator 2a and
methyl acrylate to the corresponding iminolactone. The same photoactivated Cu(I)L*
catalyst has been employed by Anastasaki and co-workers to gain photocontrol over the
ATRP equilibrium (photoATRP),[>8] thus further reiterating the crucial importance of

fast initiations during controlled radical polymerizations.

The photochromism of the resulting diazocine-centered and diazocine-capped PMA
and PMMA chains was analyzed by UV-Vis spectroscopy in THF solution and in the
solid state. All samples exhibited efficient photochromism without notable differences
from the initiators. At room temperature (20 °C), PMA is in a rubbery state due to its
low T, of 16 °CI"™*l while PMMA is in a glassy state with a significantly higher T}, of
105 °C.['80 For this reason, the solid PMMA matrix imposed individual conditions for
the switching units and higher internal strain, so that the (E)—(Z) thermal relaxation
of diazocine did not follow first-order kinetics. Furthermore, a notable solvent effect
was observed for the diazocine-centered PMA samples. Compared to the solid-state
samples of PMA, THF as the solvent presumably cooled down the excited states of
(E) diazocine and decelerated the (E)—(Z) thermal backswitching process. Future
work should include the potential (£)—(E) mechanochromic switching of diazocine
in polymers since the (Z)—(E) diazocine isomerization is accompanied by molecular
elongation. Elastomers like PMA possess high moduli suitable for the transfer of

mechanical force toward the polymer chain center.!'!]

In Project 111, the two synthesized diazocine diacrylates were subjected to the Michael-
type thiol-ene polyaddition reaction with 1,6-hexanedithiol, catalyzed by dimethylphe-
nylphosphine to yield main-chain diazocine-based polymers (see Scheme 4.2). The
resulting short and linear polymer chains with multiple diazocine units in the back-
bone were characterized by UV-Vis and NMR spectroscopy as well as GPC and DSC.
Apart from the photochromic effect upon 405 nm photoirradiation, the polymer chains

showed a reversible photoinduced size expansion in THF solution, as a result of the
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Scheme 4.2. Summary of the polymerization reactions in Project Il and III. HDT =
1,6-hexanedithiol. DMPP = dimethylphenylphosphine.

(£)—(E) pincer-type motion of the individual diazocine units. The hydrodynamic size-
switching effect was captured by GPC, as evident from the higher apparent molecular
weight upon 405 nm photoirradiation. The diazocine polymer with longer alkyl spac-
ers between two diazocine units of the polymer chain typically provided less diazocine
content and more conformational freedom, so that the observed size-switching effect
was more pronounced in the case of polymer P2. This work outlined the unique switch-
ing properties of diazocine through the incorporation into synthetic polymers. Acrylate
functions on diazocine can be used in many ways, not only in thiol-ene reactions but also
for radical polymerization. Therefore, the diacrylate monomer as well as the acrylate-
capped polymer chain could be useful for cross-linking, either with polythiol curing
agents or with a radical photoinitiator to produce diazocine-containing networks. The
monoacrylate M3 contains diazocine as a pendant group and could be employed in
radical polymerizations such as ATRPI'?! or RAFTI®! to generate side-chain azopoly-
mer P3 (see Scheme 4.3). The diazocine-containing o,w-diene M4 could be treated as a
cross-linker in Pt-catalyzed hydrosilylation reactions to produce silicone polymers.[16%]
Alternatively, M4 could undergo Ru-catalyzed acyclic diene metathesis polymeriza-
[163]

tion'"™ as a monomer, followed by the hydrogenation of the resulting polyene to yield

alkyl chain-linked main-chain azopolymer P4.11%]

Future work should include the examination of curing processes including the drawing
of fibers from the melt or the manufacture of a thin film. Switching of the diazocine
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Scheme 4.3. Possible polymerization reactions involving monomers M3 and M4.

units within a polymer network could lead to more pronounced changes in the physico-
chemical properties and to the photomechanical deformation of the material. It remains
unclear whether a phase transition can be invoked by the photoisomerization of dia-
zocine units in a polymer, suggesting a transition from an isotropic (£) to a crystalline
(E) configuration due to the near-planarity of the (E) isomer.'*! The (Z) isomer, how-
ever, possesses (s symmetry®? and could contribute to polymer chain alignment and
crystalline ordering. Therefore, the chemical composition and the polymer topology
are crucial factors for the design of novel functional diazocine-based polymers.
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General Information

Synitheses under Schienk conditions or In 3 glovebox were performed with nifrogen as protection gas.
All glassware were dried In an oven at 200 *C for at least 2 h prior fo use. Syringes that were usad fo
fransfer anhydnus solvenis of reagents were purged with nitregen prior bo wse.

'H NMR, 135{'H} NMR and "% NMR spectra were recorded on a Bruker DRX 500 ('H NMR at 500 MHz,
3C{'H} NMR spectra at 126 MHz and "F NMR at 471 MHz) at 23815 K. NMR specia for the
determination of phoiostationary states of cyclic azobenzenes were recorded on @ Bruker AV 600
{'H NMR: 600 MHz). A1 'H NMR and "3C{'H} NMR specira were referenced io the residual proton
signals of the sodvent [*H), the soivent Bself (3C{'H]) or against TMS. 19F NMR specira were exiemally
refarenced io CChF. The exact assignment of the peaks was performed by two-dimensional MMR
speciscopy when possibe. The 12C['H} NMR specira for compounds €8-5o could not be reported
becawse the signals were too small and dispersed probably due to sluggish confrmational changes.

High-resolution El mass specta werne recomied on 3 JEOL ACCUTOF GOV JMS-T1DRECV at 70 eV
lonitzation energy. High-resolution ES1 mass specira were recorded on a ThermaFisher Orbifirap.

IR spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR spectromeier with an AS31-G Golden-
Gate-ATR-uni.

Melting points were reconded on an electrothermal meling point apparatus Gallenkamp MPD350.6M2.5
and are uncomecied.

Column chiomatography was performed using S0z (0.040-0.063 mm, 230-400 mesh ASTM) from
Merch.

Thin layer chiomatography was perfonmed using POLYGRAM SIL G/UV =, pre-coated polyester sheets
from Macherey-Nagel and compounds were visuallzed by exposure to U light at 254 nm wavelength.

UV-vis specira were measured with a Lambda 650 spactrophatomeater [Perkin-Elmer) at 298,15 K from
7D0 nm to 250 nm. Quartz cuvettes of 10 mm optical path length were usad,

Light Irradiation was performed with LED light sources [365 nm: Michla: NC-4U122E, 300 mWW; 385 nm:
Hichia NC-5U034A, 340 mW; 565 nm: Luxeon LXML-PXDOZ 350 mW], Sahimann Photochemical
Solutions.

All solvants were freshiy distiled prior to use. Dry soivents were sioned over 3 A molecular sieves and
degassed by freeze-pump-thaw cycling.

The use of abbreviations follows the conventions from the ACS Style guide.

51

Reagents

Reagent Supplisr Purity

[ [Z-Bromo-S-[rmsoromeinylphenylmethancl | Apolo SClenime | 95%
T.Z-Dmenyemyenediamne abcr 05
T-[fer-Butyl|-4-memyibenzens ANla ABgar 05%
T-Bromo-2-[DAOm DmEihyl - 4-MENaAyDENZENE | ALIDS CFE)
T-Bromo-2-[BromomeinyTDEnzane abcr TE%
T-Bromo-4, 5-BMU0r-2-mefyIbenzens TCI TE%
T-Bromo-4-ChiDi-Z-memylDenzene abcr TE%
T-Bromo-4-NUorg-2-memylDenzene TCI =060
Z-Bromo-3-mEetyipyring abcr 05
Z-Bromo-4-Chioi-1-memylDenzane abcr TE.%
Z-Bromo-4-NUoro-1-memylDenzene abcr TE%
Z-Bromo-5-chiombenzakenyne T CFE)
FBromo-4-mEmyIbenzo: aci abcr TE%
3-Bromo-2-metylbenzonimie T CFE)
FBromoiniphenE2-Carbaxaigenyoe TCI =050
F-Memnyiphenol TCI =06%
3-Bromo-3-methylbenzoic acio T =05%
Benzoyl pEroxke Tigma-Alanch T5%, remalnder waler
Eromine Merck =00 0%
cul Gigma-Alonch =00 5%
CUCE dinyarate Tigma-Alanch ACS, =00 0%
DEr-butyl dicaroonate TCI =050
DEr-DuLyl Nydrazne-1, 2-dicamorylate abcr TE%
DilsObATylauminum hydrige ACTOE T2 W I IDRiEne
) Griseing 005
Hz504 VWR 05
Hexam ethylmsians T CFE)

[ HET ACIDS 4E% In warer
loding TCI =0B%
FaP O T O7%, anhydnus

[ Cinum hexamethyimsiazioe ALTOS 05%
Mooz A3 AEsar AICS, anhydrous
Naz5z0s GriGsing CFE)
Ma:50s Griseing TE%
MabHs TCI =05%
] Griseing 005

uoymuofur sugioddng
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CEGGGN Griseing 90.5%
HaoH Griseing 90%
EES Alla Agsar 0%
HHLCI Griseing 90.5%
[ PEr ACIOE 0%
POIEE5IUM (2 -DIRDXIDE E 95-00%.
Fyridine Griseing 90.5%
Gomum acetate Griseing 90%
TelraetyEmmonium IDHoe Gigma-AlOnch )
TH-Er-DuryIphospRiNg ancr 90%
TRemylamine Griseing 90%
TREREnyiphospnine Alla ASgar [0+%
Thsdibenzyldencaceione jBpaladiam|d) E 20-23% Pa
anc Gigma-AlOnch dUSE, =10 pm, =96%
INCk Alla Agsar T5+%
[NICI{FP ] TCI >36%
‘M-CRIDIOPEMXyOEnZoie: acid MErcE 2% m-ChiDroDenzoic aci,
41% water
n-Butylinium ACTE 2.5 M In hexanes
p-Tolsenesuronyinydrazide ancr 25%
Solvents
CHzCk BCD Inc tried with a P5-MD-5 by Innovation Technology
CHCh BCD Inc technical grade
DMF VW ‘waler <150 ppm
HCI Grissing 37% In water
WHa Grissing 5% In water
THF VW tried with a P5-MD-5 by Innovation Technology
Ac=tonirie VW arled over CaHz and degassed
Benzense BCD Inc technical ng
Diethyl emer BCD Inc tried with a P5-MD-5 by Innovation Technology
Dioxane Sigma-Aldrich | anhyorous, B9.8%
Ethyl Acetats BCD Inc technical grade
Heptana BCD Inc technical grade
Hexane Waler CMP technical grade
Methanal BCD Inc technical grade
Pentane BCD Inc technical grade
Toiuene VW technical grade
Water Goubiy-distiied

Experimental Procedures and Characterization Data

Preparation of Trimethylsilyl lodide

In a gioveba:x, lodine (4.442 g, 17.5 mmaol) and hexamethyidisiane (3.5 mL, 17.5 mmol) were added
to 3 round-botiomed ask equipped with 3 magnatic stiming bar. The reaction mbcture was stimed in the
glovebox at 20 *C for 30"min and at 50 *C for 1°h before It was cooled down and stored at -30 "C In the
glovebox to give iimeshyisiyl lodide (35.0 mmaol) 35 3 darkbrown oll,

Preparation of Anhydrous ZnCl;

A Schienk flask was chargad with ZnClz {20,442 g, 150 mmod) and dried at 150 C for & h at high vacuum
{0.01 mibiar) under stimng. After cooling to 20 *C, the flask was purged with nitrogen and transfemed into
a gloveno for use.

Synthesis of 2-Bromobenzyl Bromides and Precursors ($1-519)

1-Bromo-2-{bremomethyl)-4-chlorobenzena [51)

3,7

o
4
Br

L}

1-Bromo-4-chioro-2-mathylbenzene (2.055 g, 10.00 mmol), acefonile {20 mL), benzoyl peroxids
{484 myg, 2 mmal) and NBS (1.258 g, 11 mmol) were added sequentially to a round-bottomed flask
equipped with a reflux condenser. The reaction mbdure was stmed at B2 *C for 12 b After cooling to
20 "C, the reaction mixture was quenched with water (30 mL), extracted with CHCHR (3 x 50 mL), washed
with brine (20 mL} and dried over Ma:S0. After filtration, the organk: phase was concentrated under
reduced prassure fellowed by slica gel column chromatography (pentane) to fumish e product 1 as
a coloiess solkd {1.730 g, 5.08 mmal, 51%, It B5%),

*H NMR [500 MHz, CDC1y) 8 7.50 {d, J = £.5 Hz, 1H, H-5), 7.45 {d, J = 2.5 Hz, 1H, H-3), 7.15 {dd, J =
8.5, 2.5 Hz, 1H, H-5), 4.53 (5, 2H, H-T) ppm.

BC{H} NMR 126 MHz, CDCly) & 138.8 (C-2), 134.5 [C-E), 133.9 [C-4), 131.2 (C-3), 130.3 {C-5), 122.4
{C-1), 32.4 [C-T} ppm.

HRMS [EI} miz for C;H-SBMBr=c| [M]*: calcd 263342641, Tound: 283 84221 (10); 204.92 (100}
IR [ATR}: ¢ = 3080 (w), 2056 [w), 0338 [w), 1202 [w). 1754 [w), 1642 (w), 1555 {w), 14€0 (5), 1384 {m),
1270 {m}, 1217 (5}, 1094 (5}, 1032 (5}, B4 {5}, B84 [5), 320 {5), 719 (m}, £22 {m}. 568 (s}, 512 () cm-
L

mp: 65 "C.

Re 0.61 (hexang)

uoymuofur sugioddng
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1-Bromo-2-{bromomethyl)-4-Nucrobenzens (32)

me

1-Bromo-4-fluoro-2-methylbenzens (3.451 g, 50.00 mmol), aceionlie (100 mL), benzoyl perowide
{2.422 g, 10 mmol) and NES {9,789 g, 55 mmol) were added sequentialy to 3 round-baotiomesd flask
equipped with a reflux condenser. The raaction mixture was stred at B2 °C for 12 h. Afer cooling to
20 "C, the reaction mixiure was quenchad with water {50 mL), extracted with CHCh (3 x 50 mL), washed
with brine (S0 mL) and dried over Ma;S0,. After filration, the organic phase was concenirated under
reduced pressure Tollowed by slica gel column chromatography (pentane) to fumish the product 52 as
a eloriess solid [7.200 g, 25.91 mmaol, 54%, IIiL 39%3),

*H NMR [500 MHz, CDCly) 8 7.52 {dd, J = 8.8, 5.2 Hz, 1H, H-3), 7.20 {dd, J = BB, 2.0 Hz, 1H, H-E},
.95 — 5.37 {m, 1H, H-5), 4.54 (5, 2H, H-T) ppm.

C[H} MMR {126 MHz, CDCly) 0 162.0 {d, J = 2481 Hz, C-4), 130.0 [, J = 7.7 Hz, ©-2), 134.7 {d. J =
8.0 Hz, C-3), 118.6 {d, J = 3.4 Hz, C-1), 118.3 {d, J = 23.4 Hz, C-6), 117.5 (d, J = 22.4 Hz, C-5}, 32.6
{d, J = 1.5 Hz, C-T) ppm.

SF NMR [471 MHZ, CDCly) & -114.27 [gd, J = 13.5, B2 Hz) ppm.
HRMS [EI} mz for CrH="BrBiF [M]': calcd 267.8721E, found: 257.67190 (10); 186.96 (100).

IR (ATR): #= 3101 (w), 3075 [w), 2035 [w), 2975 (W), 1894 (w), 1746 [w). 1576 [m), 1471 (5], 1436 [m).
1407 (m), 1271 {m), 1234 {s}, 1158 {m), 1125 (m), 1030 {m}, 960 {m}, 873 {s}. 317 (s}, 711 {m}, 635
{m, 589 {5}, 558 (5}, 524 (5} o,

mp: 33 °C.

Re 057 (hexane)

1-Bromo-2-{bromomsthyl)-2-{trifucromethyl)benzens (53)

T

8 a3
F3C
aﬁ\ﬂr
H Br

A dry, nitrogen flushed Schienk-flask equipped with 3 magnetic stiming bar and a septum was charges
with [2-bromg-5-{irfuorom ethyl)phenylymethand (1.270 g, 5.00 mmol), anhydrous CH=Clz (25 mL) and
ihe Nlask was cooled to 0 "C prior io the dropwise addition of S (220 pL, 2.5 mmol) over the course
of 30 . The reaction mixture was stimed atD "C for 2 h. Then, the reaction mixture was allowed fo wam
slowly o 20 °C and quenched by dropwiss addition of saturated ag NaHCO, (30 mL), extracted with
CHCl (2 x 30 mL), washed with brine {30 mL) and dried over Na;S0,. After fitration, the organic phase
was concentrated under reduced presswre and e crude residue was purfiad by slica gel column
chmmatography {pentane) to fumnish the product 53 as 3 colodess ol (1.250 g, 3.93 mmal, 79%,
It 7%,

*H NMR [500 MHz, CDCl) & 7.74 — 7.66 {m, 2H, H-5,6), 7.45 — 7.30 {m, 1H, H-3}, £51 [s, 2H, H-T)
Ppm.

BC{H} MMR {126 MHz, COCl) § 138.1 {C-1), 134.0 {C-5), 130.5 g, J = 33.3 Hz, ©-4), 128.3 g, J =
1.5 Hz, C-2), 127.9 (g, J = 3.8 Hz, C-3), 126.6 (g, J = 3.7 Hz, C-5), 123.4 g, J = 272.4 Hz, C-3), 32.0
{C-7) pom.

®F MMF (471 MHZ, CDCL) § -52.52 pom.
HRME [El} miz for CoHa™BIF 5 [M]*: caled 31587101, found: 315.87046 (B); 237 [100).

IR (ATR): #= 1605 (w), 1579 {w), 1470 {w), 1433 {w), 1402 [w}, 1227 {5}, 1274 (5), 1215 {m}, 1168 [s),
1122 (g}, 1077 {5), 1029 {5}, 305 {w), BIS (W), BSD (w), B26 (5), 74T (m), 727 [m}, 677 {w) cm-".

Re 0.38 (pentane)

1-Bromo-4-{mer-butoxy)-2-methyibenzene [(54)

i} 3 7
M:}, Bl
2]

Ma
[

3-Medhyiphenol [5.407 g, S0.00 mmol), ethyl acetate (100 mL) and DMS0 (2.9 mL, 55 mmod) were
added sequentially to a round-potiomed Niask. The reaction medure was heated to €0 *C and treated
with dropwise addiion of aq HEr (6.2E mL, 55 mmaod, 45% In water) over the course of 2 min before It
was stimed at 50 "C for 15 min. Afier cooling to 20 "C, the reaction mixture was quenched with saturated
ag NaHCO, (20 mL) and washed with brine (20 mL). The organic phase was concentrated under
reduced pressure. The crude reskiue was directly used In the next step. Adapted from IL*

A dry, nitrogen Nushed two-necked round-oottomed flask equipped with a reflux condenser and a
magnatic stiming bar was charged with the crude product, di-ter-butyl dicarbonate (25,100 g, 115 mmol)
and MgiCI)z (1.116 g, 5 mmol). The reaction mixture was stimed at 40 °C for 3 h under nitrogen
atmosphere. After cooding to 20 °C, the reaction mixture was quenched with water (S0 mL), extracted
with CHCI= (3 x 50 mL), washed with brine (20 mL) and dried over Na:S:0. After fitration, the organic
phase was concentrated under reduced pressure and the crude residue was puried by slica gel column
ehromatography (pentane/CH:Cl = S0/50) to fumish the product 4 as a coloiess ofl (6.756 g,
27.7% mmol, 56%). Adapted from it

*H NMR {500 MHz, CDCly) 8 7.2B (&, J = 3.5 Hz, 1H, H-6), 6.57 [d, J = 2.5 Hz, 1H, H-3}, 6.72 - 6.568
{m, 1H, H-5), 2.35 {5, 3H, H-T), 1.33 {5, OH, H-3) ppm.

BC{H} NMR (126 MHz, CDClz) & 154.7 [C-4), 138.4 [C-1), 132.5 [C-5), 126.8 [C-3), 123.2 {C-5), 1188
{C-2), TE.B [C-B), 28.3 [C-9), 23.2 {C-T) ppem.

HRMS [EI} miz for G, Hu™ErD [M]*: calcd 242 03063, found: 24203098 [2); 185,97 {100).

IR [ATR): @ = 2977 {m}, 2931 {w}, 1593 {w), 1560 {w), 1473 (s}, 1302 {m), 1365 (s}, 1282 {m}, 1263 {m},
1239 {5}, 1180 {m), 1153 {s), 1122 {m), 102 (5), 950 {m), B85 [(m), 851 {m), 513 {w), TE5 (W), 695 {m},
642 {m), 567 (W) cmr.

Re 0.82 (THCH)

uonmuiofu] Susoddng




1-Bromo-2-{bromomethyl)-2-{rerr-butoxy)benzene [55)

] T
Ma:%. 3
Br
(5L
Ma i jar
-]

Compound £4 {1.470 g, 5.05 mmaol), benzene (30 mL}, benzoyl perodde (268 mg, 1.11 mmol) and MBS
{1.184 g, 5.65 mmol) were added sequentially to a round-botiomed flask equipped with a refiux
condensar. The reaction mixture was stimed at B2 *C for 6 h. After cooling to 20 "C, the reaction mixdure
was quenched with water (30 mL), extracted with CHCl [2 x 30 mL), washed with brine {20 mL) and
dried over MazS04. After filiration, the organic phase was concenirated under reduced pressure followed
by sllica gel column chromatography (pentane/CH.CL, = SIVED) o furnish the product 55 a5 3 coloness
oll {1,669 g, 5.18 mmol, B6%).

*H NMR {500 MHz, CDCl5) § 7.44 [d, J = 8.5 Hz, 1H, H-5), 7.09 [d, J = 2.8 Hz, 1H, H-3), .52 [od, J =
8.6, 2.8 Hz, 1H, H-5), 4.54 {5, 2H, H-7), 1.35 {5, OH, H-3) ppm.

EC[H} NMR [126 MHZ, CDCly) § 155.2 (C-4), 137.6 (C-2), 133.6 (C-6), 126.0 (C-2), 125.9 [C-5), 1180
{C-1), 7.5 (C-B), 3.5 [C-T}, 28.9 {C-9) ppem.

HRME [EI} muz for CreHi™BrBro [M]*: calcd 321.930900, found 32193895 (2); 184.95 (100}

IR (ATR): = 2076 (m), 2032 [w), 2850 [w), 1593 (w), 1563 (w], 1471 (s}, 1354 {m), 1365 (s}, 1284 {m),
1242 (5], 1153 {5}, 1029 {m), 973 (m), 837 {m), 852 {m), 822 (M}, 771 (W}, TOE {w). E73 (w), E11 [}
573 [5), 536 [m) cm~.

Ry 082 {CHOL)

Methyl 4-bromo-3-methylbenzoats [56)

& @ T

Mawuﬁue
Br

Mathangd (B0 mL), coned H=S04 (2 mL, 35 mmod, 18 M) and 4-romo-3-methylbenzoic acid (13.118 g,
&1.00 mmol) were agded sequentialy to 3 roung-botivmed flask equipped with 3 reflux condenser. The
reaction mibcture was stimed at 65 *C for 12 h. After cooling to 20 *C, the reaction mbcture was quenched
with saturated ag NaHCO: (30 mL), extracted with CHCI (3 x 30 mL), washad with brine {30 mL) and
dried over Na:S0s After filtration, the organic phase was concentrated under reduced pressune and
dried under vacuum (0.1 mbar) to yieid the analytically pure product S€ as a red solid' [12.457 g,
54.38 mmol, 89%, It B5%).

*H NMR [500 MHz, CDCl3) 8 7.90 {d, J = 2.0 Hz, 1H, H-2), 7.60 [dd, 1H, H-5), 7.60 {d, J = 8.3 Hz, 1H,
H-5). 2.81 {5, 3H, H-9), 2.44 {5, 3H, H-T) ppm.

C[H} NMR [126 MHZ, CDCly) § 165.7 (C-E), 138.4 (C-4), 132.7 (C-5), 131.8 (C-2), 1306 [C-3), 120.4
{C-1), 12B.4 [C-6), 52.4 {C-9), 23.0 {C-7) pom.

HRMS [EI} muz for CsHo™Br0; [M]- caled 227 97553, found: 227 97855 (40); 196.96 (100).

! The red eolor Is lkaly due to frace Impurities that were already present in the starting matarial.

57

IR [ATR]: 7= 3417 (w), 2018 {w), 2000 (w), 2858 (w), 2841 (w), 1714 {5}, 1593 (m), 1571 [m), 1472
{w), 1425 {5}, 1330 {m), 1301 (s}, 1256 {5). 1158 {5}, 1104 (s}, 1027 [5). 365 {m], EI6 {m), B4S [m), T5E
{5}, £33 (W), 553 {m), 506 [w) cm-1.

mp: 42 °C.

Re 0.53 {hexanefeihyl acetate = 80/20)

Mathyl 4-bromo-3-bromomethyljbenzoate (57)

8 8 a
o
[
s o

Compound S6 {12,505 g, 55.90 mmaod), acetonlirle (50 mL), benzoyl peroxide {2.700 g, 11.12 mmol)
and MBS {10.945 g, £1.50 mmol} were added sequentially to a round-bottomed flask equipp=d with a
reflux condenser. The reaction medure was stimed at 82 *C for 12 h. After cooling to 20 "C, the reaction
mixture was quenched with water (S0 mL), extracted with CHCI {3 x 30 mL), washed with brine (20 mL)
and dried over Na:S0u After filration, the organic phase was concentrated under reduced pressure
followesd by sliica gel coumn chiomatography (applied gradient from pentane fo CH.CL) to fumish the
prosduct $7 a5 a coloriess solld (12.757 g, 41.46 mmol, 74%, It 31%7).

H NMR [500 MHZ, CDCly) B B.12 [d, J = 2.1 Hz, 1H, H-2), 7.51 jod, J = B.3, 2.1 Hz, 1H, H-1), .65 {d,
J=B.3Hz, 1H, H-5), 4.62 {5, 2H, H-T}, 2.83 {5, 3H, H-3) ppm.

BC{1H} NMR 126 MHz, CDCly) & 166.0 (C-8), 137.7 [C-2), 133.8 [C-5), 132.3 [C-2), 130.3 {C-6), 130.2
{C-1), 129.9 {C-4), 52.6 (C-0), 32.7 (C-T) pom.

HRMS (EI} miz for CaHs™Bri"Bro: [M]*: caled 3078670, found: 307.88655 (10 226.97 (104).

IR (ATR): #= 3421 (w), 3043 {w), 2094 {w), 2045 {w), 1715 {5), 1552 [w}, 1430 {m), 1281 {5}, 1258 (5]
1224 (g}, 1202 {g}. 1151 {w), 1108 (m), 1027 [m), 954 [m), 926 [w), 874 (w), 335 {m), T9E (w), T3 (5).
13 {5), 565 (5], 516 (m) om.

mp: 95 "C.

Re 0.71 (THCE)

2-Bromo-1-{bremomethyl)-4-chlorobenzens [S8)

T
e
crI 4 2°8r

3

2-Bromo-4-chiom-1-methylbenzene (20548 g, 100.00 mmal), acetoniire {150 mL), benzoyl perxide
{4.845 g, 20 mmol) and MBS (19.578 g, 110 mmal) were added sequentially to a round-bottomed fiask
equipped with a reflux condenser. The reaction midure was strred at B2 "C for 12 h. After coaling to
20 "C. the reaction mixture was quenched with water (S0 mL), extracted with CHCH, (3 x 20 mL), washed
with brine (20 mL} and dried over Na S0, After filration, the organk: phase was concentrated under
reduced pressure fellowed by slica gel column chromatography (pentane) to fumish e product 58 as
a colofiess ol (19,188 g, 67.47 mmoi, 67%, It 71%8)

S8
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*H NMR {500 MHz, CDCl5) § 7.53 (¢, J = 2.1 Hz, 1H, H-3), 7.20 [d, J = 8.3 Hz, 1H, H-5), 728 [od, J =
8.3, 2.1 Hz, 1H, H-5), 4.55 {5, 2H, H-T) ppm.

BC[H} NMR [126 MHZ, CDCl) § 135.8 (C-1), 135.3 (C-4), 133.1 (C-3), 132.0 (C-€), 128.4 [C-5), 124.0
{C-2), 32.4 {C-T) ppm.

HRMS [EI} miz for C;H,SBrtBreci (M) calcd 283 84261, found: 283 84221 (10); 204.92 (100).

IR [ATR): 7= 3085 {w), 2076 {w), 17E3 (W), 1583 (g}, 1556 (m), 1465 (5], 1437 (m), 1379 (5), 1223 ().
1202 {m}, 1113 {m), 1036 {m}, 1040 {5}, 70 {5). B17 (5], 723 (M), 534 (5), 504 [5), 532 [m) cm-1.

Re 0.ET (hexane)

2-Bromo-1-{bromomesthyl}-4-Nucrobenzens (33)

T
e
F 4 2°Br

3

2-Bromo-4-fuoro-1-methylbenzene (11.342 g, 50.00 mmol), acetoniiiie (120 mL), benzoyl perowide
{2.907 g, 12 mmod) and MBS [11.747 g, 66 mmol) were added sequentially to 3 round-bottomed fask
equipped with a reflux condenser. The raaction mixture was stred at B2 "C for 12 h. After cooling to
20 "C, the reaction mixiure was quenchad with water (50 mL), extracted with CHCly (3 x 50 mL), washed
with brine (S0 mL) and dried over Na;S0,. After filration, the organic phase was concenirated under
reduced pressurs folowed by sliica gel column chromatography {pentane) to fumish the product 59 as
a eoloriess solid [11.344 g, 42,34 mmol, 71%, I B7%9).

*H NMR [500 MHz, CDCly) 8 7.44 {dd, J = 3.5, 5.9 Hz, 1H, H-5), 7.33 {dd, J = E.1, 2.6 Hz, 1H, H-3},
7.03 (td, 1H, H-5), 4.58 (5, 2H, H-T) ppem.

C[H} MMR {126 MHz, CDCly) 0 162.3 d, J = 253.0 Hz, C-4), 133.2 [d, J = 3.7 Hz, ©-1), 132.4 {4, J =
8.8 Hz, C-6), 124.9{d, J = 0.8 Hz, C-2), 120.8 (d, J = 24 6 Hz, C-3), 115.4 [d, J = 21.3 Hz, C-5), 32.6 (5.

C-7) ppm.
SF MMR [471 MHZ, CDCly) & -110.86 [0, J = 14.5, 7.3 Hz) ppm.
HRMS [EI} mz for CrH="BriBiF [M]": calcd 267.E721E, found: 257.67222 (5§ 185.96 (100).

IR (ATR): #= 3099 (w), 3072 (w), 1867 {w), 1722 {w), 158 [5), 1483 (5), 1433 (m), 1327 {m}, 1260 {w}.
1232 [5), 1182 {m}, 1124 [m}, 1031 (m), 246 {w}, 352 (s}, 863 (5), 518 [5), 764 (M), T16 (W), 675 (m).
802 [5), 551 [5), 450 [5] e~

mp: 51 °C.

Re 060 (hexane)

2-Bromo-4-{merr-butyl}-1-methylbenzens |510)

T
1. Me
M‘E
&
W 475 2B
Ma

1-{fert-Butyll-4-meihylbenzens (B89 mg, 5.00 mmal) and CHCL (2 mL) were added Info 3 round-
bottomed flask. The Nlask was cooled to O °C prior to the dropwise addiion of broming (320 pL,
.06 mmol) over the course of 1 min. Evoliving gas was guenched In an ag NaOH (€ M) solution. The
reaction mixture was allowed to wanm siowly to 20 “C whille stming for 18 h before It was quenched by
dropwise addition of ag Na:3=0s {2 mL, 2 M) and saturated ag MaHCO: {20 mL), extracted wih CHCh
{3 x 30 mL), washed with brine (30 mL) and dried over Na;S0,. After fitration, the organk: phase was
concentrated under regucad pressure followed by sllica gel column chromatography (pentane) to fumish
the product $10 a5 a coioriess oll {1.144 g, 5.04 mmod, B4%, It T0%%).

H NMR [500 MHZ, CDCly) B 7.53 [d, J = 2.0 Hz, 1H, H-3), 7.22 jod, J = B.0, 2.0 Hz, 1H, H-5), 7.15 {d,
J=B.0Hz, 1H, H5), 2.35 {5, 3H, H-T}, 1.29 {5, 9H, H-3) ppm.

BC{1H} NMR (126 MHz, CDCly) & 151.0 (C-4), 134.8 [C-1), 130.5 [C-5), 120.5 [C-3), 124.3{0-2), 124.5
{C-), 34.6 (C-B), 31.4 (C-3), 225 [C-T) ppm.

HRMS (EI} miz for CreHe™Br [M]': caled 226.03571, found: 22503536 (20} 211.01 {100).

IR [ATR): ¥ = 3076 [w), 20563 [5), 2007 (m), 2872 {m), 1887 {w}, 1752 {w)., 1606 (w). 1550 [w), 1495 (5],
1480 {m), 1454 {m), 1383 {m}, 1352 {m), 1260 {s), 1203 {w}, 1115 {m), 1037 {5}, 993 [w), 37E [m), 3562
{m), B18 (), T2 {m), 532 [m), 538 {m} em.

Ry 0.75 (hexang)

2-Bromo-1-{bromomethyl]-4-{mem-butyljbenzens ($11)

Compound $10 (3.065 g, 13.50 mmod), acetonttrie {15 mL), benzoyl peroxide {554 mg, 2.70 mmol) and
MBS (2.642 g, 14.54 mmol} were added saquentially io 3 round-botomed fiask equipped with 3 refiux
condenser. The reaction mixture was stirred at 32 "C for 7 h. After cooling o 20 *C, the reaction mixture
was quenched with water (50 mL), extracted with CHCly (2 x 30 mL), washed with brine (30 mL) and
dried over Ma:S0s. After fitration, the organic phass was concentrabed under reducad pressure followed
by sllica gal column chromatography (pentane) to fumish the product $11 a5 a colorless o (2.787 g,
2.11 mmol, 57%, IIt. 85%),

H NMR [500 MHz, CDCly) 8 7.57 {d, J = 1.9 Hz, 1H, H-3), 7.28 {d, J = 8.1 Hz, 1H, H-5), 7.31 {dd, J =
8.1, 1.8 Hz, 1H, H-5), 4.50 (5, 2H, H-7), 1.30 (5. OH, H-9) ppm.

BC{1H} NMR (126 MHz, CDCly) & 154.1 [C-4), 134.1 [C-1), 131.0 [C-5), 1306 [C-3), 125.3 {C-5), 124.5
{C-2), 34.8 [C-B), 33.6 [C-T), 31.2 {C-0) ppem.

HRME [EI} miz for C.Hy B Br [M]*: calcd 305.94418, found: 305.04507 (10); 225.02 (100}
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IR (ATR): = 2364 (5), 2005 (w), 2571 {w), 1657 {w), 1601 [m), 1552 [w), 1491 {m), 1435 {w), 1367 {5}
1363 {m), 1261 {m}, 1231 (5], 1206 {m}, 1118 {w), 1039 {s). 374 {m}, 330 (m). 629 (m), £53 [m), £32
{5). 70 {m}, 518 {w) cm-.

Re 037 (hexane)

3-Bromo-4-{bromomsthyljbenzonitrile (512)

4
Br
B
NGO 5 3B

3-Bromo-4-methylbenzonlirlie (11.763 g, 60.00 mmol), acetonkirke (50 mL), benzoyl perowide (2.907 g,
12 mmal) and NBS {11.747 g, 56 mmol) were added sequentially to 3 round-botivmed fiask equipped
with 3 reflux condenser. The reaction mbcture was stimed at 82 *C for 12 h. After cooling to 20 °C, the
reaction mibcture was quenched with water (50 mL), extracted with CHCl (2 x 30 mL), washed with brine
{30 mL) and dried over Na;S0,. After fitration, the organic phase was concentrated under reduced
pressure followed by slica gel column chromatography (pentane/ethyl acetate = 50/10) to Tumish the
product $12 as a coloriess soid (7.839 g, 28.51 mmal, 48% ).

*H NMR [500 MHz, CDChy) B 7.38 (d, J = 1.4 Hz, 1H, H-2), 7.60 {dd, J = 3.0, 1.5 Hz, 1H, H-6}, 7.57 4.
J= 8.0 Hz, 1H, H-5}, 4.58 [5, 2H, H-T) ppm.

BC[H} NMR [126 MHZ, CDCly) § 142.5 (C-4), 1366 {C-2), 131.8 (C-5), 131.6 (C-€), 124.9 [C-3), 117.0
{C-3), 114.0 [C-1}, 31.7 {C-7) ppem.

HRMS [EI} mz for CaH=""Br**BM [M]': calcd 274 BTEE3, found: 274 5TE90 (10} 193.96 (100).

IR [ATR): = 3095 {w}, 3062 {w), 3041 {w), 2231 [m), 1324 {w}, 1791 (w), 1729 (w), 1597 [w). 1551
(W), 1432 {m), 1440 [w), 1385 (m), 1271 {w}, 1224 {m}, 1206 {m), 1163 (m), 1044 (m}, 964 [}, BE1 (m),
837 [5), 746 [m), T17 (m}, 673 {w), £19 {5}, 572 {m}, 452 {m) cm".

mp: 33 °C.

Re 037 (hexaneiethyl acetate = £0/20)

Methyl 3-bromo-4-methylbenzoats [513)

o
a &
MO, 3Br

3

Mathangd (50 mL), concad HoS0, (1.5 mL, 27 mmed, 18 M} and 3-biomo-4-methylbenzole acd (8,602 g,
4D0.00 mmol) were agded sequentialy to 3 roung-botivmed flask equipped with 3 reflux condenser. The
reaction mibcture was stimed at 65 *C for 12 h. After cooling to 20 *C, the reaction mbcture was quenched
with safurated aq MaHCDs (30 mL), extracted with ethyl acetate (3 x 30 mL), washed with brine (30 mL)
and dried over MazS04. After filtration, the organic phase was concentrated wndes reduced pressure and

s

drisd under vacuwm (0.1 mbar) to ylekl the analylically pure product $13 as an orange oll® (2.005 g,
30.32 mmol, 36%, . 35% 1),

H NMR [500 MHz, CDChj B 8.20 [d, J = 1.5 Hz, 1H, H-2), 7.96 {0d, J = 7.0, 1.5 Hz, 1H, H-5), 7.29 {4,
J=T.8Hz, 1H, H-5), 3.51 {5, 3H, H-3), 2.45 [5, 3H, H-T} ppm.

BC{H) NMR [126 MHz, CDOCly) B 166.0 [C-B), 143.5 [C-4), 133.6 [C-2), 1308 [C-5), 1206 {C-1), 126.5
{C-6), 124.9 {C-3), 52.4 {C-9), 23.3 (C-7) ppm.

HRMS [EI} miz for CoHBr0; [M]*: caled 227.97850, found: 22797818 (40); 126.95 (100).

IR [ATR): #= 2951 [w), 2645 [w], 1720 (5], 1603 {w), 1562 {w), 1480 {w}, 1434 [m), 1330 (m), 1282 {5).
1250 {5), 1192 {m), 1110 {5}, 1041 {m}, 973 {m), 201 (w), 850 (W), T5E {5}, E73 (M), E28 [w), 503 (w) cm-
L

R 0.53 (hexanelethyl acetate - 30/20)

Mathyl 3-bromo-4-{bromomethyljbenzoate (514)

Br
8 B
MeQRC71 ™5 3 8r

Compound $13 (3.970 g, 39.17 mmaod), acetonfirlie (100 mL), benzoyl peroxide (1.841 g, 7.6 mmol) and
MBS [7.440 g, 41.8 mmol) were added saquentially to 3 round-botiomed flask equipped with a reflux
condenser. The reaction mlxture was stimed at 32 “C for 12 h. After cooling to 20 *C, the reaction mbxture
was quenched with water (S0 mL), extracted wiih CHCl: (3 x 30 mL), washed with brine (30 mL) and
driad over Na,S0,. Afier fiiration, the organic phase was concentrated under reducad pressure followed
by sllica gel column chromatography (applied gradient from pentane o CHLCl) o fumish the product
514 as a colorless soild {5.530 g, 2218 mmol, 55%, It T7%").

H NMR [500 MHZ, CDCly) b B.24 [d, J = 1.6 Hz, 1H, H-2), 7.95 jod, J = B.0, 1.7 Hz, 1H, H-5), 7.53 {d,
J=B.0Hz, 1H, H-5), 461 {5, 2H, H-T}, 2.83 {5, 3H, H-3) ppm.

BC{1H} NMR 126 MHz, CDCly) & 165.4 [C-B), 141.9 [C-2), 134.5 [C-2), 1319 [C-1), 131.3 {C-5), 128.1
{C-6), 124.4 {C-4), 52.7 {C-0), 32.4 (C-T) ppm.

HRMS (EI} miz for CoHs™Bri"Bro: [M]*: caled 3078670, found: 307.88440 (10} 226.95 (1040).

IR [ATR): 7 = 3064 {w), 2000 {w}, 2348 {w), 2842 {w), 1713 (s}, 1601 {w), 1560 {w}, 1432 {m}, 1392 {m},
1284 {5), 1261 (s}, 1226 [m), 1132 {m], 1117 {m], 1041 {w}, 354 {m), 920 {w}, B43 (W), 798 {m), TEE (5]
721 {m), 682 {m}, 637 {m), 605 {m), 523 [m) cm~".

mp: &1 °C.

Re 0.71 (THCE)

2 The orange color Is llkely due to trace Impurities that were already present In the starting material.
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1-Bromo-2-{bromomesthyl)-4,5-diffucrobenzens (515)

7
o
F551Br

1-Bromo-4.5-dMuo-2-methylbenzene {1.000 g. 483 mmod), CH:Ck (S0 ML), benzoyl peruide
{11 mg, 50 pmol) and NES [E60 mg, £.53 mmal) were added sequentially to 3 round-baotiomesd flask
equipped with a reflux condenser. The reaction mixture was stimed at 40 C for 4 h. After cooling to
20 "C, the reaction midure was quenched with water (20 mL), extracied with CHCh [3 x 30 mL) and
dried over Ma S0, After filiration, the organic phase was concenirated under reduced pressure followed
by sllica gel column chromatography (pentane) to fumish the product 815 as a coloress soild (578 mg,
3.07 mmal, £3%).

*H NMR {500 MHz, CDCly) 3 7.42 [dd, J = 9.5, 7.4 Hz, 1H, H-6}, 7.31 (od, J = 10.4, B.0 Hz, 1H, H-3},
4.51 (5, 2H, H-T) ppm.

C[H} MMR [126 MHz, CDCh) § 150.0 {g. J = 255.2 Hz, C-4), 149.5 (g, J = 250.8 Hz, C-5), 133.9 [q.
J=5E Hz, C-2), 122.2 {q, J = 20.1 Hz, C-6), 119.5 {q. J = 18.8 Hz, C-3), 113.0 {g, J = T4 Hz, C-1), 31.7
{d, J = 1.1 Hz, C-T) ppm.

SF MMR [4T1 MHZ, CDCly) 5 -134.4, -137.6 ppm.
HRMS [EI} muz for C;H.Br;F; [M]* calcd 263.86478, found: 253.85423 [10); 205 (100).

IR (ATR): # = 3047 [w), 2041 (w], 1731 {w), 1584 [m),1506 {m}, 1456 [s), 1453 [5), 1383 (m), 1262 {m}.
1265 [s), 1185 (s}, 1161 {m), 1144 {m}, 1015 [w}, DE3 {m}, 575 {m}, E30 (m), 79€ [5), 704 (W) cm-*.

mp: 102 "C.

Re 0.37 (pentane)

{3-Bromothlophen-2-yl)mathanol (18]

A dry, nitrogen fshad Schiznk-Nask equipped with a magnetic stimng bar and septa was charged with
3-bomothiophene-2-caboxaldehyde (3210 g, 16.80 mmod) and anhydrous methanol {50 mL). After
cooling to 0 "C, MaBH, {1.024 g, 26.91 mmd) was portiorwise over the course of 1 min added and the
reaction midure was stimed at 0 "C for 2 h. Then, the reaction mixbture was alowed fo wanm siowty io
20 "C and quenched by dropwise addition of saturated ag MH.CI (30 mL), extracted with ethyl acetate
{3 x 30 mL), washed with brine {30 mL) and dried over NacS0u. After fitration, the organic phase was
concentrated unger reduced pressure and ihe clude reskdue was purified by slica gel column
chmmatography {applied gradient from pentane to pentane/ethyl acetate = SIS0} to fumilsh the product
%16 a5 a coloriess ol {2.955 g, 15.31 mmol, 01%, I 50%17).

*H NMR [500 MHz, CDCl3) § 7.26 {d, J = 5.3 Hz, 1H, H-4), 6.96 {d, J = 5.3 Hz, 1H, H-5), 4.73 [5, 2H, H-
1), 201 {5, 1H, H-E} ppm.

BC[H} MMR (126 MHz, CDCly) 8 136.2 (C-2), 120.3 {C-5), 125.6 (C-4), 109.2 (C-3), 592 {C-1) ppm.

513

HRME [EI} miz for CsH=Br0S [M]*: calcd 191.00445, found: 19192435 {100).

IR [ATR): 7= 3308 {m), 2108 {w), 2523 [w). 2872 {w), 1735 {w). 1520 (m), 1430 {m}, 1347 (m}, 1231
{w), 1154 [m}, 1081 {w), 1007 (5), 96 (5}, 35E [s), TEO (m), 538 {s). 541 {m}, 584 {&). 501 m} emr.

Ry 0.21 (THCly)

3-Bromo-2-{bromomethylihliophens (S17)

A dry, nitrogen Tushed two-necked Schienk-Nlask equipped with 3 magnetic stiming bar and a sepbum
was charged with compound 16 (75 mg, 40.00 mmal) and anhydrous dizthyl ether (50 mL). After
cooling to 0 "C, PBrs (1.9 mL, 20 mmol) was added dropwise over the course of 1 min and the reaction
mixture was stimed atd "C for 2 h. Then, the raaction mixure was warmed slowly io 20 "C and quenched
by dropwise addition of saturated aq MaHC O, (30 mL), exiracted with CHCL (3 x 30 mL), washed with
brine (30 mL) and dried over Na:S0u4. After fitration, the organic phase was concentrated under reduced
pressure and the crude residus was purified by siica gel column chromatography (pentane) fo fumish
the product $17 a5 a coioriess solld (B.407 g, 32.85 mmal, 32% ).

*H MMR (500 MHz, COCh) 0 7.32 (d, J= 5.4 Hz, 1H, H-4), 6.95 (d, J = 5.4 Hz, 1H, H-5), 468 {5, 2H, H-
1) ppem.

BC{H} NMR {126 MHz, CDCly) § 134.8 [C-2), 130.7 (C-5}, 125.9 {C-4), 112.0 [C-2), 25.3 (C-1) ppm.
HRMS [EI} miz for CsHaSBrM"Brs [M]": calcd 25553300, found: 25553411 {10); 174.93 (100).

IR (ATR): #= 3104 (w), 3026 {w). 2071 {w), 1743 {w), 1599 {w), 1514 {m), 1413 (5), 1347 {5}, 1219 (5]
1186 (g}, 1168 {5}, 1101 [m), 971 {m}, D00 (&), B40 (5}, T73 (w). 722 (5], 636 (w], 555 (5) e~
mp: 37 "C.

R 0.45 (hexang)

2-Bromo-3-{bromomethylpyridine (318)

1
Br

B NT T Br

2-Bromo-3-methylpyridine (8,501 g, 0.0 mmal), benzens (S0 mL), benzoyl peroxids (2.422 g, 10 mmol)
and MBS [10.679 g. 60 mmaol) were added sequentialy o 3 round-botivenad Nlask equipp=d with 3 refux
condenser. The reaction mixture was stimed at 30 “C for 12 h. After cooling to:20 *C, the reaction mixture
was quenched with water (50 mL), extracted with CHCl: (2 x 30 mL), washed with brine (30 mL) and
dried over Ma;S0s. After fifration, the coganic phass was concentrated under reducad pressure followed
by sllica gel column chromatography {CH:CL) to fumish the product 518 a5 a colorless solld (6.600 g,
26.30 mmol, 53%, K. 54% 13,

*H NMR [S00 MHz, CDCl;) B 8.32 [dd, J = 4.7, 1.9 Hz, 1H, H-6), 7.78 {dd, J = 7.6, 1.9 Hz, 1H, H-2),
7.20 (@, J = T.€, 4.7 Hz, 1H, H-E}, 4.55 {5, 2H, H-1) pom.

314

uonmuiofu] Susoddng




EC[H} MMR (126 MHz, CDCl) § 149.0 (C-5), 14386 [C-2), 130.4 {C-4), 134.8 [C-3), 123.4 (C-5). 316
{C-1) ppen.

HRMS [EI} muz for CeH=""Br**BM [M]': calcd 250.6T6E3, found: 250.87705 (10} 150,95 (100).

IR [ATR): #= 3050 {w), 3026 (W), 2072 (W), 2924 (W), 2851 (W), 1577 {m), 1556 {m}, 1445 [w), 1401
{8}, 1275 {m), 1215 {m}, 1104 {m}, 1063 {m}, 1048 (s}, 563 {m}, B27 [m), 301 {5), 736 {5}, 662 [5), 614
{s), 568 (m]), 490 {m) cm™".

mp: 35 °C.

Re 0.43 {CHOR)

{Z}-1-Bromo-2-{2-bromo-4-chicroatyryl}-4-chiorobenzens [513)

Compound S8 (5.588 g, 20.00 mmol) and DMF (10 mL) were adged fo a two-necked round-botiomad
flask. Triphenyiphosphine (5.246 g, 20.00 mmol) was added and the reaction mibcture was stimed at
20 "C for 10 h In a niirogen atmosphere. Then, the reaction mixture was diutad with toleene (10 mL)
and filtzred through a Bdchner funnel. The remaining solld was washed by solvation In CH.CIz {15 mL)
and agdiion of diethyl ether (30 mL). The resulting precipitation was collected In a Blchner funngl and
dried under vacuum (0.1 moar).

A dry, nifrogen flushed two-necked Schienk-flask equipped with a magnetic stimng bar and a septum
was charged with the crude product and anhydrous THF {100 mL). The reaction mibxture was cooled to
0°C before potassium fert-butoxide {2,618 g, 23.33 mmod) was added and strred at 0 °C for 30 min.
Then, the reaction mixture was freated with 2-bromo-S-chiorbenzaldehyde [3.653 g, 16.67 mmol),
allowed to warm to 20 *C and stimed for 12 h. The reaction mbxbure was guenched with water (50 mL),
extracted with CHCl (3 x 30 mL), washed with beine (30 mL) and dried over Na; S0, After filration, the
organic phase was concentraled under reduced pressure and the crude residue was purified by slica
gel column chromatography {pentane) to furmish the proguct 519 as 3 coloriess oll (5,655 g, 13.52 mmo,
D%}

*H NMR (500 MHZ, CDCly) 8 7.61 [d, J = 2.1 Hz, 1H, H-3), 7.50 {d, J = £.5 Hz, 1H, H-6), 7.08 - 7.02
{m, 2H, H-5,5'), 6.94 [d, J = 2.5 Hz, 1H, H-3), £.83 {0, J = 8.4 Hz, 1H, H-8"), 5.76 [d, J = 11.9 Hz, 1H, H-
8), 6.70 {d, J = 11.9 Hz, 1H, H-T) pom.

BCH} NMR (126 MHZ, CDCl5) § 138.5 {0-2), 134.9 (C-17), 134.2 {C-4'), 134.0{C-5), 133.2 (C-4), 132.7
{C-3), 131.4 [C-67), 131.00 (C-8), 130.5 [C-3), 130.5 {C-7), 129.2 (C-5), 127.6 [C-5'), 124.5 (G-}, 1219
{C-1) ppen.

HRMS [ET) MUz for CrHyPBreBr=Cl; [M)*: calcd 405.53403, found: 405.33415 (30); 245.00 (100).

IR (ATR): # = 3038 (w), 3058 (w), 1638 (w), 1735 (W), 1581 (5}, 1547 {m}. 1470 {m}, 1450 {5}, 1374 [m).
1255 [w), 1200 (w), 1159 {w), 1094 {5}, 1026 (5), B53 [m), 902 (m), 863 {s), 802 (s}, TED [m), 752 {5}
78 [w). 52 [m), SET {m}, 550 {m}, 430 {m) cm-*.

Re 057 {hexane)

515

Synthesis of Bibenzyl Derivatives (5a-5p)

Typical procedurs Tor the preparation of bibenzyl dervatives (5a-5e, 5g-5]) by the reaction of
benzyl bromides |1-bromo-2-{bromomethylbenzens, 51-53, 55, 1-bromo-2-{bromomethyl)-4-
methoxybenzens, 58, 53, 511] with n-butyliithium and lodine [TP1):

A dry, nitrogen Tushed two-necked Schienk-Nlask equipped with 3 magnetic stiming bar and a sepbum
was charged with the benzyl bromide dervative (1.0 equlv) and anhydrous THF (3 mLmmal). The
reaction mixiure was cooled to -TE 'C and n-butylithlum (1.5 equiv, 2.5 M In hexanes) was added
drogwise [3 mLimin} under stmng. After compietion of the addition and stiming at-78 °C for 5 min, lodine
{1.0 equlv] was added. Then, the reaction mbdure was warmed i 20 "C before |t was quenched with
ag Ma:zS:0: (0.2 mLimmaol, 2 M) and walter (3 mL'mmaol), followed by an extraction with CHCh
{3 x 3 mL/mmoi). The organic phase was washed with brine (3 mLmmaol) and dried over Na:S04. After
fifration, the organic phase was concenirated under reduced pressure and the residus was washed with
hexane {5 mLmmaol) and dried under vacuum (0.1 mbar) to furnish the bibenzyl defvative product.

1.2-Ble[2-bodophanyljsthane [Sa)

The reaction was perfmed according to the typical procedure (TP1) using the reagent 1-bromo-2-
({bromomethyljbenzens {12457 g, 50.00 mmal), keading to e comesponding product 5a (B.638 g,
20.36 mmol, 1%, i. 25% over two steps') as a coloriess solld.

*H NMR {500 MHz, CDCls) §7.53 jod, J = 7.9, 0.9 Hz, 2H, H-3), 7.28— 7.20 [m, 4H, H-4,6), 5.92 — £.88
{m, 2H, H-5), 2.99 {5, 4H, H-T) ppm.

BC{1H} NMR (126 MHz, CDCly) & 143.8 (C-2), 130.6 [C-2), 129.9 [C-5), 126.5 [C-2), 128.1 {C-5), 100.7
{C-1), 41.4 [C-T} ppm.

HRMS [EI} miz for CraHlz [M]*: calcad 432 00284, found: 433.90215 (40 216.95 (100).

IR [ATR): 7 = 3044 {w), 2044 {w}, 2958 {w], 1738 {w), 1550 {w), 1462 {5}, 1451 {m}, 1430 {m}, 1295 {w),
1150 {m), 1088 (w). 1005 {s). B63 ), 745 (g}, T1T (5}, £43 (m), 538 {m) cm".

mp: 100 "C.

Re 0.53 (hexang)
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1,2-Bls{5-chioro-2-lodophenyljsthane (5b)

The reaction was performed according fo the typical procadure [TP1) using the reagent 82 (12.279 g,
43,18 mmol), leading fo the comesponding product 5b {5.568 g, 13.06 mmol, 509%) a5 a coloness solld.

*H NMR {500 MHz, CDCl5) § 7.74 (¢, J = 8.4 Hz, 2H, H-3), 7.20 [d, J = 2.5 Hz, 2H, H-5), 6.93 [od, J =
8.4, 2.5 Hz, 2H, H-4), 2.94 5, 4H, H-T) ppm.

C[H} MMR (126 MHz, CDCl) § 145.2 (C-5), 1406 [C-3), 134.8 {C-2), 129.7 [C-5), 128.5 (C-4). 976
{C-1), 41.0 {C-T) ppm.

HRMS [EI} m/z for CuHw™Clzl: [M]: caled 501.52489, found: 501.82315 {30} 250.53 {100).

IR (ATR): ¥ = 2055 (w), 2034 (w), 2863 {w), 1353 (w), 1736 [w), 1577 (m), 1546 (m), 1457 (5], 1382 {5},
1275 (m), 1198 [m), 1152 {w}, 1091 {5}, 1012 {5), 948 (m), 869 {5}, B15 (s}, 767 (m), 710 {w), 540 {w),
491 {m) cm'.

mp: 124 C.

Re 0.53 (hexane)

1,2-Bla{5-Nuoro-2-lodophenyljsthans (Sc)

The reaction was performed accomding to the typical procedure (TP1) using the reagent 52 (5.104 g,
22.78 mmol), leading to the comesponding product Se (3,575 g, B.25 mmol, 72%) a5 3 coloriess solld.

*H NMR [500 MHz, CDCly) 8 7.77 {dd, J = 8.7, 5.7 Hz. 2H, H-3), 6.95 {dd, J = 0.5, 2.0 Hz, 2H, H-E},
.70 (td, 2H, H-4), 2.96 (5, 4H, H-T) ppem.

C[H} MMR {126 MHz, CDCly) 0 163.2 d, J = 247.7 Hz, C-5), 145.6 [d, J = 7.2 Hz, ©-2), 140.7 {4, J =
7.8 Hz, C-3), 116.9 (d, J = 21.9 Hz, C-5), 115.86 [d, J= 21.3 Hz, C-4), 83.3 {d, J = 2.1 Hz, C-1), 41.1 [d,
J= 0.9 Hz, C-7) ppm.

BF HMR [4T1 MHZ, CDCly) § -114.57 [gdd, J = 9.2, 8.2, 5.7 Hz) ppm.

HRME [EI} mUZ T0r CrgHsoF 2z [M]*: calcd 46988399, found: 450.88501 {201 216.08 {100}

IR (ATR): #= 3072 (w), 2054 (w), 2830 (w), 2861 (W), 1573 (w), 1742 {w), 1598 {w), 1570 {m}, 1461 {s).
1452 (5], 1398 (m). 1276 {m), 1230 {s). 1150 {m), 1092 {m), 1012 {m), 243 [m}, £73 {s). BOE (s} TOE
(W), 572 (5], 540 {w) cmr-.

mp: 116 "C.

17

R 0.67 (hexang)

1,2-Ble[2-odo-5-{inMucromsthyljphenyljethans (5d)

The reaction was performed according to the typlcal procedure (TP1) using the reagent $3 (500 mg,
1.57 mmol), leading to the comesponding product 5d (370 mg, 650 pmol, 41%) a5 3 coloriess solld.

*H NMR [500 MHz, CDCly) 8 7.97 {d, J = 5.2 Hz, 2H, H-3), 7.29 {d, J = 1.0 Hz, 2H, H-5), 7.15 (dd, J =
8.2, 2.1 Hz, 2H, H-4), 3.30 (5, 4H, H-T) ppm.

BC{'H} MMR {126 MHz, COCl) § 144.0 {C-1), 140.2 {C-3), 131.0 {g. J = 32.7 Hz, ©-5), 126.1 [g. J =
3.8 Hz, C-6), 124.7 [g. J = 3.2 Hz, C-4, 124.3 (g, J = 299.2 Hz, C-8), 104.7 [C-2), 40.3 {C-T) ppm.

SF NMR (471 MHz, CDCL) 0 -53.46 ppm.
HRMS [EI} miz for CreHueFel: [M]*: calcd 55057761, found: S69.87785 (40); 285 (100}

IR [ATR}: ¢ = 2640 (W), 2162 (w), 1790 (w], 1438 {m), 1471 {5}, 1456 [w}, 1410 [w), 1334 [w), 1350 [w).
1264 (w), 1248 {m), 1233 (g}, 1172 {w). 1127 {m), 1105 [m}, 229 (s}, 001 {m}, E74 {5}, 764 {5}, 722 {s).
&71 (m).

mp: 155 "C.

R 0.25 (heptaneethyl acetate = 00710}

1,2-Bils[5+{rer-butoxy)-2-Hodophenyljethane [5&)

A dry, nitrogen flushed two-necked Schienk-Nlask equipped with 3 magnetic stming bar and a sepbum
was changed with compound S5 {1.510 g, 5.00 mmoi) and anhydrous THF (20 mL). The reaction mixture
was coslad b -T3 "C and n-batylithium {3 mL, 7.5 mmal, 2.5 M In hexanes) was added dropwise over
the course of 1 min under sHming. After completion of the addition and stiming at -78 "C for 5 min, lodine
{1.269 g. 5.0 mmod) was added. Then, the reaction mixture was warmed to 20 "C before It was quenched
with ag Na;S:0, [SmL, 2 M), water (20 mL} extracted with CHCI (3 x 20 mL), washed with bring
{30 mL) and dried over Ma;S0,. After filfration, the organic phase was concantrated wnder reduced
pressure followed by sliica gel column chromatography (applied gradient from pentane fo CH;CL) fo
fumish the product 5e as 3 coloress solld (1.007 g, 1.74 mmaol, T0% ).

*H NMR [500 MHz, CDCly) 8 7.65 {d, J = 5.5 Hz, 2H, H-3), 6.85 {d, J = 2.8 Hz, 2H, H-5), 6.57 {dd, J =
8.5, 2.8 Hz, 2H, H-4), 2.94 (5, 4H, H-T), 1.30 {5, 1BH, H-3) ppm.
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C[H} MMR (126 MHz, CDCl) § 156.1 {C-5), 144.3 [C-2), 130.5 {C-3), 125.8 [C-5), 124.0 (C-4), 93.2
{C-1), 7.0 {C-B), 41.2 [C-T}, 28.9 {C-9) ppem.

HRMS [EI} mz for CzHzelz0z [M]': calcd STE.DMTET, found: STE.01765 (1) 212.07 {100).
IR (ATR): # = 2375 (m), 2030 {w), 2564 {w), 1761 {w), 1587 [w), 1550 [w), 1453 (5], 1300 {m}, 1365 ().

1283 [m), 1261 (m), 1236 {5}, 1954 (s}, 1143 5}, 1103 (M}, 1010 {m], D63 [m), BIZ {m), BS1 [m), B8
(M, TES (w), 706 {w), 65 {m), 583 [w), 547 [w} cm-'.

mp: 101 "C.

Re 0.72 {CHOR)

Dimatnyl 3,3"-{ethane-1,2-diyljbls{4-bromobenzoate) (51)
Br

Mal,G Me

Bri4~i 6

5

In a giovebox, compound 57 {1.540 g, 5.00 mmed), anhydrous acetoniiiie (7.5 mL), [NICE{PPRa)]
{164 myg, 250 ymal), tetrasthylammonium lodide {1.286 g, 5.0 mmaol) and zinc {430 myg, 7.5 mmol) were
added sequentially to 3 rund-bottomed flask equipped with 3 magnetic siiming bar. The flask was
capped with @ saptum and the reaction medure was stimed In the glovebox at 20 "C for 18 h before it
was transfemed out of the giovebox and fitered thiough a pad of caiite. Then, the resulting Niitrate was
washed wiih water (30 mL), extracted with CHCE (3 x 30 mL), washed with brine {30 mL) and dried over
Ma:zE04. After fifration, the organic phase was concentrated under reduced presswre followed by
wazhing with hexane (20 mL) and ethyl acetate (10 mL) to fumish the product 51 (718 g, 1.57 mmod,
£3%, IIL £4% ) 35 a coloress solld. Adapted from (IL1*

*H NMR [500 MHz, CDCh) B 7.38 (d, J = 2.1 Hz, 2H, H-2), 7.74 {dd, J = 3.3, 2.1 Hz, 2H, H-6), T.62 [d.
J= 8.3 Hz, 2H, H-2), 3.91 |5, BH, H-3), 3.00 (5, 4H, H-T) ppm.

EC[H} NMR [126 MHZ, CDCly) § 165.5 (C-E), 140.8 {C-4), 133.2 (C-5), 131.6 (-2}, 130.1 [C-3), 120.7
{C-1), 128.0 [C-6), 52.4 (C-9), 36.4 {C-T) ppm.

HRME [EI} mUZ f0r CusHe™BrBr0y, M)« caled 455.93040, found: 455 83062 (10); 226 58 {100}
IR (ATR): ¥ = 3093 (w), 3006 (w), 2856 (w), 2649 (W), 1714 (5}, 1585 {w}, 1575 [w), 1430 {m), 1308 (W},
1303 [m), 1260 (5), 1204 {m), 1138 {m), 1155 {w). 1106 (s}, 1022 (m}, 377 (W), 504 {m}, 342 [m), T&0
{5). BE4 (W), 551 {w), 524 [w) cm-".

mp: 170 "C.

Re 064 {CHOR)

519

1.2-Bla[2-4odo-5-methoxyphenyljethane [5g)

The reaction was perfmed according to the typleal procedure (TP1) using the reagent 1-bromo-2-
{bromomethyl}-£-methoxybenzens {5,500 g, 20.00 mmol), leading to the comesponding product 5g
{4.DED g, 8.2 mmoi, 52%) a5 3 coioriess solid.

*H NMR [500 MHz, CDC1y) 8 7.63 {d, J = 5.7 Hz, 2H, H-3), 6.79 {d, J = 3.0 Hz, 2H, H-5), 6.53 [dd, J =
8.7, 3.0 Hz, 2H, H-4), 3.75 (5, BH, H-3), .04 (5, 4H, H-T) ppm.

BC{'H} MMR [126 MHz, CDCl5) § 158.8 (C-5), 1307 {C-1), 115.6 (C-3). 114.0 {C-5), 89.0 {C-4), 77.2
{C-2), 55.2 [C-B), 41.2 [C-T) ppm.

HRMS (EI} miz for CyHuelz0z [M]*: calod 483.92397, found: 403.52411 [10); 240 {100).

IR [ATR): 7= 2023 [w), 1587 (w), 1438 (m), 1312 {w}, 1235 (), 1172 [}, 1001 {m}, 848 (w) 756 (5).
719 (5], 682 {5) cm.

mp: 112 °C

Re 0.48 (hexane/CHCI = 50/50)

1,2-Ble[4-chioro-2-lodophanyljsthans [5h)
cl 1

| =

3

The reaction was performed according to the typlcal procedure (TP1) using the reagent 58 (B.531 g,
30.00 mmiod), leading fo the comesponding bibenzyl Sh {4,577 g. .10 mmol, 51%) a5 a coioress solld.

H NMR [500 MHZ, CDChj B 7.82 [d, J = 2.2 Hz, 2H, H-3), 7.23 jod, J = B.2, 2.2 Hz, 2H, H-5), 7.05 {d,
J=B.2 Hz, 2H, H-5), 2.54 {5, 4H, H-T) ppm.

BC{H} NMR (126 MHz, CDCly) & 141.9 [C-2), 138.8 [C-2), 132.7 [C-4), 130.3 [C-6), 126.7 {C-5), 100.4
{C-1), 40.5 [C-T} ppm.

HRME [EI} miz for CHw™Clod: [M)*: calcd 501.52480, found: 501.92123 (20); 250.92 {100).

IR [ATR): #= 3079 [w), 3043 [w), 2856 (w), 2933 {w), 1885 {w), 1730 {w), 1575 (w), 1552 [w), 1452 (5).
1376 (g}, 1152 {m), 1DB3 {m}, 1025 (5], 875 (m), 316 (5), 570 [5), 548 [s) cm-\.

mp: 141 "C.

Ry 0.68 (hexang)
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1,2-Bla{4-Nucro-2-lodophenyljsthans |SI)

The reaction was performed acconding to the typical procedure (TP1) using the reagent 53 (4.673 g,
17.44 mmol}, leading to the comesponding product 51 (2.200 g, 4.69 mmaol, 55% ) a5 a coloness solld.

*H NMR [500 MHz, CDCly) 8 7.54 {dd, J = 8.1, 2.6 Hz, 2H, H-3), 7.08 {dd, J = E.5, 5.0 Hz, 2H, H-E),
6.95 (td, J = B.3, 2.7 Hz, 2H, H-5), 2.85 {5, 4H, H-T) ppm.

B[H} MMR {126 MHz, CDCLy) § 160.7 {d, J = 249.9 Hz, C-4), 139.4 [d, J= 3.4 Hz, C-2), 130.3 jd, J -
7.9 Hz, C-6), 126.3 (d, J = 23.5 Hz, C-3), 115.5 [d, J = 20.7 Hz, C-4), 99.5 {d, J = 8.1 Hz, C-1}, 40.4 [d,
J=1.3 Hz, C-T) ppm.

SF NMIR [471 MHz, CDCh) §-115.68 {id, J = 8.1, £.0 Hz) ppm.

HRMS [EI} m/z for CruHaoF=lz [M]": calcd 469.88399, found: 459.67954 (40 234.95 {100}

IR [ATR): ¥~ 3050 {w), 2955 (W), 2034 [w), 2863 (w), 1688 (w), 1740 (w), 1552 {m), 1579 {m), 1478
{5}, 1296 {w), 1254 (w), 1219 (5], 1181 {m), 1143 {w), 1025 {m), B58 {s), 13 {s), 743 (5), 665 (m), 569
{s)em™.

mp: 108 "C.

Re 067 (hexane)

1,2-Bla{4-{rerr-butyl)-2-lodophenyl)sthane (5]}

The reaction was performed according to the typical procedure (TP1) using the reagent 811 (7.650 g,
25.00 mmod), leading to the comesponding product 5 (2.690 g, 6.75 mmaol, 54% ) a5 a coloness solld.

*H NMR [500 MHz, CDChy) § 7.32 (d, J = 2.0 Hz, 2H, H-3), 7.31 {dd, J = 3.0, 2.0 Hz, 2H, H-5), 7.22 4,
J= 8.0 Hz, 2H, H-E), 2.5 [5, 4H, H-T}, 1.30 {5, 18H, H-0) pom.

EC[H} NMR [126 MHZ, CDCly) § 151.4 (C-4), 141.1 {C-1), 136.6 (C-3), 120.2 (C-E), 125.8 [C-5), 100.9
{C-2), 41.1 {C-T), 34.4 [C-B), 31.4 {C-9) ppem.

HRMS [EI} muz for CzHzlz [M]": caled 54602804, found: 545.02759 (10) 273.03 {100).
IR (ATR): # = 3007 (w), 2051 [5), 2002 [w), 2B55 [w), 1758 (W), 1595 (w), 1543 [w), 1470 [m), 1452 {m]},

1384 {m), 1362 (m), 1301 {w), 1250 {m}, 1205 {w), 1112 (W), 1030 {m), £81 {m}, B5T {m), B35 [5), T64
{w), 732 (w). €30 {m), 610 {5] em~".

s

mp: 116 "C.

R 0.69 (hexane)

44" -{Ethane-1, 2-diyljbis{3-bromobanzonitrile) [5k)

NC ar

Br 3§ TCN

In a glovebox, compound $12 (200 mg, 730 pymol), anhydous acefonimle (1.2 mL), [MICL{PPha)]
{24 mg, 40 pEnod), tefraethylammonium lodide {187 mg, 730 pmol) and zinc (71 mg, 1.09 mmol) were
added sequentially i a round-botiomed fiask equipped with a magnetic stming bar. The flask was
capped with 3 s=ptum and the reaction mixture was sfimed In the glovebox at 20 °C for 18 h before it
was fransfemed out of the glovebox and fiered through a pad of celie. Then, the resulting fiirate was
washed with water (30 mL), extracied with CHClx (3 x 30 mi), washed with brine {30 mL) and dried over
Ma;S0, After flration, the organkc phase was conceniraied under reduced pressure followsd by
washing with hexana {10 mL) and sllica gel column chiomatography (CHzCL) to fumish the blbenzyl
degivative product 5k (50 mqg, 130 pmol, 35%) a5 a coloress solid. Adapied from B

H NMR [500 MHZ, CDCly) B 7.86 [d, J = 1.6 Hz, 2H, H-2), 7.52 jod, J = 7.9, 1.7 Hz, 2H, H-5), 7.23 {d,
J=T.8Hz, 2H, H-5), 3.11 {5, 4H, H-T) ppm.

BC{1H} NMR (126 MHz, CDCly) & 145.5 [C-2), 136.3 [C-2), 131.2 [C-5), 131.2 [C-5), 124.3 {C4), 117.2
{C-B), 112.4 {C-1), 36.2 {C-T) ppm.

HRMS [EI} miz for CraHw™BrM Briz [M]*: calcd 38091903, Tound: 380.01896 (20); 273.02 (100).

IR [ATR): 7= 3055 (w). 2060 (W), 2035 [w). 2953 (w). 2220 (m}, 1812 (w), 1718 [}, 1596 (w), 1544
{w), 1432 {m}, 1454 {m), 1387 {m}, 1274 {w), 1191 {m], 1114 {w), 1041 {m}, 967 (w), 202 {5}, 336 (5).
771 {w). 742 {m), 672 {w]. 599 (5) cmr.

mp: 221 °C.

Re 0.23 (hexanefeityl acetate - 30/20)

Dimethyl 4,4'{sthane-1,2-diyljble[3-bromobenzeate) (51)
Malyc Br

& 9
BT 1 Ma

In a giovebox, compound 14 (750 mg, 2.53 mmol), anhydrous acstoniirle (4 mL), MICE{PPha)d
{62 mg, 130 pmol), tetraethylammonium lodide (551 mg, 2.53 mmod) and Zine (248 mg, 3.50 mmol)
were added sequentially to 3 round-botivmad Nlask equipped with 3 magnetic stming bar. The Niask was
capped with 3 sptum and the reaction mikture was stimed In the glovebax at 20 "C for 18 h before It
was transfemed out of the glovebox and Tiesed threugh a pad of celie. Then, the resuling fiirate was
washed with water {50 mL), extracted with CHCI= (3 x 30 mi), washed with brine (20 mL} and drizd over
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Ma:zE04. After fifration, the organic phase was concentrated under reduced presswre followed by
wazhing with hexane {20 mL) and thyl acetate (10 mi) to fumish product 51 (336 mg, 740 pmol, S8%)
as a colorless soild. Adapted from Bt

*H NMR [500 MHz, CDChy) § 3.22 (d, J = 1.7 Hz, 2H, H-2), 7.85 {dd, J = 7.9, 1.7 Hz, 2H, H-6}, 717 [d.
J= 7.9 Hz, 2H, H-E}, 3.92 [5, 6H, H-O), 2.1 [5, 4H, H-T) ppm.

BC[H} NMR [126 MHzZ, CDCl) § 165.9 (C-B), 145.3 {C-1), 134.1 {C-2), 130.7 (C-5), 130.2 (C-3), 12B.7
{C-5), 124.5 [C-4), 52.5 (C-9), 36.2 {C-T) pom.

HRME [EI} mUZ T0r CrusHe™BMBr0y, M)« caled 455.93040, found: 45583440 (10); 226.98 {100}
IR (ATR): # = 3055 (w), 3025 (w), 2055 (w), 2934 {w), 2865 [w), 1720 5}, 1599 (w). 1563 {w}, 1450 [w}.
1432 {m), 1382 {m), 1263 {5}, 1267 {5}, 1252 {5}, 1180 (m}, 1123 {m), 1029 {w}, D65 [m), 311 [w), B45
{m, 7E1 {8}, T1T {m), €81 {m), 527 [w), 512 (W) cm-1.

mp: 186 "C.

Re 064 {CHOR)

1-Bromo-2-{2-bromo-4-chiorophensthyl)-4-chicrobenzens (Sm)

Broy

Compound 513 (51789, 1277 mmoll, THF (FSmL} and p-ioluenesufonyihydazide (17.505 g,
128 mmol) were atded sequentially to 3 two-necked round-botomed flask equipped with @ refiux
condenser. The reaction mbrure was heated fo 55 "C and continuously stimed while an ag sodium
acetate solution {15.714 g dissolved In 75 mL water, 191.55 mmol) was added over the courss of 24 h
under a nitrogen atmosphere. Afer cooling to 20 "C, the reaction mixture was diutzd with water (50 mL}.
extracted with CHCl (3 % 30 mL), washed with beine (30 mL) and dried over Na; S0, After filration, the
organic phase was concentrated under reduced pressure. To the residue was added hexane (200 mL),
the suspension was fitered through a Blchner funnel and the resulting itrate was concentrated wnder
reduced pressure. CHzCk (75 mL) and m-chioroperoxybenzole acid (5.511 mg, 38.31 mmol) were
added sequentially iv the residue. The reaction meduwe was stimed at 20 °C for 12°h before | was
Muminated with UV Bght at 355 nm wavelength for 30°min. The reaction mixture was agaln stired at
20°C for 24°h and quenched with 3q Ma;5:0y (20 mL, 2 M), washed with ag HCI {10 mL, 1M} and
saturatad ag NaHCOa (10 mL), exiracted with CHCE (3 % 30 mL), washed with brine (20 mL) and dried
over MazS0u. After filtration, the organic phase was concentrated under reduced pressure followed by
slica gl column chromatography (pentane). The crude product was dissolved In hexane (30 mL) and
the solid residue was removed by fitration. The resuling solution was concantrated under reduced
pressure and dried undar vacuum (0.1 mbar) o fumish the proguct 5m a5 a coloress solid (1.042 g,
2.55 mmal, 20%). Adapted from (L'

*H NMR [500 MHz, CDCly) 8 7.57 (d, J = 2.1 Hz, 1H, H-¥), 745 {d, J = 8.5 Hz, 1H, H-E), 7.20 jod, J =
8.2, 2.1 Hz, 1H, H-5'), 7.16 (& J = 2.5 Hz, 1H, H-3), 7.00 jd, J = £.2 Hz, 1H, H-E"), 7.07 {dd, J= 8.5, 2.6
Hz, 1H, H-5}, 3.00 — 2.95 [m, 4H, H-T.E) ppm.

BLH} NMR (126 MHZ, CDCl5) § 142.1 {C-2), 138.8 (C-17), 134.0 {C-6), 133.5 [C-4), 133.0 (C-4'), 1326
{C-37, 131.4 [C-6'), 1306 (C-3), 128.2 [C-5), 127.8 (C-5), 124.8 {C-2), 122.4 {C-1}, 36.3 [C-T), 35.8
{C-8) ppem.

HRMS [EI} miz for CraHwe™BrM BrEC: [M]*: caled 40785053, found: 40785078 (20); 204.93 (100).

IR [ATR): 7= 3084 (w). 3051 (W), 2072 [w). 2941 (). 2966 (w). 1593 (W), 1736 [w), 1584 {m), 1558
{w), 1458 [5), 1379 (m), 1285 {w), 1201 {m), 1083 [s), 1025 {s}, 72 {5}, B1E [5), 742 (m), 587 [m), 567
{w), 537 (m], 503 [m) cm~".

mp: 52 *C.

R 0.68 (hexang)

1,2-Ble[2-bromo-4, 5-dMucrophenyljsthane [5n)

Compound $15 (500 mag. 1.75 mmal) and THF {10 mL} were agded into 3 pre-tried two-necked Schienk
flask. After cooing to -75 "C, n-butyllihlum {350 uL, 870 pmed, 2.5 M In hexanes) was added dropwise
over ihe cowss of 20 5 under stiming. After completion of the addition and stiming at -73 *C for 5 min,
the reaction mbriure was wammed i 20 "C. The reaction mixture was quenched with waler (30 mL),
extracted with CHCI (2 % 30 mL) and washed with brine {30 mL) and dried over Na;S0,. After filration,
the organic phase was concentrated under reduced pressure and the cude resldue was washed with
hexane (20 mL) and dried under vacuum (0.1 mbar) to fumish the product Sn as 3 coloress solld
{2B0 myg, B0 pmol, TE%L

*H HMR {300 MHz, CDChL) G 7.39 (dd, J = 9.6, 7.5 Hz, 2H, H-3), 6.96 (dd, J = 10.8, 8.2 Hz, 2H, H-5).
2.95 (5, 4H, H-7) ppm.

BC{1H} NMR (126 MHz, CDCl) § 149.5 (g, J = 250.2 Hz, C-5), 148.7 {q, J = 250.9 Hz, C-4), 136.7 {g.
J= 54 Hz, C-1), 1216 {g, J= 19.7 Hz, C-2), 118.6 (g, J = 18.0 Hz, C-6}, 117.5(g. J = 7.2 Hz, C-2), 356

{C-7) pom.
SF NMR (471 MHz, CDCI3) 0 -138.2, -136.7.

IR [ATR): #= 3051 [(w), 2046 [w), 2B7S [w), 1735 (W), 1712 (). 1600 (m), 1513 {m}, 1489 (s}, 145€ [s],
1395 (g}, 1342 [m}, 1297 (m), 1284 {m}, 1266 (m}, 1228 [m), 1192 (5], 1145 {5}, 1128 {m), 9532 [w}, 877
{5}, 56 (5], 799 {5), 536 {m), 554 [m) cm-.

HRMS [EI} myz for Cr4He ™ Bra8rFs [M]*: caled 40989289, found: 40955245 (S 205 (100}

mp: 123 °C

Re 0.27 (heptanefethyl acetate = 00}

1.2-Ble[3-bromothiophen-2-yijethans [5o)

ar
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Compound $17 (6.309 g, 25.00 mmol) and THF (50 mL) wese added Info 3 pre-dried two-necked
Schienk flask. Afer cooling to -73 "C, n-butylihium {5 mL, 12.5 mmol, 2.5 M In hexanes) was added
dropwise over the course of 2 min under stiming. After completion of the addition and stimng at -78 "C
for 5 min, the reaction midure was wammed o 20 *C. The reaction midure was guenched with water
{50 mL), extracted with CHCh (2 x 30 mL) and washed wiih baine (30 mL) and dried over Ma:S0«. After
fiitration, the organic phase was concenirated under reduced pressure and the crude residue was
purified by silca gel column chromatography (pentane) to fumish the product S0 as a coloness oll
{3.967 g. 11.27 mmol, 507%).

*H MMR (500 MHz, CD:Ch) G 7.13 (d, J = 5.3 Hz, 2H, H-5), 6.92 (d, J = 5.3 Hz, 2H, H-4), 3.12 (5, 4H, H-
1) ppm.

BC[H} MMR (126 MHz, CDCly) 8 137.2 (C-3), 120.1 {C-4), 123.8 (C-5), 109.7 (C-2), 30.1 {C-1) ppm.
HRMS [EI} MUz for CuHyBr#BrS; [M]*: caled 35184137, found: 351.83928 (30); 176.93 {100}

IR [ATR): 7= 310E {w). 2015 [w), 2847 {w}, 1740 [w), 1520 {m}, 1439 {m), 1345 {m}, 1264 (w), 1216
{w), 1155 (w), 1107 {w), 1001 {w), 904 {w), 863 (5), T5T [}, 627 [s). 511 {m). 575 {w}, 505 {m} cmr".

Ry 054 (hexane)

1,2-Bls{2-bromopyridin-3-yllethane [5p)
N._.Br
1.4
5
|
BN 8

Compound $18 (5.018 g, 20.00 mmol) and THF (50 mL) wese added Inio 3 pre-dried two-necked
Schienk fiask. After cooling to 78 "C, n-butylithium {4 mL, 10 mmol, 2.5 M In hexanes) was added
dropwise over the course of 2 min under stiming. After completion of the addition and stimng at -78 "C
for 5 min, the reaction midure was wammed to 20 "C. The reaction midure was guenched with water
{50 mL), extracted with CHCl (3 x 20 mL) and washed with brine (5 mL} and dried over NazS0u. After
fiitration, the organic phase was concenirated under reduced pressure and the crude residue was

puriied by slica gel column chromatography (applled gradient from CH.CL to CHCifethyl
acetate = S0/50) to fumish the product Sp as a coloness solid [1.520 g, £.74 mmal, 47%)

*H NMR [500 MHz, CDCly) 8 .26 {dd, J = 47, 1.9 Hz, 2H, H-5), 7.43 {dd, J = 7.5, 1.8 Hz, 2H, H-4},
7.10 (o, J = 7.5, 4.7 Hz, 2H, H-5), 3.07 (5, 4H, H-1) ppm.

C[H} MMR (126 MHz, CDCl) § 1483 (C-5), 144.3 [C-3), 130.0 {C-4), 137.2 [C-2), 123.1 (C-5). 35.0
{C-1) ppen.

HRMS [E1} m/z for CrHyw™8r*Briz [M]*: calcd 341 51903, found: 341.92061 (50); 169.96 (100).

IR [ATR): 7= 3063 {w}, 2924 (), 2809 (w], 1577 (w). 1562 {m), 1430 {m}, 1384 {5}, 1280 [m), 1230
{w), 1174 {m), 1115 {m}, 1045 (5), 312 (), 765 (m), TOE [m). 563 {5}, S60 (W), 432 (5) cm.

mp: 146 "C.

Re 0.32 {CHOR)

Synthesis of Bis-fert-Butyloxycarbonyl Protected Diazocines (6a-6p)

Typical procedurs for the preparation of the functionallzed bis-mm-butyloxycarbonyl protected
diazocines (5368, 6g-5), 6n) by the reaction of bis-functicnallzed bibenzyls [5a-58, 5g-5]. 5n) with

dil-rerT-butyl hydrazine-1,2-dicarboxylate in a Cu-catalyzed C-N coupling reaction [TP2):

In a giovebox, the bis-funclonalized bibenzyl derivabive (1.0 equlv), d-fertbutyl hydrazine-1.2-
dicarmoxylate (1.2 equiv), Cul (10 mol %), K.PO, (3.0 equlv), acetonfimle [SmLmmol) and 1.2-
dimethylethyienediamine (20 mol %) were added sequentially to 2 microwave vial. The vial was capped
with a crimp cap equipped with a PTFE sepium, transfermed out of the glovebox and stimed at 82 *C for
18 h. After cooling to 20 "C, the reaction mixbure was quenched with water (3 mLimmol), washed with
an NH2 (3 mLmmol, 25%), extracted with CHCI2 {3 x 5 mLimmal), washed with brine {3 mL/mmed) and
dried over NazS0u, After fifration, the organkc phase was concentrated under reduces pressure and the

crude residue was purifizd by slica gal column chromatography to fumish the bis-fert-outyloxycarbonyl
profected diazocine product. Adapied from 1517

Typical procedurs Tor the preparation of the functionalized bis-tert-butyloxycarbonyl protected
diazocines (61, Gk-6m, G0, 6p) by the reaction of bls-funciionallzed bibenzyls (5, Sk-5m, 50, 5p}
with di-terr-butyl hydrazine-1,2-dicarboxylate in a Cu-catalyzed C-N coupling reaction [TP3):

In a giovebox, the bis-funchionalized bibenzyl dervative (1.0 equlv), d-ter-butyl hydrazine-1,2-
dicarboxyiate (1.2 equiv), Cul [1.0equlv), K.PO, [3.0equlv), aceionirle [5mUmmol) and 1,2-
dimethyleshylanediamine (0.2 equiv) were added sequendally to a microwave vial. The vial was capped
with 3 crimp cap equipped with a PTFE sephum, fransfermed out of the glovebox and stimed at 62 "C for
18 h. After cooling to 20 *C, the reaction mixture was quenched with water (3 mLimmol), washed with
ag NH: [10 mLimm, 25%), exiracied with CHCh (3 x 5 mLmmal), washed with brine (3 mL'mmol) and
dried over Naz50u. After fTiration, the onganic phase was concentrabed under reduced pressure and the
crude reskiue was purifiad by slica gel column chromatography to fumish the bs-fert-outyloxycarbonyl
prodected dazocing product. Adapied from IL'7

Di-evr-butyl 11,12-dihydrodibenzofe.g][1.2}dlazocine-5.6-dicarboxylats (1)

The reaction was performed acconding o the typlcal procedure (TP2) using the reagent Sa (434 g,
1.00 mmoi}, leading to the comespandng product 68 (226 mg, 550 pmal, 55%) after shica gel column
ehromatography (appiied gradient from pentane to CHzClz) 35 3 coloniess sold.

*H NMR [S00 MHz, CDCL) 3 7.35 — 7.01 {m, BH), 3.16 — 2.71 {m, £H), 1.50 — 1.30 {m, 18H) ppm.
HRMS [ESI) mz for CadHuM=04 [M+Ma]*: caled 433.20073, found: 43320956

IR [ATR): #= 2978 (W), 2027 (w), 2857 {w), 1710 [s), 1494 [w), 1442 {w), 1395 {w), 1370 (m), 1340 (5},
1318 (5}, 1256 (w), 1233 (w), 1152 (5}, 1047 (m), 1006 [m), 914 {w), B53 (w), 763 [5), 722 (M), 627 {w),
577 {w) cm.
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mp: 178 "C.

Re 0.52 {CHOR)

Dl-ter-butyl 2 3-dichiore-11,12-dinydrodibenzo . g][1, 2jMazocine-5, 6-dicarboxylats (5b)

The reaction was perfrmed according o the typical procedure (TP2) using the reagent 5b (S.812 g,
11.56 mmol}, leading to the comespondng product Sb (2.547 g, 7.40 mmal, 54%) after silca gel column
chmmatography [applied gradient from pentane to CH;Cl) 35 a coloriess solid.

*H NMR [500 MHZ, CDCly) B 7.77 — 7.12 {m, 6H), 3.12 — 2.64 [m, £H), 1.61 — 1.32 {m, 1BH} ppm.
HRMS [ES1) miz for CasHzM=0u=Cl: [M+Ma]': calcd 501.13183, found: 501.13213.

IR (ATR): ¥ = 2007 (w), 2073 (w), 2935 {w), 2867 (w), 1726 [5), 1537 (w), 1400 (m], 1365 {m), 1320 {5},
1302 {5}, 1245 {m), 1151 (5}, 1094 {m}, 1007 (m), 916 {w), B2 [w), 823 [w), 769 (W), 558 (W), 516
(w)em.

mp: 196 "C.

Re 0.70 {CHOR)

Di-zer-butyl 2.3-dMuoro-11,12-mhydrodbsnzofc,g][1, Zjdlazocine-5 6-Mcarboxytats (5c)
[ i : ;: 2 ~F
D—Q.
DD}—}_ME

The reaction was performed accomding o the typleal procedure {TPZ) using the reagent Sc (3.500 g,
.08 mmal), leading to the comesponding product B¢ (1510 g. 3.51 mmol, 45%) after siica gel column
chmmatography [applied gradient from pentane to CH;Cl) 35 a coloriess solid.

*H NMR [500 MHZ, CDCly) B 7.83 — 7.04 {m, 6H), 3.16 — 2.58 {m, £H), 1.62 — 1.32 {m, 1BH} ppm.

BF HMR [471 MHZ, CDCly) 6 -114.51, -114.79, -115.13, -115.28, -118.01 ppm.

HRME [ES1) miz for CaeHzM0uF; [M+Ma]*: calcd 45018003, found: 469.19097.

IR (ATR): #= 3011 [w), 2071 [w], 2832 [w, 1720 (5), 1614 (W), 1596 [w), 1495 [m), 1453 [w), 1368 [m).
1323 (5], 1302 {5}, 1251 {5}, 1220 (m), 1152 (5], 1111 {w}, 1051 [w]), 1010 {m), 543 {m}, 583 [m), E24
{m, 771 {m), 690 {w), 530 (W), 507 [}, 555 [w), 513 (W), 489 () cm-1.

mp: 177 "C.

R 0.59 (CHCH)

Di-terr-butyl  2,9-blajtrifuoromethyl)-11,12-dihydrodibenzofc.g][1.2]diazecine-5,6-dicarboxylate
(&d)

FaﬂwCF:
o

The reaction was performed acconding to the typical procedure [TP2) using the reagent Sd (250 mg,
440 pmod), leading to the comesponding product d (102 mg, 200 Emol, 45%) after sliica gel column
ehromatography {applied gradient from pentane to CH=Cls) 35 a coloniess solld.

*H NMR [S00 MHz, CDCE] 3 7.97 — 7.43 {m, £H), 3.26 — 2.73 {m, £H), 1.62 — 1.31 {m, 18H) ppm.

SF NMR (471 MHz, CDCL) 8 -51.61, -51.64, -62.28, -52.31, -62.35, -62.47, -62.52 ppm.

HRMS [EI} myz for CasH=FeM=0s [M]*: caled 545.19533, found: 546.19568 (S| 57 (100)

IR [ATR}: ¢ = 3075 {w), 2082 {w}, 2037 {w}, 2162(w], 1360 {w), 1720 {m], 1552 (w), 1436 [m), 1455 [w],
1430 {m}, 1411 {w), 1349 [w), 1368 {w). 13018 {w), 1280 {m}, 1255 {w}, 1230 {w}, 1111 (s}, 1075 [w}.
1047 {w), 1024 {w}, 1004 {w). D61 {m), 895 (m), 215 {w), ETE {w), 790 {m}, TE4 [m}, 743 (m}, 712 {m},
700 (5], 652 {w), 653 (W) om.

mp: 141 °C

Re 0.10 (heptanefethyl acetate = 00110}

Di-teT-butyl 2,3-di-rerr-butoxy-11, 12-dihydrodibenzo[c,g][1.2]dMazocine-5,6-dicarbox yiake [Ga)

’ “Eue

Mé Ma a)r‘ o

The reaction was performed acconding to the typleal procedure {TP2) using the reagent S8 (289 mg,
5D0 pmod) and the crugs residue was puiied by sllica gel column chromatography (appled gradient
from pentane to pentaneiethyl acetate = TO/30) leading to the comesponding product €8 (154 mg,
280 pmd, 55% ) a5 a coloness solld.

*H NMR [S00 MHz, CDCL) 3 7.72 — 5.50 {m, £H), 3.04 — 263 {m, £H), 1.62 — 1.24 {m, 38H) ppm.
HRMS [ESI) mz for CxHaMz0n [M]*: calcd 55433504, found: 554.33516.

IR [ATR): #= 2977 (m), 2033 [w), 1715 (5], 1604 {w), 1497 {m}, 1366 [s), 1308 [m), 1242 {m), 1151 (5]
1050 {m}, 1010 [w). 969 [m), B35 (w), BS5 (w), T53 (w) cm~.

mp: 50 "C.
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Re 0.35 (hexaneiethyl acetate - £0/20)

5.6-Di-ermr-butyl 2.5-dimethyl 11,12-dihydrodibsnzofe.g][1.2}dlazocine-2.5.6.9-tetracarboxylate
(&0

Maﬂgﬂwcﬁ”ﬁ

o= g
o

The reaction was perfonmied according to the typleal procedure [TP3) uslng the reagent ST {212 mg,
2.00 mmal), leading to the comesponding product &7 (453 mg, 940 pmol, 475%) after siica gel column
chmmatography [CHeChiethyl acatate = 88/2) 35 a coloriess soild.

*H NMR (500 MHz, CDCl5) § 7.9% — 7.40 [m, 6H), 3.52 {m, £H), 3.30 — 2.60 {m, 4H}, 1.45 {m, 18H) ppm.
HRMS [ES1) miz for CanHaaM=0w [M+Ma]*: calcad 548.22074, found: 549.22100.

IR (ATR): # = 2383 (w), 2050 (w), 1712 (5], 1609 (w), 1433 {w), 1421 {m}, 1371 {m}, 1310 {m}, 1277 {s).
1251 fs), 1152 {5}, 110 {m), 1043 {w}, 293 {w), 311 (w], B43 (m), 813 [w), T5E [s), 431 [w) cm.

mp: 197 "C.2

Re 0.21 {hexaneiethyl acetate - £0/20)

Di-rem-butyl 2.3-dimsthoxy-11,12-dinydrodibenzofe, g[1.2]dazocing-5, 6-dicarboxyiate [Bg)

o B

The reaction was perfrmed according to the typical procedure (TP2) using the reagent 5g (3.000 g.
£.35 mmal), leading to the comasponding product 8g (2.090 g, 4.44 mmod, T0%) afier slica gel column
chmmatography [pentanefethyl acetate = SIV10) 35 a colorless solld.

*H NMR [500 MHz, CDCl5) 3 7.74 — 6.64 [m, 6H), 3.96 — 3.71 {m, 6H), 3.06 — 2.68 {m, 4H), 1.50-1.31
{m, 1EH} pom.

IR [ATR): ¥= 2976 (w), 1711 (s}, 1507 {w), 1502 (m), 1238 (g). 1151 [s), 1005 {m}, 772 {w) cm.
HRMS [EI} MUz for CasHaaM0s [M]*: caled 470.24169, found: 470.24166 [5); 136.07 (100).
mp: 171 °C

Ry 0.24 (hexaneiethyl acetate = £0/20)

1visually, i appearad as If the compound decomposed at this iemperature.

Di-tevT-butyl 3,8-dichicro-11, 12-dihydrodibenzol e, g][1.2]dlazocine-5,6-dicarboxylate [Sh)

mm.
e

The reaction was performed according to the typical procedure [TP2) using the reagent Sh (4.426 g,
8.50 mmol), leading to the comesponding product 8h {1.536 g, 3.20 mmol, 37%) after silca gel column
ehromatography {applied gradient from pentane to CHzCl:) a5 a coloniess sold.

*H NMR [S00 MHz, CDCL) 3 7.33 — 7.04 {m, £H), 3.16 — 2.59 {m, £H), 1.62 — 1.32 {m, 18H) ppm.
HRMS [ESI) méz for CadHm®ClN:0s [MeMa]*: calcd 50113183, found: 501.13160.

IR [ATR): @ = 3014 {w), 2976 {w}, 2950 {w}, 1724 (s}, 1505 {w), 1576 {w), 1458 {m}, 1436 {w), 1368 {m},
1331 {g), 1304 {5}, 1279 {m), 1250 {m), 1227 {m}, 1153 (5), 1132 {m}, 1098 {w), 1045 [m}, 1022 {m},
949 {m), B58 {m), 15 {m), 795 (m), 773 (M), 656 (M}, ST7 {m), 534 {w), 422 [w) e~

mp: 171 "C.

Re 0.67 (THCE)

Di-evr-butyl 3,8-dMuoro-11,12-dihydrodibenzofe.g][1.2]diazocine-5,6-dicarboxylats [61)

The reaction was performes accomiing to the typical procedure [TP2) using the reagent 51 (2.530 g,
5.38 mmol), leading fo the comesponding product 6 (332 mg, 1.96 mmal, 35% ) after sllica gel column
ehromatography {applied gradient from pentane to CH2Cl:) 35 a coloniess sold.

*H NMR [S00 MHz, CDCh] 3 7.50 — 5.76 {m, EH), 3.14 — 2,60 {m, £H), 1.62 — 1.34 {m, 18H) ppm.

BF NMR (471 MHz, CDCl) 8 -116.15, -116.97, -117.12, -117.44, -117.80 ppm.

HRMS [EZI) mz for CadHmFzNz0u [M+Na]'" caled 455.19003, found: 450.18112.

IR [ATR): ¢ = 3008 {w), 2979 {w}, 292E {w}, 1716 (s}, 1506 (m]), 1420 {m}, 1454 {w), 1422 {w), 1303 {w),
1359 {m}, 1335 (s}, 1314 {m), 1247 [m). 1145 ). 1045 [w}, 1023 [m), 954 {m), E72 {m}, 863 [m), 841
{E}. 773 {m), 732 {m), 5432 [w), 533 {w), 533 {w), 472 {w) cmr.

mp: 165 "C.

Re 0.70 (ZHCH)

530
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Di-rer-butyl 3,8-di-Ten-butyl-11. 12-dihydrodibenzo]c, g][1,2]dkazocine-5, 5-dicarboxylats (5]

. a Me
Wa a Ma
Mux_‘%da_ ){"H&
Ma Me
The reaction was performed acconding fo the typlcal procedure (TP2) using the reagent 5] (546 mag.

1.00 mmal), leading fo the comesponding product &) (352 mg, 570 pmol, 67%) after silca ged column
chmmatography [applied gradient from pentane to CH2Ck) 35 a coloriess solid.

*H NMR [500 MHZ, CDCly) B 7.67 — 7.02 {m, 6H), 3.12 — 2.62 {m, £H), 1.65 — 1.31 {m, 36H) ppm.
HRME [ES1) miz for CzHeeM=0u [M+H]": caliod 523,35302, found: 52335372,

IR (ATR): = 2365 (m), 2659 [w), 1712 [5), 1614 [w), 1572 [w), 1504 [w), 1458 [w), 1305 {w), 1356 [m),
1305 {5}, 1253 [m), 1155 (5}, 1107 (W), 1049 {w), 1028 {w), 972 [w), D36 (W), BES [w), E28 (m), T51 {w).
657 (W), 525 [w), 534 {w) e,

mp: 90 °C.

Re 0.74 {CHOR)

Di-ter-butyl 3.8-dicyanc-11.12-dihydrodibenzo[c, g][1.2]dkazecine-5,5-dicarboxylats [6k)

S B

The reaction was perfmed acconding to the typlcal procedure [TP3) using the reagent 5k (300 mg,
770 pmod), leading to the comesponding product 6k (151 mg, 330 pmol, 43%) after sliica gel column
chiomatography [appled gradient from pentane to pentanelethyl acetate - SIVS0) a5 a coloriess solld.
*H NMIR [500 MHZ, CDCh) § B.16 — 7.27 {m, 6H), 3.26 — 2.71 [m, 4H), 1.65 — 1.34 {m, 18H) ppm.
HRMS [ES1) mvz for CaHaN Oy [M+H]": calcd 451.21833, found: 461.215863.

IR (ATR): = 3001 (w), 2582 (w), 2931 (w), 2230 (w), 1735 {m), 1708 {5}, 1568 {w), 1490 {w), 1456 (W),
1414 [w), 1368 [m), 1333 (m), 1307 (5), 1296 [5), 1255 (m), 1153 (5), 1053 {m]), G40 (W), 544 [w), 843
{m]), TB8 {m), 654 [w), 557 (W), 526 (W), 474 [W) cm-'.

mp: 206 "C.4

R 0.44 {CHOL)

4Visually, It app=ared a5 If the compound decomposed at this temperature.

53

5,5-DI-ter-butyl 3.8-dimethyl 11.12-dihydrodibenzo]c,g][1.2]dlazocine-3,5,6.0-tstracarboxylate
&n

Mm;cmcu,m
o

(1=}
Ma Ma' pg

Ma

The reaction was performes accoming to the typleal procedure [TP2) using the reagent 51 (200 mg,
450 pmad), leading to the comesponding product €1 (152 mg, 200 pmol, 63%) after slica gel column
ehromatography {CH:Chiethyl acetate = 982) a5 a coioriess solld.

*H NMR {500 MHz, CDCly) § .45 — 7.24 {m, 6H), 3.97 — 3.67 {m, 6H), 3.23 — 2.72 [m, 4H), 1.54 - 1.33
{m, 18H) ppm.

HRMS [ESI) méz for CaHasMz0n [M+NH*: calcd 544 26534, found: 544.2651.

IR (ATR): ¥ = 2083 (w), 2055 [w}, 1713 {5), 1611 [w), 1578 (W), 1438 [m), 1418 {m}, 1371 (m), 1337
{m), 1313 (m), 1282 (5}, 1257 (m), 1219 {5}, 1151 {5), 1130 (5), 1107 {m), 1026 [m), 995 [m}, 532 {w),
847 {m), 768 {5}, 717 {m), 642 (m), 571 {w), 524 [w) cm-1.

mp: 177 "C.2

Ri 0.21 (hexanefeityl acetate - 30/20)

Di-tevT-butyl 2,8-dichicro-11,12-dihydrodibenzole, g][1.2]dlazecine-5,5-dicarboxylate [Sm)

R et

N-N G

e

The reaction was performed according fo the typlcal procedure (TP3) using the reagent Sm (E18 mg,
2.00 mmol}, leading to the comesponding product 6m (383 mg, B10 pmal, 41%) after sllica gel column
ehromatography {applied gradient from pentane to CHzCl:) a5 a coloniess sold.

*H NMR [S00 MHz, CDCh] 3 7.2 — 7.03 {m, EH), 3.18 — 261 {m, £H), 1.62 — 1.30 {m, 18H) ppm.
HRMS [EZI) méz for CadHm®ClMz0s [MeMa]*: caled S01.13183, found: 501.13163.

IR [ATR): = 2980 [w), 2037 [w], 1713 (5], 1507 {w), 1490 {m), 1453 [w), 1406 [w), 1358 (m), 1338 (5).
1311 {5), 1233 {m}, 1151 {5}, 1093 (m), 1048 [m), 1013 {5), 932 {w}, £33 {m), 317 {m}, T87 [m), T17 {w).
61 {m), 585 m}, 510 {m), 450 (m) cm-1.

mp: 145 "C.

Ry 0.74 (CHCl)

8 Visually, It appeared as If the compound decomposed at this temperature.

332
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Di-ter-butyl 2.3,8,3-tstrafuore-11,12-dihydrodibenzofe. g][1. Z}dlazocine-5,6-dearboxylate (Sn)

F F
F
¥

M—}_‘ F
o0
M:;?{Ma M}MT.

The reaction was perfrmed according to the typical procedure (TP2) using the reagent 5n (500 mag.
1.45 mmal), leading to the comesponding product €n (350 mag, 730 pEmod, 50%) after slikca gel column
chmmatography [applied gradient from pentane to CHLCl;) 35 a coloriess solld.

*H NMR [500 MHZ, CDCly) § 7.70 —5.92 {m, 4H), 3.10 — 2.62 {m, 4H), 1.55 — 1.31 {m, 18H) ppm.

SF MR (471 MHz, CDCly) 8 -138.14 [dt, J = 18.7, 0.4 Hz), -138.4B (&, J = 18.7, 0.5 Hz), -138.70 (ot
J=13.5, 0.9 Hz), -136.98 B, J = 18.€, 10.3 Hz), -130.72 (i, J = 20.5, 9.8 Hz), -140.46 {dg. J = 19.5,
8.2 Hz), -140.79, -141.20 dt, J = 20.8, 10.1 Hz), -141.64 ppm.

IR (ATR): #= 2070 (w), 1719 (g}, 1514 [w), 1506 [5), 1477 (W), 1455 {w), 1418 {w), 1304 [w), 1372 {m}.
1352 [s), 1233 {m), 1317 (m), 1285 {5}, 1254 (5], 1211 (m), 1172 (&}, 1149 {5}, 111E [5), 1047 {m}, 020
(W), D47 (w). 313 (W), 378 (5], 841 (5), TET [s), 772 (5] TSE [m), 135 {w), T14 {w]), 530 (w) cm,

HRME [ET) mUZ T0r CagHoeF M0 [M]- caled 45213287, found: 432.18232 (2); 57 (100).
mp: 176 °C

Re 0.25 (heptanesethyl acetate = 90/10)

Di-ter-butyl 3, 10-dihydrodithlenc[3,2-¢:27 3-g][1.2]diszocing-4.5-dlearboxylats {So)

The reaction was performed according o the typical procedure (TP3) using the reagent 5o (825 mg,
1.85 mmal), leading to the comesponding product S0 (315 mg, 750 pEmod, 40%) after slikca gel column
chmmatography (applled gradient from pentane to pentaneiethyl acetate = 85/15) as a ight-yellow solld.
*H NMR [500 MHZ, CDCly) § 7.40 — £.50 {m, 4H), 3.19 — 2.93 [m, £H), 1.43 {5, 1EH) ppm.

HRMS [ES1) miz for CaoHz=M=04S: [M#Ma]*: caled 445.12262, found: 445.12260.

IR (ATR): #= 3101 (w), 3016 {w), 2077 (w), 2233 {w), 1714 (5}, 1555 {w}, 1450 {w), 1455 {w), 1395 [m),
1370 [m), 1341 (5), 1300 (5}, 1254 {m}, 1150 (s}, 1143 (5}, 1023 {m), 1070 {m), 298 {w}, 211 [m), BSB
{m, 834 {m), 753 (5], TOT (M), 527 [w), 584 [w), 4B1 {w)om.

mp: 58 "C.

Re 050 (CHOR)

Di-evT-butyl 5.6-dihydrodipyridof2,3-¢:3°, 2 g][1,2]diazocine-11,12-Micarboxylats (Sp)

The reaction was performed according to the typical procedure (TP3) using the reagent Sp (179 mg,
520 pmad), leading to the comesponding product Ep (34 mg. B0 pmol, 16%) after slica gel column
ehromatography {CH:Chiethyl acetate = 95/5) a5 a coioriess solld.

H NMR [500 MHz, CDCly) 8 .50 s, 2H, H-3), 7.58 {d, J = 7.0 Hz, 2H, H-1), 7.13 (5, 2H, H-2), 2.18 -
2.96 (m, 4H, H-E), 1.37 (& J = 42.1 Hz, 13H, H-2) ppm.

BC{1H} NMR {126 MHz, CDCly) 8 151.8 (C-4), 145.0 {C-3), 130.9 {C-1), 130.6 {C-5), 121.3 (C-2), 2.3
{C-B), 30.2 [C-E), 28.2 [C-9) ppm.®

HRMS [ESI) miz Tor CzHaMaDa [M+H]": calcd 41321833, found: 413.216845.

IR [ATR): ¥ = 3045 (w), 2006 [w), 2974 [w), 2022 (w). 1745 (5), 1723 (5], 1572 {m}, 1459 {m}), 1430 {m},
1359 {m), 1302 (5), 1252 {m), 1153 {5}, 1113 (m), 1054 [m), 1031 [m), 350 {w}, 920 [w), B4E (w), 320
{m), 763 {m), 664 [m), 542 (W), 519 {5} cm-\.

mp: 203 "C.7

Ry 0.12 (THCly)

Synthesis of Cyclic Azobenzenes (1a-1u)

Typical procedurs Tor the preparation of the cyclic azobenzenss [1a-1d, 1g-1k, 1m-10) by the

trimethytsilyl lodide-promoted hydrolysie of ba-terr-butyloxycarbonyl protected diazocines |Sa-
&d, Eg-6k, Em-60] and subsequent cxidation with MBS [TP4):

In a giovebox, the bis-fertbutyxycarbonyl protectsd diazocine dervative (1.0 equivl, CH-Cl
{5 mLimmal) and trimethyisiyl lodide (2.0 equiv) were added sequentially fo @ round-oottomed flask
equipped with 3 magnatic stiming bar. The reaction mixture was stred at 20 *C for 10 min before It was
traated with triethylamine [2.0 equiv). The Nlask was capped, transfemed out of the giovebox where the
reaction mixture was quenched with water (5 mLimmol), extracted with CHCl (3 X 5 mLimmaol), washed
with brine [5 mLU/mmol) and dried over Na;S0,. Afer fitration, the organic phase was concentrated
under reduced pressure. The resuliting residue, CH2CE (10 mLimmol) and pyriding (0.1 mLfmmal,
1.24 equiv) were added sequentially to 3 round-bottomed fiask. MBS (1.2 equiv) was added portionwise
over the course of 2 min wnder stiming and the reaction mixture was stired at 20 "C for 30 min. The
reaction midire was concentrated under reduced pressure and the reskue was purified by sliica gel
column chromatography to fumish the cyclic azobanzene product.

8 The 13C['H} NMR signal C-T for compound 6p coukd not be detectad,
T Wisually, it appeared as If the compound decomposed at this temperature.
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{Z}-11.12-Dihydrodibenzo[c.gl[1.2]diazocine [1a)

L
@ e
Ny

The reaction was performed accomding to the typleal procedure [TP4) using the reagent 8a {103 mg,
250 pmd), leading to the comesponding product 1a (35 mg, 170 pmol, £7%) after silca gel column

chmmatography [applied gradient from pentane to CH:Cl) 35 a yellow solld.

*H NMR [500 MHz, CDCl) 37.12 [id, J= 7.7, 1.5 Hz, 2H, H-2), 7.00 {td, J = 7.4, 1.2 Hz, 2H, H-3), .97
{dd, J = 7.6, 1.5 Hz, 2H, H-1), 6.82 (o, J = 7.8, 0.9 Hz, 2H, H-4), 2.8E [, 4H, H-T) pom.

C[H} NMR [126 MHZ, CDCly) § 155.5 (C-E), 129.7 {C-1), 128.2 (C-6), 127.2 (C-2), 126.8 [C-2), 1168
{C-4), 31.8 (C-T) ppm.

HRMS [EI} muz for CraHizMz [M]*: calcd 20810005, found: 209, 10028 (20); 179.08 {100).

IR [ATR): 7= 3055 {w), 2048 [w), 2595 {w), 1712 (w), 1479 {m}, 1436 (m), 1152 {w), 1038 [w]), 940
{w), BT {w). 753 (5], 745 (£}, 535 (m), 481 {m) cm~".

mp: 108 "C.

Re 064 {CHOR)

{2}-2.5-Dichioro-11,12-dinydrodibenzofe, g][1. 2}diazocins (1b)

The reaction was perfrmed according o the typical procedure (TP4) using the reagent b (2.077 g.
4.33 mmal), leading to the comesponding product 1b (350 mg, 3.45 mmaod, B0%) afer slica gel column
chmmatography [applied gradient from pentane to CH,Cl) 35 3 yellow solld.

*H NMR [500 MHz, CDCh) § 7.13 (od, J = B.4, 2.2 Hz, 2H, H-3), 7.00 {d, J = 2.1 Hz, 2H, H-1), £.78 [d,
J= 8.4 Hz, 2H, H-4), 2,84 [d, J = 102.8 Hz, £H, H-T} ppm.

BC[H} NMR [126 MHZ, CDCly) § 153.7 (C-E), 132.8 {C-2), 129.8 (C-6), 120.7 (C-1), 127.2 (C-3), 120.5
{C-4), 31.5 (C-T) ppm.

HRME [EI} MUZ 107 CrgHyo™CLM; [M]*: caled 27602210, found: 276.02310 {10) 179.08 {100).
IR (ATR): #= 3034 (w), 3022 (w), 2060 {w), 2913 (W), 2845 [w], 1906 [}, 1755 (w]), 1567 {w), 1463 5}
1322 {m}, 1160 {m), 1107 {m}, 992 (m}, %22 (), 851 (s}, 877 (5} 524 (5}, 306 [s). £34 {m), 621 {m}, 575
{w), 524 (5], 478 {m} cm-.

mp: 152 "C.

Ry 0.55 {CHOL)

{2)-2.5-Difluore-11,12-dinydrodibenzofe. g][1. Z)dlazocing (1c)

L

F-. z: ":i:j,l‘-
=3 4 &l

The reaction was performed acconding o the typical procedurs (TP4) using the reagent & [1.540 g,
3.45 mmol), leading to the comesponding product 1e (55 mg. 2.57 mmol, 33% ) atter slica gel column
ehromatography {applied gradient from pentane to CHzCl:) 35 a yellow solld.

*H NMR {500 MHz, CDCls) 8§ 5.85 [id, J= .3, 2.5 Hz, 2H, H-3), £.51 {dd, J = B.6, 5.4 Hz, 2H, H-4), 672
{0, J = 0.2, 2.5 Hz, 2H, H-1), 2.B5 [5, 4H, H-T) ppm.

BC{H} NMR {126 MHZ, CDCly) 6 161.2 (g, J = 245.5 Hz, C-2), 151.4 [d, J = 2.9 Hz, C-5), 130.3 (0, J =
7.7 Hz, C-6), 121.0 (d, J = 8.3 Hz, C-4), 116.3 {d, J = 22.4 Hz, C-1}, 114.0 (1, J = 22.6 Hz, C-3), 31.7
{d. J = 1.4 Hz, C-T) ppm.

SF NMR (471 MHz, CDCL) 8 -115.84 {ddd, J = 0.1, 3.0, 5.4 Hz) ppm.

HRMS (EI} miz for CraHmeFzMz [M]*: calcd 244 08120, found: 244 08103 (40); 215.06 {100).

IR [ATR): 7= 3061 (W}, 2956 [w), 2903 {w), 1612 [w), 1581 [m), 1516 (W), 1470 (5], 1409 (w], 1274 {w),
1236 (5), 1155 {m}, 1007 [w), 1001 {w), 957 {w), 911 (m), BE3 (&), B1B (5), BOO [s), TO4 (M), 52 {w),
544 {m), 504 {m) cmr'.

mp: 132 "C.

R 0.60 (THCH)

{2)-2.5-Bla{triluoromethyl}-11,12-dihydrodibenzofe,g][1. 2Mlazocing (1d)

T, B
FsC-. z fﬂfﬁf,ﬁ,
w=NEg 3

The reaction was performed according to the typical procedure (TP4) using the reagent &d (400 mg,
730 pmad), leading to the comesponding product 1d (118 mg, 340 pmol, 47%) after sliica gel column
enromatography {applied gradient from pentane to CHZCl:) 35 a yellow solld.

H NMR [500 MHz, CDCh) b 7.43 (gd, J = B.2, 1.1 Hz, 2H, H-3), 7.29 (5, 2H, H-1), 5.96 {d, J = 3.2 Hz,
2H, H-4), 2.50 — 2.50 {m, 4H, H-T) ppm.

BC{'H} NMR (126 MHz, CDCly) § 157.4 [C-5), 120.6 {d, J = 32.8 Hz, C-2), 126.3 (C-6}, 127.03 (g, J =
3.8 Hz, C-1), 124.32 {d, J = 3.7 Hz, C-3), 122.4 (g, J = 270 Hz, C-E), 119.2 {C-4), 31.3 {C-T} ppm.

SF NMR (471 MHz, CDCL) 8 -52.9 ppm.
HRMS [EI} miz for CreHueFeMz [M]*: calcd 34407482, found: 344.07595 (20); 178 (100).

IR [ATR): 7= 2932 {w), 1615 (), 1577 [w), 1455 (W), 1413 {w), 1322 (s}, 1276 [m}, 1200 {m}, 1151
{m}, 1101 {m}, 1068 {5}, 925 {m}, 961 {w). 330 (w), B33 (&), 323 {m), 510 {m), 733 [m), 621 [m), 653
{w) e
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mp: 118 °C.

Re 0.28 {heptaneethyl acetate = 90/10)

{Z}-11,12-Dinydrodibenzofe, g][1,2]diazocing-2,3-diol (18]

ﬁfb‘“
W=NT g O

In a glovebox, compound S8 {111 mg, 200 pmol), CH:CE: (1 mL) and timethylsiyl lodide {114 pL,
800 pmd) were added sequentlally o a round-otiomed Nlask equipped with a magnetic stiming bar. The
reaction mixbure was stired at 20 °C for 10 min before | was freated with tiethylamine {111 pL,
800 pmod). The flask was capped, transfemed out of the glovebox where the reaction milxture was
quenched with waler {5 mL), extracted with CHC1, {3 x 20 mL), washed with brine {5 mL) and dried over
Ma:zS04. After filiration, the organic phase was concentrated under reduced pressure. The resulting
regidue, CH:Cl: (5 ML) and pynidine (20 pL, 240 pmol) were added sequentially to 3 round-botiomed
flask. NES (43 mg. 240 umol} was added portion wise over the course of 2 min undar stiming and the
reaction mixture was stimed at 20 "C for 30 min. The reaction mbrure was concentrated under reduced
pressure and the residue was purified by sllica gel column chiomatography (applied grasient from
pentane io edhyl acetate) to fumish the product 18 (12 mg, 50 pmol, 27%) a& a red solld.

*H NMR [500 MHz, MeOD] § £.65 [d, J = £.5 Hz, 2H, H-4), £.50 [dd, J = 3.5, 2.5 Hz, 2H, H-3), 6.47 [d.
J= 2.5 Hz, 2H, H-1}, 2.74 [5, 4H, H-T) ppm.

C[H} NMR [126 MHz, MeOD) § 157.7 {C-2), 149.0 {C-5), 131.5 [C-6), 122.0 (-4}, 116.7 [C-1), 114.5
{C-3), 32.8 {C-T) ppm.

HRMS [EN} m/z for CraHizMz0z [M]*: calcd 240.085%38, found: 240006354 (100}

IR [ATR): 7= 3325 {w}, 2024 {w), 2476 [w}, 1504 {5}, 1579 (m), 1504 [m), 1483 {m), 1433 [m), 1352
{w), 1280 (s), 1251 ({m), 1210 {5k 1174 (m), 1155 (m), 1093 {w}, 1011 [}, 959 {m}, 905 (w), E74 [}
831 (m), 302 [s), 591 (W) cm-'.

mp: 165 "C.*

Re 0.59 {pentanejethyl acetate = 20/80)

Dimathyl (Z}-11.12-dihydrodibenzole, g][1.2]dlazecine-2, 3-dicarboxylats [17)

7 i @
@t
NN a

4

In a giovebox, compound € {400 mg. 750 pmal), CHzClz (4 mL) and irmethyisiyl lodide (432 pL,
3.04 mmal) were added sequentially o a round-bottomed flask equipped with 3 magnetic stming bar.
The reaction mixture was stimed at 20 *C for 10 min before It was reated with inethylamine (421 pL,
3.04 mmal). The flask was capped, fransfemed out of the giovebox whese the reaction mixure was

8 Visually, It appeared as If the compound decomposed at this lemperature,
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quenched with water (S mL), extracted with CHCI2 {3 x 5 mL), washed with bring {5 mL) and dried over
Ma3:Z0, After filration, the organic phase was concentrated under reduced pressure. The resulting
residue, CH:Cl; (10 mL) and pyridine {100 L, 340 pmol) were added sequentially o a round-bottomed
flask. NBS {162 mg, 310 pmol) was added porionwise over the course of 2 min under stiming and the
reaction mixture was stimed at 20 "C for 30 min. The reaction mixiure was concentrated undes reduced
pressure and the residue was purified by siica gel column chromatography (applied gradient from
pentane io pentanesethyl acetate = 30720) to furnish the product 11204 mg, £30 pmol, 83%) as a yellow
solid.

*H NMR [500 MHz, CDChj 0 7.50 (g4, J = 8.2, 1.5 Hz, 2H, H-3), 7.58 (d, J = 1.2 Hz, 2H, H-1), 5.88 {d,
J=B.2 Hz, 2H, H-4), 3.85 {5, 5H, H-3), 2.05 [d, J = £7.5 Hz, £H, H-T} pom.

BC{1H} NMR 126 MHz, CDCly) & 166.2 [C-B), 158.8 [C-5), 131.5 [C-1), 120.2 [C-2), 128.6 {C-3), 128.2
{C-6), 113.7 {C-4), 52.3 (C-0), 31.4 (C-T) pom.

HRMS [EI} miz for CysHueMo0 [M]*: caled 32411101, found: 324.11085 {30); 178.08 {100}
IR (ATR): 7= 3037 {w), 2047 {w), 2800 (w), 2635 [w], 1713 {5}, 1603 {w), 1433 {5}, 1282 (5}, 1258 (5).
1189 {5}, 1161 {m}, 1113 {5}, 1004 [m), 364 {w), 914 [w), BE3 (W), TET{m), 756 (5), 527 {w), 509 (w) cm-
I.

mp: 169 "C.

Ry 0.48 (THCl)

{2)-2.5-Dimsthoxy-11,12-@hydrodibenzofe,g][1.2]dazocins {1g)

The reaction was performed acconding to the typical procedure [TP4) using the reagent &g (200 mg,
430 pmud), leading fo the comesponding product 1g (51 mg, 230 pmol, 53%) after slica gel column

enromatography {pentanelethyl acetate = 50/10) a5 an orange solid.

H NMR [500 MHZ, CDCly) B 6.51 [0, J = 8.6 Hz, 2H, H-4), 5.57 {0d, J = 8.5, 2.6 Hz, 2H, H-3), 6.52 [,
J= 26 Hz, 2H, H-1). 3.72 {5, 6H, H-E}, 2.82 [5, £H, H-T} ppm.

BC{1H} NMR 126 MHz, CDCly) & 158.1 [C-2), 140.0 [C-5), 129.7 [C-5), 121.0 (C-1), 114.5{C-4), 111.8
{C-3), 55.2 [C-B), 32.1 (C-T) ppm.

HRMS (EI} miz for CreHeM=0z [M]": caled 268.12118, found: 268.12057 {70} 225 (100}

IR (ATR): # = 2040 (w], 1557 {m}, 1481 {m], 1316 {m) 1240 {s), 1170 (m}, 1050 {m}, 1025 (5}, 342 jw),
06 (5], 702 (w) o

mp: 108 "C.

Re 0.27 (hexanefetiyl acetate - 30/20)
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{2)-2.8-Dichicro-11,12-dihydrodibenzofe, g][1. 2}diazocins [1h)

]
mmcl

4

The reaction was perfrmed according to the typical procedure (TP4) using the reagent Gh (1,438 g,
3.00 mmal), leading to the comasponding product 1h (700 mg, 2.53 mmaod, B4%) afier slica gel column
chmmatography [applied gradient from pentane to CH,Cl) 35 3 yellow solld.

*H NMR [500 MHz, CDCh) § 7.01 (od, J = B.2, 2.2 Hz, 2H, H-2), £.82 {d, J = B2 Hz, 2H, H-1), 6.85 [d,
J= 2.1 Hz, 2H, H-4), 2.08 — 2.68 [m, J = B4.0 Hz, 4H, H-T) ppm.

BL[H} NMR [126 MHZ, CDCly) § 155.9 (C-5), 132.7 {C-3), 131.1 {C-1), 127.6 (C-2), 126.5 [C-5), 118.1
{C-4), 31.2 {C-T) ppm.

HRME [EI} MUZ 107 CrgHyo™CLM; [M]*: caled 27602210, found: 276.02192 {10); 178.07 {100).
IR (ATR): # = 3045 (w), 2057 (w). 2025 (w), 2862 [w) 1592 {m), 1562 [m), 1458 [5). 1350 (w), 1260 [},
1161 [m), 1104 {s), 353 [w), 94E (w), ET7 {5}, 821 [s). T9E (5), 726 (w). E70 {w). 633 [m), 567 (w), 510
W), 471 (g} om-1.

mp: 161 "C.

Re 077 {CHOR)

{2)-2.8-DiNMuoro-11,12-dinydrodibenzofe. g)[ 1.2 jdkazocine (11

1

The reaction was perfonmied acconding fo the typleal procedure (TP4) using the reagent &1 (249 mag,
1.90 mmal), leading to the comesponding product 11 (426 mg, 1.74 mmod, 92%) after slica gel column
chmmatography [applied gradient from pentane to CH,Cl:) 35 3 yellow solld.

*H NMR {500 MHz, CDCh) § 6.04 {dd, J = 8.5, 5.5 Hz, 2H, H-1), 5.74 ({d, J = B.4, 2.7 Hz, 2H, H-2), 6.57
{dd, J = 8.5, 2.6 Hz, 2H, H-4), 2.97 — 2.65 (m, 4H, H-T) ppm.

C[H} MMR {126 MHz, CDCly) 0 161.3 d, J = 247.4 Hz, C-3), 156.1 [d, J = 7.B Hz, ©-5), 131.3 {0, J =
8.3 Hz, C-1), 123.0 {d, J = 3.5 Hz, C-6), 114.4 {d, J = 21.2 Hz, C-2), 1D6.3 (d, J = 24.6 Hz, C-4}, 31.0
{d, J = 0.9 Hz, C-T) ppm.

SF NMR [471 MHZ, CDCly) & -115.08 [id, J = 8.3, 5.7 Hz) ppm.

HRMS [ET} MUz for CraHicF=H: [M]": caled 244 08120, found: 244 07385 (40); 215.07 (100).

IR [ATR): 7= 3059 {w), 2967 [w), 2307 {w), 1760 (w), 1605 {m), 1586 (5), 1482 {5}, 1406 (w), 1241 {5},
1129 {m), 1DB7 {w), 928 {5}, B0 (5}, 378 (M), 317 (5], B03 {5}, 727 (W), 62 [m), 621 (W), 52 [w), &TE
{5) om-.

mp: 147 "C.

R 0.68 (THCH)

{2)-2.8-Di-revr-butyl-11.12-dihydrodibenzolc. g][1,2]dlazecine [1])

a

Me Me

M Mea
Ma Ma

The reaction was performes accoming to the typleal procedure [TP4) using the reagent §] (514 mg,
950 pmad), leading to the comesponding product 1) (252 mg, 380 pmol, 507%) after slica gel column
ehromatography {applied gradient from pentane to CHzCl:) 35 a yellow solld.

*H NMR [500 MHZ, CDCly) b 5.99 (g4, J = 8.0, 2.0 Hz, 2H, H-2), 5.37 (d, J = £.0 Hz, 2H, H-1), 5.79 {d,
J=2.0Hz, 2H, H-4), 2.62 {d, J = B9.4 Hz, 4H, H-T}, 1.19 (5, 18H, H-3) ppm.

BC{'H} NMR 126 MHz, CDCly) & 155.6 (C-5), 150.0 {C-2), 129.3 [C-1), 125.5 [C-6), 123.3{C-2), 1158
{C-4), 34.6 [C-B), 31.2 [C-T), 31.3 {C-0) ppem.

HRMS [EI} miz for CzsHa=Mz [M]*: caled 320.22525, found: 320.22530 (20); 277.12 (100}

IR [ATR): ¢ = 3072 {w), 2064 {5), 2900 {w}, 2952 {w), 1730 {w), 1608 {w), 1555 {w), 1404 {m), 1458 {m},
1391 {w). 1361 (m), 1253 {m}, 1201 (w). 1117 (w), 352 {w), 327 (w), 903 [w], BED [m), 528 (s}, 725 {w).
35 {m), 567 (w), 520 {w). 454 {m) cm".

mp: 116 "C.

R 0.68 (THCH)

{Z}-11.12-Dinydrodibenzofc,g)[1.2jdlazocine-3,5-dicarbonitrile [1k)

]

The reaction was performed acconding to the typical procedure {TP4) using the reagent &k (244 mg,
530 pmad), leading fo the comesponding product 1k (B8 mg, 260 pmol, 50%) after slica gel column
enromatography {applied gradient from pentane to ethyl acetate) as a yelow soild.

*H MMR (500 MHZ, CDCly) 0 7.36 (0d, J = 7.9, 1.6 Hz, 2H, H-2), 7.15 (d, J = 6.9 Hz, 2H, H-4), 7.14 (d,
J=15.3 Hz, 34, H-1), 3.12 — 2.83 {m, 4H, H-T) ppm.

BC{1H} NMR (126 MHz, CDCly) & 155.2 [C-5), 133.1 [C-E), 131.3 [C-2), 131.0 (C-1), 122.6 {C-4), 117.7
{C-B), 111.7 {C-3), 31.7 {C-T) ppm.

HRMS [EI} miz for CraHueMa [M]*: caled 259.09055, found: 258.05053 (20); 220.07 (100}

IR [ATR): @ = 3055 {w), 2052 {w}, 2911 {w}, 2228 (s}, 1738 {w), 1601 {w), 1554 {w), 1484 {m), 1450 {m},
1431 {m}, 1393 {m), 1268 [w), 1209 {m), 1080 [w), 363 (W}, 215 {m), 501 {m), 838 (5}, 315 (s}, 752 {m},
25 (5], 5E5 {m), 515 {m}, 456 {m) cm".
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mp: 238 "C.#

Re 0.35 {CHOR)

Dimathyl (Z}-11,12-dihydrodibenzolc. g][1,2]diazocing-3,8-dicarboxylate (11)

In a giovebox, compound € (100 mg, 190 pmol), CH:Cl: {1 mL) and iimethyisiyl lodide {108 L,
760 pmod) were added sequentlally to a round-ottomed Nlask equipped with a magnetic stiming bar. The
reaction mixbure was stimed at 20 °C for 10 min before | was freated with tiethylamine {105 L.
760 pmod). The flask was capped, transfemed out of the glovebox where the reaction milxture was
quenched with water {5 mL), extracted with CHCl; (3 % 5 mL), washed with brine {5 mL} and drisd over
Ma:zE04. After ifration, the organic phase was concentrated under reduced pressure. The resufing
regidue, CH:Cl: (2 ML) and pynidine (20 pL, 240 pmol) were added sequentially to 3 round-botiomed
flask. MBS {41 mg, 230 pmol) was added portionwise over the cowse of 2 min under stiming and the
reaction mixture was stimed at 20 "C for 30 min. The reaction mbrure was concentrated under reduced
pressure and the residue was purified by sllica gel column chromatography (applled gradient from
pentane io pentane/ethyl acetate = 70/30) to furnish the product 17 (28 mg, 50 pmol, 45%) 35 a yellow
soiid.

*H NMR [500 MHz, CDCly) B 7.50 (dd, J = 8.0, 1.6 Hz, 2H, H-2), 7.51 {d, J = 1.6 Hz, 2H, H-4), T.06 [d,
J= 8.0 Hz, 2H, H-1}, 3.8 [5, BH, H-T), 2.95 [d, J = B2.1 Hz, 4H, H-T) ppm.

C[H} NMR [126 MHZ, CDCly) § 165.1 (C-B), 155.2 {C-5), 133.1 (C-6), 130.0 (C-1}, 129.3 [C-3), 12B.5
{C-2), 120.2 [C-4), 52.4 {C-9), 31.7 {C-7) ppm.

HRMS [EI} muz for CraHieM=0s [M]*: caled 324.11101, found: 324.11086 (10); 176.08 (100}
IR [ATR): 7= 3000 {w), 2952 [w), 2850 {w), 1715 (5), 1607 {w). 1571 [w), 1442 {m), 1296 (5), 1261 {5}
1201 {m}, 1161 {m), 1108 {s), 973 (m), 904 {w), E52 (m), 754 {5}, £37 (w), 563 {w), 524 [w), 558 (w) cm~
1

mp: 2259 "C.

Re 030 (CHOR)

{2)-2.8-Dichioro-11,12-dinydrodibenzofc, g][1,2]diszocing {1m]}

The reaction was performed according fo the typical procedure [TP4) using the reagent &m (144 mg,
300 pmid), leading fo the comesponding product 1m (S5 mg, 200 ymol, 56%) after slica gel column
chmmatography [applied gradient from pentane to CH,Cl) 35 3 yellow solld.

s Visually, It appeared as If the compound decomposed at this lemperature,

4

*H NMR (500 MHz, CDCly) & 7.14 (od, J = 8.4, 2.1 Hz, 1H, H-3), 7.02 [dd, J = B.2, 2.1 Hz, 1H, H-47),
.98 (d, J = 2.1 Hz, 1H, H-1), .94 {d, J = 8.2 Hz, 1H, H-§'), 6.83 {d, J= 2.1 Hz, 1H, H-2', 5.30 {d, J =
8.4 Hz, 1H, H-4), 2.50 — 2.63 {m, 4H, H-7.8) ppm.

BC{1H} NMR {126 MHZ, COCly) & 132.8 {C-2), 132.7 [C-3'), 121.1 (C-5), 120.8 {C-6), 120.7 [C-1), 1276
{C-4"), 127.2 {C-3), 126.5 [C-6), 120.6 (C-4), 119.0 {C-2'), 31.6 {C-TL 31.0 [C-E} ppm.10

HRMS (EI} miz for CraHwe™ClMz [M]*: calcd 276.02210, found: 276.02163 {10); 178.08 (100).

IR [ATR): @ = 3050 {w), 2904 {w}, 2951 {w], 1748 (), 1590 {m}, 1561 {m}, 1473 (5}, 1352 {w), 1121 {w),
1155 {w), 1105 (5}, 1090 {m), 995 [w), D52 {w}, ETE {m), 852 [s), 834 {5, B01 {5}, 752 {m}, £32 (W), 520
{m}, 552 {m]), 511 [m}, &78 [m) cm-.

mp: 128 "C.

Re 0.73 (CHCE)

{Z}-2.3.8,3-TetrafMuoro-11,12-dhydredibanzofc, g1, 2]dtazocine [1n]
F {elor
The reaction was performed according to the typical procadure (TP4) using the reagent &n (300 mg,

520 pmod), leading to the comesponding product 1n (131 mg, 470 Emol, 75%) after sliica gel column
enromatography {applied gradient from pentane to CHZCl:) 35 a yellow solld.

H NMR [500 MHz, CDCly) b 6.84 (0d, J = 10.5, 7.6 Hz, 2H, H-4), 5.71 (o, J = 10.5, 7.6 Hz, ZH, H-1),
2.93-2.58 {m, 4H, H-T) ppem.

BC{1H} NMR {126 MHz. CDCh) § 150.6 (g, J = 5.6 Hz, C-5), 143.7 (g, J = 247.5 Hz, C-2), 1486 [g. J =
249 6 Hz, C-3), 124.5 [g. J = 56 Hz, C-€), 118.2 {g, J = 182 Hz, C-1), 109.7 {g, J = 20.0 Hz, C-4), 30.9
{C-7) pom.

BF NMR (471 MHz, CDCl) 8 -135.51 {dod, J = 21.4, 9.8, 7.6 Hz), -139.13 [dod, J= 21.3, 10.5, 7.3 Hz}
Ppm.

HRMS [EI} miz for CpHeF N [M]- calcd 280.06235, found: 2890.06145 (73); 250 {100).

IR [ATR): #= 3056 (w), 2025 {w), 1739 {w), 1605 {m}, 1400 (5], 1450 (w), 1404 {w), 1343 {w}, 1250 [s),
1236 [w), 1211 {5), 1153 {m}, 1067 [m). B96 {w), D62 {w), 313 [m), 875 (g}, BSE {m), B41 [s), 800 {5},
725 (w). 589 {w), 673 (w]. E57 (W) cm-t.

mp: 135 °C.

Re 0.27 (heptanefethyl acetate = 00710}

10 The “C{'H} NMR signals C-1' and C-5 for compound 1m could not be detected.
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{28, 10-Dihydrodithisno[3,2-c:2 3 g)[1.2jdiazocine [10]

The reaction was perfrmed according to the typical procedure (TP4) using the reagent 8o (575 mg.
1.35 mmal), leading to the comesponding product 1o {100 mg, 450 pmod, 33%) after slikca gel column
chmmatography [applied gradient from pentane to pentaneiethyl acetate = BS/15) as a yeliow solld.

*H NMR [500 MHz, CDC1y) § 7.09 (d, J = 5.4 Hz, 2H, H-1 or H-2), 7.00 {d, J = 5.4 Hz, 2H, H-1 or H-2},
2.97 (5, 4H, H-5) ppm.

BC[H} NMR (126 MHZ, COCh] 8 151.9{C-3), 127.4 {C-4), 125.2 {C-1 or C-2), 122.8 (C-1 o7 C-2), 274
{C-5) ppem.

HRMS [EI) muz for CrHeM:z5z [M]*: caled 22001280, found: 220.01301 (60); 147.02 (100}

IR [ATR): 7= 3110 {w}, 3061 (), 2049 (w], 2023 (w), 2666 (w), 1737 (W), 1512 (w), 1431 [m), 1378
{w), 1355 [w), 1183 {w}, 1150 {m), 1067 {w), 1042 {w), 972 (w), 913 [m), 533 {m}, £04 (w), 733 (5], TOE
{5). B49 (5}, 525 {m}, 520 (5}, 481 (m) cm~.

mp: 98 "G

Re 0.44 {CHOR)

{2)-5.5-Dinydrodipyrido] 2 3-c-3, 2*g][1. Z}dlazocing (1p)

4

N p=nd

In a giovebox, compound Sp (100 mg, 240 pmal), CH:ClE (1.2 mL) and timethylsilyl lodige (59 pL,
400 pmd) were added sequentlally to a round-otiomed Nlask equipped with a magnetic siming bar. The
reaction mixture was stimed at 20°C for 10 min before it was treated with triethylamine (67 pL.
400 pmod). The flask was capped, transfemed out of the glovedox where the reaction mixture was
quenched with waler {5 mL), extracted with CHCH {5 x § mL), washed with brine {10 mL}) and dried over
Ma:zE04. After filration, the organic phase was concentrated under reduced pressure. The resulting
regidue, CH=CE: [2.4 mL) and pyridine (24 uL, 300 pmol) were added saquantially fo a round-botiomed
flask. MBS (52 mg, 200 pmol) was added portionwise over the course of 2 min under stiming and the
reaction mixture was stimed at 20 *C for 30 min. The reaction mbdure was washed with water (30 mL},
extracted with CHCh (3 x 20 mL), washed with beine (20 mL) and dried over Na:S04. After filration, the
organic phase was concentrated under reduced pressure and the residue was purified by sllica gel
eolumn chromatography (applied gradient from pentane to ethyl acetate) o furnish the product 1p as 3
yellow solid (42 myg, 200 pmal, B3%).

*H NMR [500 MHz, CDCl3) § 5.26 [d, J = 4.1 Hz, 2H, H-3), 7.35 {dd, J = 7.6, 1.5 Hz, 2H, H-1), 5.90 jod,
J= 7.6, 47 Hz, 3H, H-2), 3.13 - 2.72 (m, 4H, H-5) ppm.

1 yizually, i appeared as If the compound decomposed at this iemperature.

BC{H} NMR {126 MHz, CDCly) 8 164.1 (C-4), 147.3 {C-3), 138.3 {C-1), 123.2 {C-5), 122.8 (C-2), 206
{C-5) pom.

HRMS (EI} miz for CrzHeMa [M]*: caled 210.09055, found: 210.08067 (2% 181.07 (100).

IR [ATR): #= 3043 (w), 2021 (w), 2570 (), 1750 (W), 1566 (5), 1438 (M}, 1417 (5}, 1227 (w), 1180 {w),
1119 {w), 1087 [5), 981 [m), 873 [w), B04 {5}, TBS {5}, 771 {5}, 731 {m), 604 {5}, 684 {5}, 555 (m) cm~".

mp: 130 "C.

R 0.41 (ethyl acetate)

Buchwald-Hartwig amination (1q, 1r)

{Z)-11.12-Dinydrodibenzofc.g)[1.2jdlazocine-2.5-dlamine [1q)

In a glovebox, compound 1b (798 mg, 2.8 mmol), tris(dbenzylidensacetona)dipalladium{D) {132 mg,
140 pmod), Bhium hexameshyidisiazios {1.445 g, .54 mmol), ZnClz (SE9 myg, 4.32 mmod), doxane
{6 ML) and tri-tert-butylphosphing (10E mg, 250 pmol) were added sequentially into 3 microwave vial
equipped with 3 magnetic siming bar. The vial was capped with a crimp cap equipped with a PTFE
saptum, transfemesd out of the glovebox and stimed at 100 “C for 48 h. After cosling fo 20 C, the reaction
mixture was diuted with diethyl ether (20 mL} and quenched with an ag HCI (10 mL, 1 M). Aq NaOH
{50 mL, 1 M) was added and the reaction mixture was extracted with diethyl ether (10 x 30 mL) and
dried over NazS0u, After fifration, the organkc phase was concentrated under reduces pressure and the
ecrude product was purflad by slilca gel column chromatography (applied gradient from pentane to ethyl
acetate) to fumish the product 1q 25 3 yellow solid (350 mg, 1.47 mmal, 51%). Adapted from [iL1e

H NMR [500 MHz, MsOD] 3 £.61 {d, J = E.4 Hz, 2H, H-4), £.50 {dd, J = 3.4, 2.3 Hz, 2H, H-3), 6.38 {4,
J=2.2 Hz, 2H, H-1), 2.70 {5, 4H, H-T) ppm.

BC{1H} NMR (126 MHz, MeOD] § 143.4 {C-5), 147.8 {C-6), 131.3 (C-2), 122.4 [C-8}, 116.2 [C-1), 114.3
{C-3), 32.8 [C-T) ppm.

HRMS [El} mv'z for CraHesMs [M]*: calcd 238.12185, found: 238.12159 (100).

IR [ATR): @ = 3417 (), 3311 [w), 2194 [w), 2040 (w). 2693 [w), 2640 {w], 1738 {w), 1602 (5), 1574 {m},
1497 (s}, 1310 {m), 1253 ). 1155 {w). 1106 {w), 1083 (w), 258 {w), B52 {5}, B10 (5), T3S (m), 656 (5]
509 {5), 547 {5), 469 {5) cm™.

mp: 135 °C {dec).

R 0.45 (ethyl acetate)
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{Z}-11.12-Dinydrodibenzo[c.g][1.2]diazccing-3,8-dlamine {1r)

HaM

In a glovebox, compound 1h (610 mg, 2.20 mmal), trisjdbenzylideneacatone)dipalladum(l) {101 mg,
110 pmcd), Inium hexamethyidisliazide (1.104 g, 6.6 mmol), ZnCl: (450 mg, 3.3 mmod), dickane (5 mL)
and tri-ter-butylphosphine {31 mg, 220 pmol) were added sequentially Into a microwave vial equipped
with a magnetic stiming bar. The vial was capped with a cimp cap equipped with a PTFE septum,
transfesred out of the giovebox and stimed at 100 *C for 50 h. After cooling to 20 *C, the reaction mixdure
was diuted with diethyl ather (20 mL} and quenched with ag HCI {10 mL, 1 M). Aq NaOH (S0 mL, 1 M)
was adged and the reaction mixure was extracted with diethyl ether (10 x 30 mL) and dried over
Ma:zE04. After filration, the organic phase was concentrated under reduced pressure and the crude
product was purified by sliica gel column chromatography (applied gradient from pentane to athyl
acetate) o fumish the product 1 3s a yellow soiid (305 myg, 1.28 mmol, 58%). Adaptad from L8

*H NMR [500 MHz, MsOD] § .72 [d, J = B2 Hz, 2H, H-1), £.30 [dd, J = 3.2, 2.4 Hz, 2H, H-2), 6.14 [d,
J= 2.4 Hz, 2H, H-4), 2.74 — 2.57 [m, 4H, H-T) ppm.

¢ NMR (126 MHz, MeOD] 3 157.2 [C-5), 147.5 [C-3), 131.5 [C-1), 119.2 (C-6), 115.5 [C-2), 105.0 [C-
4), 31.9{C-T) ppm.

HRMS [EI} MUz for CraHisMa [M]*: calcd 23812185, found: 235.12148 (60); 209.11 {100).

IR [ATR): 7= 3466 {w), 3428 (), 3374 (m), 3341 [w), 3126 {w), 3035 (W), 2025 (w), 2842 (W), 1736
{w), 1621 (5), 1496 (5), 1309 {m}, 1274 {m), 1174 {m}, 1140 {m), B97 {m), 850 {5), 311 [5), 65E (5], 51E
{5). 590 {5}, 519 {5}, 4B7 {5} cm.

mp: 150 *C {dec).

Re 0.43 {ethyl acetate)

Saponification (1s, 1t)
{Z}-11.12-Dihydrodibenzelc,g][1,2]diazecine-2, 9-dicarboxyllc acid (18]

B
HOZC COH

3
= I

Compound 17 (150 mg, 460 pmal) and meihanol (10 mL) were added Into a round-botiomed fiask.
MaDH (370 mg, 9.24 mmol) was added and the reaction mbcdure was stimed at 50°C for 12 0. The
reaction mibcture was allowesd o cool to 20 "C and quenched with ag HCI (20 mL, 1 M). The reskiue was
fiitered, the remakning preciphation was washed with water (20 mL), ethyl acetate (20 mL} and dried
under vacuum {0.1 moar) to furnish the product 18 a5 3 yellow solid (125 mg, 420 pmol, 31%).

*H NMR [500 MHz, DMS0] 8 7.73 (o, J = 8.1, 1.5 Hz, 2H, H-3), 7.57 (i, J = 1.5 Hz, 2H, H-1), 6.09 [d,
J= 8.1 Hz, 2H, H-4), 3.02 - 2.83 [m, 4H, H-T) ppm.

BC{1H} NMR (126 MHz, DMS0) § 156.4 [C-8), 156.3 {C-2), 131.2 (C-1), 129.5 (C-5), 126.4 [C-5), 12B.1
{C-3), 113.6 {C-4), 30.4 {C-T) ppm.

HRMS [EI} miz for CreHeM=0u [M]": caled 296.07971, found: 20607065 {10); 178.08 {100}

IR [ATR): @ = 2049 (w), 2826 (W), 2662 (W), 2547 (w), 1681 (5], 1605 (m), 1435 (m), 1283 (), 1169 {m),
1123 {w), 1084 [w), 913 [m}, 842 (), T55 (&), 6B1 {w). 548 (m), 511 {m] cm~".

mp: 230 °C {dec).

{2}-11.12-Dinydrodibenzo]c.g)[1.2]diazocine-3,8-dicarboxylle scid [18)

Compound 11 {40 mg, 120 pmol) and methanal {3 mL) were adgded Into 3 round-bottomed Nask. NaOH
{100 myg, 2.47 mmol) was added and the reaction mixture was stimed at 50 *C for 12 h. The reaction
mixture was allowed to cool o 20 *C and guenched with ag HCI (15 mL, 1 M). The residus was fitered,
washed whih water (10 mL), ethyl acetate {10 mL) and dried under vacuum (0.1 mbar) to fumish the
prosduct 1t a5 a yellow solid (28 myg, 100 pmod, 77%).

*H NMR [S00 MHz, DM30) § 7.61 [0, J = 7.8, 1.4 Hz, 2H, H-2), 7.38 [d, J = 1.1 Hz, 2H, H-4), 722 {d,
J=T.8Hz, 2H, H-1), 2.81 {5, 4H, H-T) ppm.

BC{1H} NMR (126 MHz, DMS0) § 156.5 [C-8), 154.7 {C-5), 132.8 (C-6), 130.3 (C-1}, 130.2 [C-3), 12B.1
{C-2), 119.2 {C-4), 30.7 {C-7) ppm.

HRMS [EI} miz for CreHeM=0u [M]*: caled 296.07971, found: 206070963 {10); 179.08 {100}

IR [ATR): ¥ = 3084 (W), 2048 [w), 2927 [w), 2651 (w). 2535 (w), 1683 (5), 1607 (m), 1553 (W), 1425 {w),
1423 {m}, 1204 {5, 1255 {5}, 1120 {w). 1052 {w), 242 {m}, 001 [m}, 553 [w), 750 (5), 52 [w), £23 {w).
548 {m) cm-1.

mp: 300 °C {dec).

Reduction [1u)

{211, 12-Dinydrodibenzofe,g][1.2]diszocing-2. 5-dlyljdimethanol {1u)

A dry, nitrogen flushed two-necked Schienk-Nlask equipped with 3 magnetic stming bar and a sepbum
was charged with compound 17 {21 mg, 1.2 mmol) and anhydrous THF {40 mL). The reaction mbture
was cooled to 0 "C and dilscbutylaluminium hydride (2.6 mL, 1.2 M In toluene) was added dropwise
{3 mLimin) under stming. After comgletion of the addition, the reaction medure was warmed fo 20 °C
and stimed at 20 *C for 1 h. The reaction mkdure was quenched with ag. Rochelle salt {50 mL, 0.2 M),

uonmuiofu] Susoddng

00T



folowed by an extraction with ethyl acetate (3 x20 mL). The organic phase was washed with brine
{30 mL) and dried over Na;S0,. After fitration, the organic phase was concantrated under reduced
pressure and fo the residue was added methanol (200 mL), NaDH (B00 mg, 20 mmol) and Cull
dihydrate (20 mg, 0.12 mmod). The reaction mkcdwe was stimed while aF was bubbled through the
solution at 20 "C for 20 min. The reaction mixure was quenched with saturated ag MH4C1 (20 mL} and
waller {20 mL), followed by an exiraction with ethyl acetate (3 x 20 mL). The organic phass was washed
with brine (30 mL) and dried over MazS0s. After filration, the organic phase was concentrated under
reduced pressure and the residue was stimed In minimal amounts of efhaned at 768 "C. Hexane was
added dropwise fo the solution untll 3 precipiiate formed. The resuling precipitate was collectad In 3
Bochner funnel, washed with addiional hexane and dried under vacuum (0.1 mbar) to fumish the
product Tu 25 3 yellow solid (352 mg, 1.35 mmod, T0%). Adapted from It

*H MR [500 MHz, MsOD] § 7.12 [dd, J = 8.0, 1.7 Hz, 2H, H-2), 7.02 [d, J = 1.3 Hz, 2H, H-1}, 6.77 [d.
J= 8.0 Hz, 2H, H-4), 4.44 [5, 4H, H-8), 2.57 (5, 4H, H-T) ppm.

EC[H} NMR [126 MHz, MeOD) § 155.8 {C-5), 142.0 {C-2), 129.7 (C-6), 120.4 (C-1), 126.4 [C-3), 1108
{C-4), 54.5 (C-B), 32.6 [C-T} ppm.

HRMS [EI} MUz for CreHieM=0z [M]*: caled 268.12113, found: 26812100 (40); 179.08 {100}

IR [ATR): 7= 3286 {m}, 2932 (W), 2875 (W), 2445 (w), 1524 (w], 1434 (w), 1457 (m}, 1414 [m), 1366
{m, 1151 (m), 1023 {g}, 285 {5}, 915 (m), £35 (m), 814 [5), TS2 [m), 675 {m) cm~".

mp: 150 "C.

Re 0,33 {ethyl acetate)

547

Synthetic Method Example (1c)

F. K& F
\& \@-‘Er F
[RE—— —=
Br B

r

52 8o

- '—mﬂf%}o

1-Bromo-2-{bromomethyl)-4-fluorobenzens [52)

1-Bromo-4-fluom-2-methyibenzene (9.451 g, 50.00 mmod), acetonlile {100 mL). benzoyl peroxide
{2.422 g, 10 mmod) and NBS (0.789 g, 55 mmol) were added sequentlally to a round-oottomed fiask
equipped with a reflux condenser. The reaction mbdure was stimed at 82 "C for 12 h. After cooling to
20 "C. the reaction mixture was quenched with water {50 mL), extracted with CHCH (3 x 50 mL), washed
with brine (50 mL} and dried over Ma;S0,. After fitration, the organk: phase was concentrated under
reduced pressure fullowed by slica gel column chromatography (perntane] to fumnish the product 52 as
a coloriess solld {7.209 g, 26.01 mmol, 4%, 15 99%3).

1,2-Ble[5-Nucro-2-Jodophenyljethans [5c)

A dry, nitrogen flushed two-necked Schienk-Nlask equipped with 3 magnetic stming bar and a sepbum
was charged with reagent §2 (6.104 g, 22.78 mmal] and anhydrous THF (70 mL). The reaction mixture
was cooled to -TE "C and n-butyliithium {1267 mL, 24.17 mmal, 2.5 M In hexanes) was added dropwise
{3 mLimin) under stiming. After completion of the addiion and stiming at -7 "C for 5 min, lodine (5.782 g,
22 78 mmol} was added. Then, the reaction mixture was warmed fo 20 *C before It was quenched with
an Ma:z2:0a (5 mL, 2 M) and water (70 mL}, followed by an extraction with CHCh (2 x 70 mL). The
organic phase was washed with brine (70 mL) and dried over Na;50,. After filration, the organic phase
was concenirated under regueed prassure and the resiiue was washed with hexane {110 mL) and dried
under vacuum (0.1 mbar) o furnish product S (3.376 g, 5.25 mmal, 72%) 35 a coloess soid.

Di-reT-butyl 2,3-dMworo-11,12-dinydrodibenzofe, g][1.2]diazocing-5,6-dicarboxylaie [Gc)

In a glovebox, reagent Se {3.800 g, B.0B mmol), di-fer-butyl hydrazine-1,2-dicarbouylate (1.2 equiv),
Cul {10 moi), KaP0, (3.0 equiv), acetonliriie {5 mLmmoi) and 1,2-dimethylethylznediamine (20 mol%)
were added sequentially i0 a microwave vial. The vial was capped_with a cimp cap equipped with a
PTFE septum, transfemed out of the glovebox and stimed at 82 *C for 18 h. After cooling to 20 "C, the
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reaction mixture was guenched with water (3 mLimmol), washed with ag NH: (3 mLmmal, 25%),
extracted with CHCly [2 x 5 mUmmod), washed wih brine (3 mLimmol) and dried over N3-S0, After
fiiration, the urganlt: FH‘IBSE was concentrated wnder reduced [Pressure and the crude residue was
purified by sllica gel column chromatography (applied gradient from pentane to CHZCL) to fumish
product ¢ (1.610 g, 3.61 mmal, 45%) as a cokorless solld,

{2}-2.5-DiMuoro-11,12-dinydredibenzoc.g)[1.2]diazocine [1c)

In 3 giovebox, reagent Sc {1.540 g, 3.45 mmol), CH:Clz (17 ML) and iimethyisiyl lodide {1 mL,
5.9 mmod) were added sequentially bo a round-botiomed Nlask equipped with a magnetic stiming bar. The
reaction mEcure was stimed at 20 "C for 10 min before it was freated with inethylamine (1 mL, £.5 mmol).
The fizsk was capped, fransfemed out of the giovebox where the reaction mixiure was quenched with
waller (17 mL), extracted wiih CHCI2 (3 % 17 mL), washed with brine {17 mL) and dried over Na=S04.
Afer Niration, the organic phase was concenirated under reduced pressure. The resuling residue,
CH;Clz (35 mL) and pyridine (0.4 mL, 4.28 mmol) were added sequentially to a round-potiomed fizsk.
MBS (737 mg, 4.14 mmol) was added portionwise over the course of 2 min under stiming and the
reaction mixture was stimed at 20 *C for 30 min. The reaction mixture was concentrabted under reduced
pressure and the residue was purtfied by sllica gel column chiomatography (applied gradient from
pentane o CH:Cl:) to fumish product 1 (525 mg, 2.67 mmol, 33%) as a yellow soid.

549

Absorption Maxima and Photostationary States of Cyclic Azobenzenes (1a-1u)

Abstaption ma:dma at wavelengih e were detemmined by 'H NMR spectroscopy (S5 mM In MeCN-gy)
at 29615 K. The MMR tubes were Imadiated with ight at 385 nm and 565 nm wavelength for 2 min each
before the NMR specira were recorded. Photostaionary states [PSS) were determined by Uv—vis
spectroscopy {1 mM In acetonfirlz) at 238,15 K. The cuveties were Imadiated with Bght at 385 nm and
5E5 nm wavelength for 10 min each before the absorption spectia were measured. Cyclic AZDOENZENEE
12 and 1t were dissoived In DMS0-0, and DMS0 respectively.

Cyclic azobenzens | P55 (385 nm) [%] [E) | P55 (565 nm) [%] iZ) | Aesx (E) [1M] | Az (2] [AE]
1a 85 >0 FE 401
] B3 >09 FEL] 201
c B P FE a0
Td BT P FE 355
T - 03 389 08
i 7T P FE]] 359
1g ] >0 FEF] 405
n B0 P FE 359
T BT P FET] 358
1] 75 P FE 300
K B >09 FET] 307
] B0 >0 FE W
m BT >0 FE 300
n 73 >0 484 309
o 18 >0 490 405
p &7 >0 a3z 405

9= - >0 = 416
r 26 >0 FEE] 400
18 B2 >0 434 401
1t B4 >0 FED] 400
u 83 >0 FEE] 403

12 Thermal refaxation to the (Z) lsomer was faster than data acquistion of the (E) lsomer.
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UV—vis Spectra of Cyclic Azobenzenes (1a-1u)

wavebangih [rm] wavelangth [nm]

Figure 51. UV-yis specira of compounds 1a {lef) and 1b (ght) after Bght Imadiation at 385 nm
wavelength (red) and 565 nm wavelength (black) In acetonitriie.
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Figure 52. UV-yis specira of compounds 1c {lef) and 1d (ght) after Bght Imadiation at 385 nm
wavelength (red) and 565 nm wavelength (black) In acetonitriie.
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Figure 53. UV-vis spectra of compounds 18 [i2f) and 17 (right) after ight imadiaion at 385 nm
wavelength {red) and 555 nm wavelength {black) In acetonitrile.
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Figure 84 UV—vis specira of compounds 1g (i) and 1h (right) afer ight imadiation at 335 nm

wavelength {red) and 565 nm wavelength (black) In acetoniiriie.
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Figure 5. UV-vis spectra of compounds 11 (left) and 1] (right) after light Imadiation at 385 nm
wavelength {red) and 565 nm wavelength (black) In acetonirie.
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Figure S&. UV—vis spectra of compounds 1k (left) and 11 (right) afer ight Imadiation at 385 nm
wavelength (red) and 565 nm wavelength (black) In acetonirie.

— Pss(38smm) £ — pss@asnm)
— P55 (565nm) . — PSS (565 mm)
g g N
i -\
1 1
wavedangth [nm] wavelength frm]

Figure £7. UV—vis spectra of compounds 1m (left) and 1n (right) after ight Imadiation at 385 nm
wavelength {red) and 555 nm wavelength {black) In acetonitrile.
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Figure S8. UV-vis specia of compounds 1o (Jleft) and 1p (right) after ight Imadiation at 385 nm
wavelength {red) and 555 nm wavelength {black) In acetonitrile.
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Figure 59. UV-vis spectra of compounds 1q (i2f) and 1r {right) afer ight Imadiation at 385 nm
wavelength (red) and 555 nm wavelength {black) In acetonitrile.
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Figure 510. UV-vis spectra of compounds 18 (i) and 1% [rght) after light Imadiation at 235 nm
wavelength {red) and 565 nm wavelength (black) In DMS0.

Figure £11. Uv-vis specira of compound 1u after ight Imadiation at 385 nm wavelengtn (red) and 565
nm wavelength (black) In acetoniiie.

'H, *C{'H} and "°F NMR Spectra of the Products
1-Brome-2-{bromomethyl}-2-chlorcbenzens (51)
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1-Bromo-2-{bromomethyl)-4-Nucrobenzens (32)
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1-Bromo-4-{mer-butoxy)-2-methyibenzene (54)
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Mathyl 4-bromo-3-methylbenzoate (5&)

1-Bromo-2-{bromomsthyl)-2-{rerr-butoxy)benzene [55)
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Methyl 4-bromo-3-[bromomethyljbenzoate (57)

23 agany !g ]
W i

Meﬂgﬂ\n::(\ar
Br

1

LLEE] 38
BT 1
T

an
A

L

“ “ ﬂil-l ‘
Ll
{3 |

a
LAt ]
W EREN
i Ji8EE  MeO.C i i
i el \@\/\Er i i
Br
T w0 @ e e @8 A i @ sl = = = n
e

2-Bromo-1-{bremomethyl)-4-chiorobenzens (S8)
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2-Bromo-1-{bromomethyl}-4-Nucrobenzens (33)
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[3-Bromothiophen-2-yljmethanol [516)
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2-Bromo-3-{bromomesthyl)pyridine (318}
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{2}-1-Bromo-2-{2-bromo-4-chiorcatyryl)-4-chiorobenzens (513)

ERRERNEANNRANEANESEY

Br Br
Sk et

I IW .o

BF ME BE KA B3 D3 B3 X3 A &E RS
1 ipoy

L B R !
P P PR P I PR PR P P P P P P PR PR P PR PR P
L=

ELELLELEEET
EEEEE?;H!’!BEE Br, Br
il Lt
cl cl
m W m @ m o m e owm ® m m 4w m 1 ¢
L gl

uonmuiofu] Susoddng

St



1,2-Bls{2-lodophanyi]sthane [5a)
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1,2-Bls{5-Nuoro-2-lodophenyljethans {5c)
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Dimathyl 3,3"-{sthans-1,2-dlyljbla{4-bromobenzoats) (57)
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1,.2-Blg[4-Nuoro-2-lodophenyl)ethans [51)
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Di-ter-butyl 11,12-dinydrodibenzofc,g][1.2]dlazocine-5,5-dicarboxylats (Sa)
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Di-ter-butyl 2.3-difluore-11,12-dihydrodibenzofe.g][1.2Jlazocine-5.6-dicarboxytats (5c)
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5,6-Di-terr-bufyl 2,5-dimethyl 11,12-dihydrodibenzo[c.g)[1.2]diazocine-2, 5,6, 9-tetracarboxylats
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5,6-Di-terr-bufyl 3,8-dimethyl 11,12-dihydrodibenzo[c.g)[1.2]diazocing-2, 5,6, 8-tetracarboxylats
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{Z}-11.12-Dihydrodibenzo[c.gl[1.2]diazocine [1a)
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Dimathyl {Z}-11.12-dihydrodibenzole, g][1.2]dlazecine-2, 3-dicarboxylats [17)
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{Z}-11.12-Dihydrodibenzo[e.g)[1,2]diazocine-2,9-dicarboxyllc acid [18)
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General Information

Syniheses under Schienk condifions or In @ glovebox (Pure LabHE from Inert, Amesbury, MA, USA)
wefe performed with nitrogen as protection gas. All glassware was dried In an oven at 200 “C for at least
2 h prior to use. Syringes that were used to fransfer anhydrous soivents or reagents wese purged with
nitrogen prior io use. Microwave reaction vials were sealed with a sepium cap from Blotage (Biotage,
Uppsala, Sweden). All soilvenis for purification and exiraction were used as recelved. a-Bromalsobutyryl
bromigs (BIES), NN N-pentamethyldiethylenatriamine (PMDETA], tris[2-
{dimethylamino jethylamine (Me,TREM} and tethylamine wers degassed by thiee Treeze-pump-thaw
cycles and stored In the giovebox. Meihyl acrylate and methyl methacrylate were passed trough
aluminum oxide 90 basle (Machersy-Nagel, S0-200 pm paricle size) before use. Solvents wsed for
synthesis under Inert conditions (THF, acetoniinie, CH:Clz) were dried by a solvent purification system
{SPS) from Inert Technologles. All polymer samples were passed through a 0.45 ym PTFE fiter before
analysls.

MMR specira were recorded on a Bruker Avance Neo 500 [Bruker BloSpin, Rheinsietten, Gemany)
(GO0 MHZ [*H), 151 MHz {"*C{'H]} a 296 K. All '"H NMR and *C{'H} NMR specira were referenced o
the residual profon signals of the solvent {'H) or the solvent itself {"C{'H]). The exact assignment of the
peaks was performed by two-dimensional NMR specinscopy such as 'H COSY, "“C{'H} HSQC and
'HA3CG{'H} HMBC when possible. High-resolution El mass specira were reconded on a MAT S5XL
double-focusing mass spectrometar from Finnigan MAT (Thermao Fisher Sclentific, Waltham, MA, USA)
at an lonization energy of 70 eV. Samples were measured by a drect or Indirect Inket method with a
source femperatue of 200 "C. High-resoiution ES1 and APCI mass specia were measured by a direct
Inlet methad on an Impact || mass spectromeder from Bruker Daltonics (Sruker Dakonics, Bremen,
Germany). ES| mass spectra were recorded In the posltive lon coliection mode. IR specira were
recorded on a Micolet 1510 FT-IR spectrometer from Therma Fisher Scientific (Thermo Fisher Scientifc,
Waltham, MA, USA) with a dlamond window In an area from S00-4000 cm’ with a resolution of 4 em-.
All 5amples were measured 16 imes against a background scan. Melting points were reconded on a
Bichl Mediing Polnt M-560 (BOchl, Essen, Gesmany) and are regoried comected. Thin kayer
chromatography (TLC) was performed using TLC Silica gel 60 F254 from Mesck (Merck, Darmstadt,
Germany) and compounds were visualzed by exposure to UV Eght at a wawvelength of 254 nm. Column
chromatography was performed by wsing S0z (0.040-0.053 mm, 230400 mesh ASTM) from Marck.
The UV-vis absorption measurementis were recorded In a Perkin Emer UVAVIS NIR Spectrometer
Lambda 200 and In a VWR UV-1600PC at 293 K. Quartz cuveties of 10 mm oplical path kength were
used. The Imadiation experimenis were camied out using LED Bght sources from Sahimann
Photochemical Solutions of 405 nm central wavelength (3x Michla WVSU233A of 950 mW optical power)
and of 525 nm cenfral wavelength (3x Michla NCSGE2196-V1 of 400 mW optlical power) at a 2 cm
disiance from the cuvetie or from the reaction vial Gel parmeation chromatography (GPC) was
performed on a PSS (polymer standard service) SECmity GPC system at 308 K after a conventional
callbration using polystyrene standamds. The molar mass distribution of polymers was deermined using
refractive Indax detection {RID) In combination with Bght scattering detection (LS) and diode-amay
detecfion (DAD). The polymers were @ssoived In THF (= 1 mg/ml; 5mgiml for the defection of
absorpdion at 395 nm wavelangih) and the GPC spectra were recorded at 1 mgiml elution flow rate. To
prepare polymer thin films (0.03 o 0.04 mm thickness), 100 pL of 3 50 mgimL polymer solution In THF
was drop-casied and distribuied onto a MenzelGl3ser cover slip (18 mm x 18 mm) and dried on a giass
plate at 60 *C for 24 h.

The use of abbreviations follows the conventions from the ACS Style guide.
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Reagents

Reapgent Supplier Purity
1-Bromobutans ACTOE D%
2-Brome-5-hydroxybenzaldehyds Apoilo

1,2-Dimeathylethylensdiaming Apoiio

Ascorbic acid Rodh >09%
a-Bromotssbutyryl bromide Slgma-Aldrich BE%

Cufg) KnomPrandedl wire, diamatar: 0.4 mm
cul Slgma-Aldrich 239.5%

CuCh Marck Tor synihesls
CuBr: Stem Chemicals | 59%

Di-terr-butyl hydrazine-1,2-dicarboxylais Apoilo

Disobutylaluminum hydride ACTOS 1.2 M In fniuene
Ethyl a-bromolaobutyrate JAK BE%
Formaldehyde Slgma-Aldrich ag 37T% ACS, 10-15%

methanol

Formic acid GIgma-Alonch 9%
[HCT I 2-propanol ALTOS 5 & M
[ H:50, VW G5%

KOH GIgma-Alonch >Ba%

FaP Oy B 7%, annyorous
MBLhyl acTyiate Alla Acsar 90%, 15 ppm

4-methoxy-phenal

Msthyl methacrylats JAK 5o%

Ha: 504 Marck ACS grate, 35.0%
HaCl T.H. Geyer >09%

NaHCOa Flscher Analytical reagent grade
NaOH VWR pelets

HES Alfa Agsar 5o%

HHCI Rodh >09 7% p.a.
N.N-Dimstnylsthylenealaming Apoilo

N.NN'.N" N"-Pantamsthyidietnylenstriamine | Marck Tor synihesls
Platinum(Iv] oxide TCI =B5.0%
Potasslum sodium tartrate tetrahydrate Roth =00%

Pyriding Grissing 50.5%

Sodium methoxids TCl >06%
Thicnylchicrids ACTOS 50.T%
Tristhylamine Fluormchem anhydrous
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Trimathytaiyl lodide Apoiio
Triphanyliphosphing Alfa Agsar 00+ %,
[Tris[2-aminoetyifaming Alfa Agsar CFE)
Solvents

Acstonitrie Fischer analytical grade, ~%9.5%

Anlzols Foth =00%, Tor synmests

CHzClz Sigma-Aldich | ACS grade, =00.0%

CHCh Sigma-Aldrich | p.a. 99.0-99.4%

Cyclohexane | Honeywell ACS grade, =00 5%

Disthyl sther | Sigma-Aldich | =20.6%, contains butylated hydmxyioluene
Efhyl Acstate | Sigma-Aldich | ACS grade, =00 5%

DMF A0S 90_E%, extra dry

DME0 A0S 20.T%

HC1 Merck ACS, fuming =37%

Mathanol VWR ALCS grade

HH: Flscher 2E% In water, sp gr 0.91

THF Honeywell reageni grade, -90% contains 250 ppm

butylated hydroxyiouens

Toluens Gigma-Aldnch | ACS grade, =007
["Water delonizED

Experimental Procedures and Characterization Data

Compounds 5, 1a, 1b, 1¢ were synthestzed acconding to previously published procedures.’
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Scheme $1. Overview of starting materials 13-1d, Inltiators 28-2d, polymethyl acrylates 3a-3d and
polymethyl methacrylates 4a—4d containing diazocing. (X = enogroup)
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Scheme 2. Synthetic route o 1d.
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Initiator Synthesis

{Z}-M.N{11,12-Dihydrodibenzofe,g][1.2]Mazocine-2 3-diyljbls[2-bromo-2-msthylpropanamids)
{2a)

h
Me Me
Br : 2 l'a h:l Br
<y 1O
k
= (-]

In a glovebox, 3 microwave vial was charged with compound 1a (412 mg, 1.73 mmol), THF {17 mL) and
TEA {1.20 mL, 8.55 mmal), sealed and transfermed out of the glovebox. After cooling to 0 "C, 3 soution
of BIEB (1.00 mL, 4.32 mmol} I THF {17 mL) was prepared In the glovesoy, transfemad Info a syringe
and out of the glovebox and added dropwise o the reaction mixture over the cowse of 20 min. Then,
the reaction midure was warmed siowly to 20 "C and stimed for 24 h. The reaction mixiure was diuted
with ethyl acatate {50 mL), quenched with ag. HCI (10 mL, 0.1 M), washed with saturated aq. NaHC0,
{30 mL}, brine {30 mL) and drizd over Na:S0. After filtration, the organic phase was concentrated under
reduced pressure and the crude residue was purified by siica gel column chromatograghy [applied
gramiant from cyclohexane fo cyciohexaneiethyl acetate B0/20) to fumish the product 2a (TE1 mg.
1.42 mmal, 82%) as a yellow solid.

1H NMR [S00 MHz, CDCh): § = 8.37 (5, 2H, H-hl, 7.32 — 7.27 [m, 4H, H-a, H-c), £.B5 d, J = B.3 Hz, 2H,
H-d), 2.15 — 2.62 {m, 4H, H-g), 2.00 (5. 12H, H-K) ppm.

1H NMR [E00 MHz, CD;CN): 5 = 3.42 {5, 2H), 7.35 [dd, J = .6, 2.2 Hz, 4H), £.83 — 6.73 {m, 2H], 2.97
— 265 {m, 4H), 1.95 {5, 12H) ppm.

TC[H} MMR {128 MHz, CDCly): & = 170.1 {C4), 152.3 [C-2), 136.4 (C-b), 120.2 (T, 120.7 (C-a).
120.2 {C-d), 118.3 {Cck 63.1 [C}. 32.5 {C-k), 31.9 [C-g) ppm.

HRME [EI} muz for CzHa™Br:N«0: [M]*: caled 534 02660, found: 534.02609 {10); 41 (100,

IR (ATR]: 7= 3215 (w), 2021 (w). 1735 {m), 1663 (s}, 1584 (5), 1525 (5). 1483 {m), 1414 {m}, 1234 [m]},
11DE [s), 1007 {w}, 318 (m], 820 (5), TE2 {w) e~

mp: 170 *C [decomp.).

Re 0.42 {cyclohexanaiethyl acetate = 67/23)

{Z1-4.4{11,12-Dihydrodibenzofe,g][1.2]Mazocins-3,8-diyljbls[2-bromo-2-msthylpropanamide)
{zn)

9 a
[¥] fal [¥]
Me N N i he
Bl =TT e

In a glovebax, 3 microwave vial was charged with compound 1b (238 mg, 1.00 mmol), THF {10 mL) and
TEA [7D0 L. 5.00 mmal), sealed and transfemed cut of the glovebox. After cooling to 0 *C, a soution
of BISE {300 pL, 2.50 mmol) In THF (10 mL) was prepared In the glovebox, fransfemed Into a syringe

and out of the glovebox and added dropwise to the reaction mixiure over the course of 30 min. Then,
the reaction mixture was wamed siowly fo 20 "C and stimed for 24 h. The reaction mixture was diluted
with ethyl acetate (S0 mL}. quenched with ag HCI {10 mL, 0.1 M), washed with satwated aq NaHCO,
{30 mL), brine (30 mL} and driad over Na;S0,. Afterfilration, the crganic phase was concentraied under
reduced pressure and the crude resldue was purified by silica gel column chromatograghy (applled
gradient from cyciohexane fo cyciohexanefethyl acetate 50020} to furnish the product 2b (450 mg,
840 pmiod, B4%) a5 3 yellow solid.

*H NMR {500 MHz, CDCL): 5 = B.39 (5, 2H, H-h), 7.26 {dd, J = B.3, 2.3 Hz, 2H, H-b), 7.09 [d, J = 2.3
Hz, ZH, H-d), 6.57 [d, J = 8.3 Hz, 2H, H-a), 3.01 — 2.68 {m, 4H, H-g}. 2.01 {d, J = 1.1 Hz, 12H, H-k} ppm.

H NMR [E00 MHz, CD,CH): & = 8.47 {5, 2H]), 7.22 (od, J = £.3, 2.1 Hz, 2H), 7.19 [d, J = 2.1 Hz, 2H),
7.03 (¢, J= 8.3 Hz, 2H), 2.90 — 2.74 (m, 4H}, 1.96 [s, 12H) ppm.

BC{H} NMR {126 MHz, CDCh): § = 170.1 {C-1), 155.6 [C-2), 136.2 {C-c), 130.5 [C-a), 124.6 (C4).
118.6 (C-b), 110.3 (C-d), 62.0 [C-}. 32.7 [C-&). 32.6 (C-k), 31.4 (C-g) pom.

HRMS [EN) miz for CzHa™Br:NaDz [M]': calcd 534 2660, found: 53402605 (10); 41 {100}

IR (ATR]: 7= 3320 {w), 2031 {w), 1734 {w), 1654 (g}, 1593 (s}, 1515 {5}, 1496 {5}, 1236 {5}, 1201 {m},
1245 {mj), 1158 {m), 1112 {5}, 348 {w), B35 (m), 528 (5), 314 {5 e~

mp: 170 *C {decomp.).
R 0.45 (cyclohexanelethyl acetate = £7/33)

{ZH11.12-Dinydrodibenzofc.g][1.2]diazocing-2,5-dlyljblsjmathylens) bis{2-bromo-2-mathylpro-
pangats) [2c)

In a glovebox, 3 microwave vial was charged with compound 1e (268 mg, 1.00 mmol), THF {10 mL} and
TEA (630 pL, 4.98 mmol), sealed and transfemed out of the giovebox. After cooling to 0 *C, a solution
of BIEB (310 pL, 2.51 mmed) In THF {12 mL) was pregared In the giovebox, fransfemed Into a syringe
and out of the glovebox and added dropwise to the reaction mixiure over the course of 30 min. Then,
the reaction mixture was wamed siowly fo 20 "C and stimed for 24 h. The reaction mixture was diluted
with ethyl acetate (40 mL), guenched with saturated ag MHLCI {10 mL), washed with saturated ag
MaHCO: (10mL), brine (30 mL) and dried over Ma:SOu4. After firation, the organk phase was
concentraled under reduced pressure and the crude residue was purified by slica gel column
ehmmatography [applied gradient from cyciohexane i cyclohexaneiethyl acetate £0/20) to fumish the
prosduct 2¢ {530 myg, 220 pmal, 32% ) 35 3 yellow solid.

H NMR [500 MHz, CDCh): 5= 7.15 {dd, J = 8.0, 1.7 Hz, 2H, H-c), .99 [d, J = 1.7 Hz, 2H, H-a), 6.88
{d, J = 3.0 Hz, 2H, H-d), 5.07 5, 4H, H-h), 3.06 — 2.71 [m, £H, H-g}, 1.91 [5, 12H, Hk) ppm.

H NMR [E00 MHz, CD,CH): & = 7.21 {dd, J = B.0, 1.4 Hz, 2H), 7.08 {5, 2H), 6.57 [d, J = £.1 Hz, 2H),
5.06 (5, 4H), 2.9 — 2.76 [m, 4H), 1.89 {5, 12H} ppm.

BC{H} NMR {126 MHz, CDCL): § = 171.5 (C-l), 155.4 (C-2), 134.4 [C-D), 120.3 (C-a), 12B.4 (C4).
126.5 (G-}, 110.4 [C-d), 65.9 {C-h), 55.7 (C-g). 31.8 [Ck), 30.5 (C&) ppem.
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HRMS [ESI) m/z for CasHzr ™ BirzMz04 [M+H]": calcd 56503321, found: 565.03283.

IR [ATR): 7= 2034 {w), 1732 (5), 1518 {w), 1451 {m), 1373 {m), 1272 (5}, 1165 {5}, 1140 (5], 1114 [m}.
102 {m}, 1005 {m), 952 {m), 357 {m), 525 {m}, TE3 {w). £35 (w) cm".

mp: 104 °C.

Re 0.53 {cyclohexanaiethyl acetate = B02T)

2-Bromo-5-buioxybenzaldehyde (&)

K ]
uew_.L\ﬁ,_ut‘f 3 _CHO
I

Br

2-Bromobenzaldehyde (2.451 g, 50.00 mmod), K0, (9.574 g, T0.00 mmoi), DMF (70 mL) and butyl
bromids {5,755 g, 42.00 mmal) werz addad to 3 roung-botiomed flask. The reaction mixture was stimed
at B0 "C for 12 h before It was concentrated under reduced pressure. Water (30 mL) and diethyl ether
{100 mL} was added and the mixture was washed with aq NaDH (2% 30 mL, 1 M) and dried over
Ma:zS04. After filration, the organic phase was concentrated under reduced pressure and the residue
was dried In vacuum to fumish the product € (9.54 myg, 34.4 mmal, $8% ) as a yellow ol

H NMR [E01 MHZ, CDCh): § = 10.30 {5, 1H, H-g). 7.51 (d, J = 3.3 Hz, 1H, H-c}, 7.40 {d, J = 3.2 Hz,
1H, H-7), 7.02 {dd, J = B.8, 3.2 Hz, 1H, H-), 3.99 {1, J= 6.5 Hz, 2H, H-h), 1.77 (dt, J = 14.3, 6.5 Hz, 2H,
HH), 1.52 — 1.44 {m, 2H, H4). 0.7 {t, J = 7.4 Hz, 3H, H-k) ppm.

TC[H} NMR [151 MHZ, CDCh): § = 132.0 (C-gl, 158.0 [C-a), 134.6 {C-c). 134.0 {C-g), 123.6 (C-d).
117.8 {C-b). 113.5 {C). BE.4 [C-h), 31.2 {CH). 19.3 {C), 13.9 {C-k) ppm.

HRMS [EI} muz for CiiHi™8r0z [M]*: calcd 256.00989, found: 255.00363 (10) 41 (100}

IR [ATR): 7= 2957 [w), 2933 (w), 2871 (w), 1691 [5), 1591 {m), 1567 (w), 1464 (5}, 1365 [5), 1310 {5},
1273 (s}, 1229 [5), 1165 {5), 1108 (m), 1068 (w), 1006 {w), 037 {w), 867 (w), B21 (m), 754 {m), 650
{w)em.

Ry 0,76 (cycliohexana/ethyl acetale = 50,20)

Mathyl [Z}-4-bromo-3-{2-bromo-5-butoxyetyryljbenzoats (7)

A dry, niirogen flushed two-necked Schienk-flask equipped with a magnetic stimng bar and a septum

was charged with methyl 4-bromo-3-{bromomethyljbenzoate [compound 5, 9.24 g, 20.00 mmol), PPho
{7.57 g, 30.00 mmol) and DMF {30 mL). The reaction mixture was stimed at 20 °C for 20 h under 3

57

nitrogen atmosphers before the solld residue washed with toluene (30 mL), cyciohexane (30 mL) and
concentrated under reducad pressure.

A dry, nitrogen flushed two-necked Schienk-flask equipped with 3 magnetic stiming bar and 3 sepium
was charged with the crude produet and THF (150 mL). The reaction midure was cooled to D "C before
MaOMe [2.43 g, 45.00 mmol) was added and stimed at 0 "C for 30 min. Then, the reaction mixtiure was
freated with compound € (7.31 g. 25.42 mmol), allowed o warm fo 20 *C and stired for 21 h. The
reaction mixture was quenched with waler (100 mL), extracted with ethyl acetate {2 x S0 mL), washed
with brine (20 mL} and dried over Na S0, After filration, the organic phase was concenirated under
reducad pressume.

Mathanal {40 mL), concd HZS0, (1.2 mL, 21.6 mmol, 18 M) and the organic residue were added
saquentially o a round-botivmad flask equipped with 3 refux condenser. The rEaction mixure was
stimed at £5 °C for 12 h. After copiing i 20 "C, the reaction mixture was quenched with saturated ag
MaHCO: (30 mi), extracted with eihyl acetate (3 x 30 mL), washed with bane {30 mL) and dried over
Ma3:204. After fifration, the organic phase was concentrated under reduced pressure and the crude
residue was purified by sllica gel column chromatography [cyciohexaneiethyl acstate 80/10) to famish
the product 7 a& a colorless solld [8.96 g, 19.1 mmal, £4% ). Adapted from It"

H NMR [£01 MHz, CDCh]: & = 7.73 — 7.68 {m, 2H, H-h, H), 7.67 — 7.52 {m, 1H, H-k), 7.42 [d, J = B8
Hz, 1H, Hcl, .84 {d, J = 11.9 Hz, 1H, H-m), 6.74 [d, J = 11.9 Hz, 1H, H-n}, 6.62 (g, J = B.B, 3.0 Hz,
1H, H-d}, 5.46 [d, J = 3.0 Hz, 1H, H-1), 3.79 {5, 3H, H-4), 3.55 [, J = 5.5 Hz, 2H, H-0), 1.56 — 1.50 [m,
2H, H-pl. 136 — 1.25 {m, 2H, H-q), 0.B5 {t, J = 7.4 Hz, 3H, H+) ppm.

BC{H} NMR [151 MHz, CDCh): & = 165.2 {C-5), 158.0 (C-e), 137.7 (C-}, 137.0 (C-a), 133.4 (C-¢).
132.0 {C-k}, 132.3 (C-m}, 132.0 (C-h}, 130.0 (C-k), 129.5 (C), 129.4 (C4). 120.3 (C-g}. 116.8 [C-d).
115.3 (C), 114.4 [C-b), £7.9 {C-0), 52.3 (C-t}, 21.0 [C-p). 19.1 {C-g). 13.B (C) ppm.

HRMS (EI) miz for CaxHx™Brz0x [M]' caled 465.97792, found: 45597758 (10); 252 {100).

IR [ATR): = 2955 [w), 2671 (w), 1722 (). 1590 {m]), 1564 {m}, 1456 [m}, 1435 [m), 1289 (5), 1235 (5).
1181 {m}, 1105 (5), 1025 {s). 513 {m}, 753 (&), 675 (w) cmr.

mp: 55 °C.

R 0.68 (cyclohexanelethyl acetate = £0/20)

5,6-Di-ert-butyl 2-methyl 3-butoxy-11,12-dihydrodibenzofe.gl[1.2]diazocine-2,5,6-tricarboxylate
&)

mwnjéimﬂe

M—N
W
Mo e e
M Me
Compound 7 (12122 g. 25.69 mmal), ethyl acetate (400 mL) and methanol {100 mL) were added

saquentially i a round-oottomed Nlask and purged with nitrogen for 5 min. Platinum{V) oxde (204 mg,
1.20 mmol) was added and the reaction mixiure was purged with hydrogen for 10 min before stiming

! The "*C{"H} MMR. specirum for compound 8 could not be reported because the signal intensities
were too low and broadened, probably due to sluggish conformational changes.
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under a hydrogen atmosphere (1 atm) at20 "C for 24 h. The reaction mixture was filtered throwgh a pad
of celite mmmlnmrﬁmumm pressura.

The cruge product was transfemad fo a pressure vial, to which was added di-bert-butyl hydrazine-1,2-
dicarboxylate {5.00 g, 25.69 mmaof), Cul {£.93 g, 25,89 mmol), KaPCu4 [16.45 g, 77.67 mmaoi). The vial
was transfermed Into a glovebox before acetonitrle (125 mL) and 1.2-dimethylethylenediamine (S50 L,
5.72 mmaol) were added. The vial was sealed, fransfermed out of the giovebox and stimed at B2 *C for
40 h. After cooling to 20 *C, the reaction mixure was guenched with water {50 mL), washed with ag MH,
{50 mL), extracted with CHCIy (3 x 50 mL), washed with bring (S0 mL) and dried over Na;50. After
filtration, the organic phase was concentrated under reduced pressure and ihe cude resiiue was
purified by slica gel column chromatography (applied gradient from cyclohexane to cyciohexaneethyl
acetate = B0/20) o fumnish product & (€.321 g, 11.68 mmod, 45%) a5 a coloress soild. Adaptad from IIt!

H NMR {E01 MHZ, CDCh): & = 8.05 — 7.35 {m, £H), 6.86 — .55 {m, 2H), 4.09 — 3.7 {m, 5H), 2.25 —
2,67 {m, 4H), 1.85 — 1.71 [m, 2H), 1.65 — 1.26 {m, 20H}, 1.07 — 024 {m, 3H) ppm.

HRMS [EI} mz for CxHaoMo0; [M]: caled 540.23355, found: 54028382 (10); 57 {100).

IR (ATR): 7= 2070 (w), 1717 (5}, 1605 (w). 1501 {w), 1435 {w), 1367 {m}, 1288 {m}, 1246 {m}, 1151 {s}.
1102 {m}, 1005 {w), B0E (w), 350 [w), 764 [m) cm.

mp: 84 °C.

Ry, 0.56 (cyciohexanafethyl acetale = 50,20)

Mathyl [Z}-5-butoxy-11,12-gihydrodibenzofe.g][1.2]dlazocine-2-carboxylats (3)

B ot
ae‘qij\@t 'm—mn - “.,,'30&"-‘-‘
h dN=NTT

In a glovebox, compound B [2.90 g, 5.37 mmal), CH=CL (30 mL) and timethylsiyl lodide (3.8 mL,
21.45 mmol) were added sequentlally to 3 round-bottomes flask equipped with a magnesic stiming bar.
The reaction mixture was stimed at 20 *C for 10 min before It was treated with tiethylamine (3.7 mL,
21.46 mmol). The lask was capped, transfemed out of the glovebox where the reaction mixiure was
quenched by dropwise addition of water {25 mL), extracied with ethyl acetate (3 x 30 mL), washed with
brine (30 mL) and dried over Na:S0« After fitration, the organic phase was concentrated wnder reduced
pressure. The resulting residue, CH:Cl: [50mL) and pyrding (500 pL, 6.4 mmol) were asded
sequentially to @ round-botivmad flask. MBS (1.146 g, 6.44 mmol) was added portion wise over the
course of 2 min under stiming and the reaction mixbure was stred at 20 °C for 30 min. The reaction
mixture was concentrated under reguced pressue and e residue was purified by slica gel coiumn

chromatography (applied gradient from cyciohaxane fo cyciohexaneicthyl acetate = BOZ0) to fumish
product 8 {1.07 g, 3.17 mmol, 50%) a5 3 yellow sodd. Adaptad from Bt

H NMR (E01 MHz, CDCL): 5 = 7.79 (i, J = 8.2, 1.7 Hz, 1H, Hck 7.71 {d, J = 1.7 Hz, 1H, H-a), .85
{d, J = 8.2 Hz, 1H, H-d), 6.81 [t J = 8.5 Hz, 1H, H-h), 5.55 jod, J = 8.6, 2.6 Hz, 1H, H4), 6.45 (d, J = 2.6
Hz, 1H, H-k], 3.85 {5, 3H, H-1), 3.83 |t J = 6.5 Hz, 2H, H-0}, 2.09 — 2.63 {m, 4H, H-m, H-n), 1.71 - 1.65
{m, 2H, H-p), 1.45 — 1.39 {m, 2H, H-g), 0.93 (L, J = 7.4 Hz, 3H, H-1) ppm.

BC[H} MMR [151 MHz, CDCL): § = 165.5 (C-6), 159.4 [C-g), 158.2 [C}. 140.0 {C-g}. 131.2 {C-a).
120.0 (CH), 120.0 (C-7), 128.7 {C-b), 128.3 {C-g}, 120.2 (C-h), 118.9 [C-d), 115.5 [Tk}, 112.7 (C-), 678
{C-0), 52.3 (G-}, 32.3 [C-m), 31.4 [C-n), 31.3 {C-p), 19.3 (C-g}. 14.0 [C+) ppm.

HRMS (EI} miz for CaxHzM=0s [M]": caled 33816304, found: 338.15175 {40) 254 (100}

IR [ATR): #= 2947 (), 2067 [w], 1716 [5), 1599 (w), 1465 {w), 1421 {m), 1282 (5], 1263 {m), 1235 {m),
1128 {m}, 1116 (m), 1025 {w}, 350 {w). E17 (w), TE2 (5], 550 (w) cm'.

mp: 50 "C.

Ry 0.59 (cyclohexanelethyl acetate = £0/20)

{ZH3-Butoxy-11,12-dihydredibenzole. g][1,2}diazocin-2-ylimethanol (1d)

g Mmonog g

r
B
MEWG ! ! b OH
qg © t
1 9°N=N

A dry, nitrogen flushed two-necked Schienk-flask equipped with 3 magnetic stiming bar and 3 sepium
was charged with compound 9 (100 mg, 300 ymal] and anhydrous THF {5 mi). The reaction mixture
was cooled to 0 "C and discoutylzluminum hydride (1.0 mL, 1.20 mmol, 1.2 M In toliene) was added
drogwise (3 mLimin} under stiming. After completion of the addition, the reaction mixwe was warmed
fo 20 "C and stimed at 20 *C for 1 h. The reaction mixture was quenched by adding ag Rochelle salt
{50 mL, 0.2 M) and stiming at 20 “C for 1 h, followed by an extraction with ethyl acetate (3 x 20 mL). The
organic phase was washed with brine (20 mL) and dried over Na:S0. After filiration, the organic phase
was concentrated under reducad pressure and to the residue was added methanol (30 mL), NaOH
{120 myg, 3 mmal) and CuCk (3 mg, 20 pmod). The reaction mixture was stimed while air was bubbled
throuwgh the solwtion at 20 C for 30 min. The reaction mixture was quenched with saturated ag NHLCI
{20 mL) and water {20 mL), followed by an extraction with CHCE (3 X 20 mL). The organk: phase was
washed with bring {20 mL) and dried over NazS0u. After fiitration, the organic phase was concentrated
under reduced pressure and the crude residue was purified by slica gel column chromatography
{applled gradient from cyciohexane fo cycohexaneiethyl acetate TIVED) fo fumish the product 1d
{E0.0 mg, 120 wmol, £4%) 3t 3 yellow solid. Adapted from (I

H NMR [£01 MHz, CDCh]: & = 7.03 {dd, J = 8.0, 1.3 Hz, 1H, H-¢c), 7.00 — 6.97 {m, 1H, H-a}, 5.7% [d, J
= 8.6 Hz, 1H, H-h), 6.78 [d, J= B0 Hz, 1H, H-d), 5.54 (0d, J= .6, 2.6 Hz, 1H, H4), 6.48 {d, J = 2.6 Hz,
1H, H-K), 4.53 {5, 2H, H-5), 3.82 {t, J = £.5 Hz, 2H, H-0), 2.05 — 2.55 {m, 4H, H-m, H-n), 210 {5, 1H, H-
th 1.72 — 1.64 [m, 2H, H-p}. 1.45 — 1.30 {m, 2H, H-q), 0.93 L, J = 7.4 Hz, 3H, H+) ppm.

BC{'H} NMR (151 MHZ, CDCh: § = 153.0 (G, 154.8 [C-2), 14B.8{C-g), 130.7 {C), 120.5 (C-1), 128.5
{C-b), 128.1 {C-a), 125.3 {C-c}, 121.0 (C-h), 119.4 (C-g), 115.2 {C&), 112.5 [}, 67.8 (C-0). 64.7 [C-
£}, 32.3 [C-min), 31.7 [C-mun).? 21.4 {C-p), 19.3 (C-g). 12.9 [C-r} ppm.

HRMS (EI} mvz for CrsHzM=0z [M]*: caled 310.16813, found: 31016741 (40} 195 (100}
IR [ATR): ¥= 3410 (W}, 2940 {w), 2925 {w), 2366 (W], 2360 {w]}, 1715 (W), 1605 (), 1570 {w], 1508 {w),
1465 (m), 1369 (w), 1281 (m), 1254 {5}, 1171 {w), 1108 {m), 1021 {m), 890 {w), B15 (m), 796 (5}, T45
{m) em.

mp: 7B "C.

Re 0.29 (cyclohexanelethyl acetate = E7/33)4

2 not resolvable due to close wicinity In chemical shifts
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{ZH3-Butoxy-11,12-dihydrodibenzo[c.g)[1,.2]diazocin-2-y)methyl 2-bromo-2-methylpropanoats
{2q)

o
v mn
Me t (w] t| I'EDD g Me
Wm" -
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In a glovebax, a microwave vial was charged with compound 1d (273 mg, 830 pmol), THF {3 mL) and
TEA {1.20 mL, 8.55 mmal), sealed and transfermed out of the glovebox. After cooling to 0 "C, 3 soution
of BISE (220 pL, 1.76 mmoi) In THF {3 mL) was prepared in the glovebox, transfemed Info a syringe and
out of the glovebox and added dropwise to the reaction midure over the course of 30 min. Then, the
reaction mixture was warmed slowly io 20 "C and stimed for 24 h. The reaction micure was diuted with
ethyl acetate (50 mL), quenched with ag MH«CI {10 mL), washed wiih satwated ag NaHCO: (30 mL),
brine (30 mL) and dried over Na:S0« After fitration, the organic phase was concentrated under reduced
pressure and the crude residue was purified by sliica gel column chromatography (applied gradient from
cyciohexane to cyclohexane/ethyl acatate 30720} to furnish the product 2d (228 myg, 400 pmol, 45%) a5
an orange solid.

H NMR (E01 MHz, CDCL): § = 7.15 (dd, J = 8.1, 1.7 Hz, 1H, Hcl 7.01 {d, J = 1.7 Hz, 1H, H-a), .83
{d, J = 8.1 Hz, 1H, H-d), 6.81 (&, J = 8.5 Hz, 1H, H-h), 5.56 {od, J = 8.6, 2.6 Hz, 1H, H4), 6.49 {d, J= 2.6
Hz, 1H, H-K), 5.08 {5, 2H, H-0), 3.84 [t, J = 6.5 Hz, 2H, H-5}, .89 — 2.50 {m, £H, H-m, H-n), 1.21 [5, 5H,
H), 1.72 — 1.65 {m, 2H, H-4), 1.4 — 1.30 [m, 2H, H-u), 0.24 [1, J = 7.4 Hz, 3H, H-v) ppm.

1H NMR [E00 MHzZ, CD;CN): § = 7.1 {d, J = 8.0 Hz, 1H), 7.10 {5, 1H),5.81 {d, J= 8.0 Hz, 1H), 6.78 [d.
J= 8.6 Hz, 1H), 5.70 {dd, J = B.E, 2.6 Hz, 1H), 5.58 (1, J = 2.5 Hz, 1H), 5.07 (5, 2H), 3.85 |t J = 6.5 Hz,
2H}, 3.00 — 2.54 {m, 4H), 1.39 (s, 6H), 1.56 (g1, J = 14.4, 5.5 Hz, 2H), 1.45 — 1.37 {m, 2H), 0.92 [t J =
7.4 Hz, 3H) ppm.

TC[H} MMR [151 MHz, CDCL): § = 171.5 (C-p). 158.0 (C4). 155.5 (C-2), 140.0 {C-g). 134.2 {C-b),
120.4 [C), 129.2 {C-a), 128.8 {C), 126.4 {C-g}, 121.1 [C-h), 119.4 [C-), 115.3 [C&), 112.6 {C-), 670
{C-s}, 67.0 {C-0). 55.7 {C-g), 32.3 [C-min), 31.7 (C-min).? 31.4 {C-t), 308 {C-r), 1.2 [C-u), 14.0 [C-
¥) ppmL

HRMS [EI} mz for CzHz™BrN=02 [M]" caled 45812051, found: 458.12021 {10} 209 (100}

IR (ATR): 7= 2357 (w), 2672 (w], 1735 (5], 1599 {w), 1460 {m), 1383 {w). 1272 {m), 1242 {m), 1152 {s}.
1108 fs). 1010 {w), B21 {w]. E25 (m), 804 [m) cm.

mp: 45 °C.

Re 0,47 {cyclohexanaiethyl acetate = S020)

3 nod resoivabie due to close vicinity In chemical shifts

s

Triz[2-{dimsthylamino)ethyljamine [10)*

c
HMe;,

a_ g
MM~ e My

Tris{2-aminoethylamine [TREM) was dissoived In dry methanol (150 mL). Then, hydrochloric acid In 2-
proganol (21.0 mL, 5-6 M) was added over the cowrse of 25 min using 3 syrnge pump. The reaction
mixture was stimed for 1 h at 24 "C, before the precipitate was filered and washesd with methanod (2 x
100 mL). The solvent was removed under vacuum and the siightty belge TREN-hydrochioride salt was
dried [yleid: €.64 g} This Intermediate [5.84 g) was added to a mixbure of water {12.0 mL), fumic acld
{5E.0 mL, 1.40 moi} and fumaldehyde solution (55.0 mL) and were heated to 120 °C for € h. The
residue was obiained by removing the volatle component via rotary evaporation and agueous solution
ofMaCH [5 M, 100 mL) was addes unill compiete dissolution was achleved. Solld KOH (S0.0 g, 300 pod)
was slowly agded untll the solution had a pH value of 14. The aqueous phase was extracted with ethyl
acetate {5 x 75 mL). The combined organic phases were dried over solld KOH and the solvent was
removed under vacuum, followed by fractioning vacuum distiiation (52 *C, 5.7 x 10 mbar) under a
nitrogen atmosphere to fumish product 10 (5.96 g, 30.2 mmol, 33%, Lit-? 21%) as a coloress oll.

*H NMR [S00 MHz, CDCh]: &= 2.50 — 2.18 {m, 12 H, H-a, H-b}, 2.08 {m, 18 H, H-c) ppm.
BC{'H} MMR {126 MHz, CDCly): § = 57.3 (C-b), 52.0 [C-a), 45.8 [C-c) ppm.

IR [ATR): ¥ = 2940 [m), 2650 (w), 2814 (m), 2762 (5}, 1455 {5}, 1253 (w), 1153 (5], 1122 {m), 1030
s} emr'.

4 Az the molecule fragments during the mass measurement, the [M*] could not e measured.
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Polymerization Procedures

To conduct the polymerization with CiD), copper wire was wrapped around a stiming bar, cieansd
with concentrated HCI {12 M) for 10 min, rinsed with water and acetone and transfemed Info the
giovebax. The stiming bar was added to the reaction midure to start the polymertzation. To Imadiate the
reaction vial with Bght during the reaction, the LED ght sourcs was switchad on Just before the stiming
bar was added. A solution of CuBr: In DMS0 (57 mgi3 mL, 0.1 M) was prepared in the glovebox.

Typical procedure (TPT) for the poiymerization of methy! acrylate 33-3d with inMiators 2a-2d

Meihyl acrylate (1.72g. 20.0mmol, 1000 equlv), Inflaiors  28-2d  {20.0 pmoli4D.0 pmod,
1.00 equivi2. 00 equiv), and DMS0 [1.3 mL) were added to 3 microwave vial and dagassed by purging
with argon for 10 min. The sealed vial was transfenzd Into a glovebox, opened and AA (35 mg,
22.2 ymol, 50 equiv), CuBrz solution In DMS0 (40.0 pL, 4.00 pmol, 0.1 M, 0.2 equiv) and MesTREN (10,
5.40 pL, 24.0 pmod, 1.2 equiv) were added within 20 5. The vial was sealed, transfemed out of the
glovebax and stired at 20 “C for 2 h. Sampies were taken periodically and conversions were measured
using 'H MMR spectroscopy. Then, the vial was openad and the reaction mixture was precipiiated
dropwise In stiming mathanol (25 mL). The resuling solld was collecied, redissoived In THF (2.5 mL)
and re-precipiiated In methanol {25 mL) taice before the solld reskiue 3a-3d was dried In vacuum
{50 "C, 48 h).

The reaction was performed according to the typlcal procedure (TP1) using the reagent 2a (10.7 mg.
20.0 ymol), leading to the comesponding product 3a {244 myg, 14%) a5 3 yellow solid,

The reaction was performed accomiing to the typical procedure (TP} using the reagent 2b (10.7 mg.
20.0 pmol), leading to the comesponding product 3t (401 mg, 23%) as a yellow sold.

The reaction was performed according to the typlcal procedure (TP1) using the reagent 2¢ (11.3 mg,
20.0 pmol), leading to the comespanding product 3¢ {395 myg, 23%) a5 3 yellow solid,

The reaction was performed accoriing to the typical procedure (TP} using the reagent 2d (18.7 mg.
4D.0 pmol), leading to the comesponding product 3d (325 mg, 19%) a5 a yellow sold.

b
H coMe
a

H NMR [E00 MHZ, CDCh): & = 3.62 (5, 3H, H-¢), 2.27 {5, 1H, H-D), 1.96 — 1.37 {m, 2H, H-a) ppm.

Typical procedure (TP2) for the polymerization of methy! methacryiate 4a—4d with Initiators 2a-2d

Meihyl methacrylate [2.00 g, 20.0 mmol, 1000 equiv), nifators 23-2d {20.0 pmoli4D.0 pmod,
1.00 equivi2. 00 equiv), and anisole (2.2 mL) wers addad to a micrewave vial and degassad by purging
with argon for 10 min. The sealed vial was transfemed Into the glovebox, opened and AA (3.5 mg,
20 pmod, 1 equiv), CuBr: solution In DMS0 (2000 pL, 2.00 pmol, 0.1 M, 0.1 equiv) and PMDETA
{420 pL, 53.0 pmoi, 1 equiv) were added within 20 5. The vial was sealed, transfermed out of the
glovebax and stimed at 90 *C for the given tme. Sampies were taken periodically and conversions were
measured using 'H NMR spectroscopy. Then, the vial was opened and fo the reaction mixture was
added THF (2.5 mL) and precipitated dropwise In stiming methanol (25 mL). The resuling solld was
collectad, redissolved In THF {5 mL) and re-precipitated In methanol (25 mL) twice before the solld
residue 43-4d was dried In vacuum (50 "C, 48 h).
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The reaction was perfonmed acconding fo the typleal procedure (TP2) with the reagent 2a (10.7 mg,
20.0 pmoil, leading to the comesponding product 43 (985 myg, 49%) 3 3 yellow solid.

The reaction was pesformed according to the typleal procedure (TP2) with using the reagent 2b
{10.7 mg, 20.0 pmol}, leading to the comesponding product 4b (1.104 g, 55%) as a yellow soild.

The reaciion was perfmed according fo ihe fypeal procedure (TPZ) wiih 3using the reagent 2e
{11.2 mg, 20.0 pmol), leading to the comesponding product 4e {1.274 g, 53%) 35 a yellow solld.
The reaction was performed accomding to the typical procedure (TPZ) with 3using the reagent 2d
{1E.7 mg, 40.0 pmol}, leading to the comesponding product 4d (1.219 g, 51%) as a yellow soild.

1] 5
Me COMe

H NMR [E00 MHz, CDCh]: & = 2.55 {5, 3H, H-¢), 2.07 — 1.32 [m, 2H, H-a}, 1.25 — 072 [m, 3H, H-
b} ppem.

For the synthesks of the poiymethyl methacrylate negative conbrol, the reaction was performed according
fo the typical procedure [TP2) with 3 h of reaction tme using ethyl o-bromoiscbutyrate (EEIB) (5.9 pL,
40.0 pmod} 35 Inltiator, after which 100 pL of the reaction solution was precipitated In methanol (1 mL}
and the solld residue was dissolved In THF (1 mL) for GPC analysls.
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Polymerization Results

The conversion at 3 ceraln reaciion ime was delemined IJ',"H'E' Ir&gm] relations of monomer and
combined monomer/polymer signals of the methyl ester groups In the *H NMR spectrum. The theoretical
dagree of polymerization {DP) and the theoretical molar mass are determined by:

[monomer]
Tinitatoe]

M sheo = Misitinter + P Mo nnomar

DF = coaversicn

Finally, the dispersity £ was calculated from GPC data and is definad as:n:%

L 2.0+
\
|| 1.5 )
5 4 | = fh
= | = I
g | g 1o [
£ 24 | * [
|| | " / \
1] II
L T T T 1 oo T / T T 1
100 104 101 10 T L. 104 101 10 0
M, [Da] M, [Da]
Flgure 51. Molar mass @sirbubons of entry 1 (lef) and entry 2 (nght).
. 2.0
3] " 1.5 fl
- - I
= || = /]
2 1.0+
g | g [
14 ! |W 0.5 ,"I Ny
o "'r = 0. = \
0% '||:l‘ '||:P’ 0% '||I:lT 1ot 1|:l‘ 1|:P’ 10% 107
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Figure 2. Moiar mass dstrioutions of eniry 3 (M) and 4 {ight).
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Figurs 53. Molar mass distibutions of entry 5 {left) and & (right).
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Figurs 54. Molar mass distributions of entry 7 {left) and 8 (- 3a, right).
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Figure &5. Molar mass distributions of entry 9 {left) of Table 1 and 3b [right).
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Flgure $6. Molar mass distributions of entry 3¢ (Ieft) and 3d {ight).
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Flgure $7. Molar mass distribubions of entry 43 (Ieft) and 4b {ight).
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Figure £8. Molar mass distributions of entry 4¢ {left) and 4d {ight).
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Figure 5. Molar mass distioutions (left) and GPC elugrams of entries 3a-3d and 4a—4d (black) In

comparison with a polymethyl methacrylate (PMMA) negative control (red).
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Absomption Maxima, Kinetics and Photostaticnary States of Compounds 2—4

The photostaionary states (PSS) of compounds 23-2d were datermined by 'H NMR spectroscopy
(SmM In MeCN-dy) at 25°C. The NMR tubss were Imadiated with lght at 405 nm and 525 nm
wavelength for 2 min each before the NMR spectra were recorded. Absorplion maxima at wavelengths
b ) @ndl A Z) of compounids 2-4 were detarmined by UV-vis speciroscopy (1 m In THF for 23—
2d, 10 mgmL In THF for 3a—3d and 4a—4d) at 25 "C. The cuvettes were imadiated with light at 405 nm
and 525nm wavelength for 2 min each before the absorphion specia were measured. Themal
relaxation kinetics of compounds 2—4 were monltored by UV-vis spectroscopy (1 mM In THF for 2a-2d,
10 mgémL In THF and as drop-casted thin flms for 3a—-3d and 4a-4d) ai 25 C. Afer the photostationary
state (PS5) at 405 nm was reached, 19 specia were recorded In the dark In 10 min intenvals. The
ADE0TPUONS & Amex(E) were plotted against the reaction tme before the rate constant k and the half-ife
tuz were determined via first-order kinetics. Kinetic measurements for every sample were conducted
three imes to determine the mean and the standard deviation of k and fiz.

Integrated rate law for the fAirst-order reaction from reactant () to product (21 Lnf'-t!Jl;= kt

With Lambert-Beer's law A = [E] for e absorption A at Ame: Inﬁ =kt

First-order reaction hat-Me: ¢, =$

Tahle 51. Z'E ratics of Inftlators 2a—2d at PSS at 405 and 525 nm wavelengths obtained from "H NMR
results

[nifiator | PSS (403 nm) [%] (E) | P55 (325 nm) [%] (2] |
2a [E] =59
Zb EH] =59
FI3 (] =59
2d a7 =59

Table $2. Maximum absorption wawvelengths of the diazocine products 2a-2d, 3a-3d and 4a—-4d
obtained from UV-iis resuits

Diazocine | 28 |20 | 2c |20 |3a |30 |a3c |30 |43 |40 [4c |24
product

AmazE) 435 | 483 | 467 (4591 | 499 | 487 (4592 | 455 | SO0 | 488 | 491 494
| [mm]

405 | 400 |403 |407 |405 | 403 | 405 | 408 | 410 | 401 | 404 407

AemsiZ)
[nm]

s19

Table 3. E—.Z thermal relaxation rate constants k of the dMazocine products 23-2d, 33-3d and 4s—4d
In THF and a& solid fims determined from UV-vis spectoscopy.

Diazocing | 2820 In THF | 3830 In THF | 3830 &8 solld mim | 424d W THF |
product [0 min-] [10* min-] [107* min-%] [0 min-)
a 4 B74+0.435 E.12620.009 4 5660 54 B.57 440 056
b 20840067 7 76820152 0.63920 027 1.567+0.108
[ 7 B2E0.007 3D03:0.098 1.66820 055 30660071
d T0.002=0.017 G ZI5:0.113 TT 7372241 1377020718
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2.0

UW-Vis Specira of Diazocines and Diazocine-Centered Polymers 2—4
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Figure £10. UV-yis spectra of compounds 23 (laft) and 2b (right) after kght imadiation at 405 (red) and
525 nm wavelength (black) In THF.
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Figure £11. UV-yis spectra of compounds 2¢ (laft) and 2d (right) after kght imadiation at 405 (red) and
525 nm wavelength (black) In THF.
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Figure £12. UV-yis spectra of compounds 3a (laft) and 3b (right) after kght imadiation at 405 (red) and
525 nm wavelength (black) In THF.
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Figure 513. UV-yis spectra of compounds 3¢ {Ieft) and 3d {nght) after lght Imadiation at 405 (red) and
525 nm wavelength [biack) In THF.
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Figure 514. UV-yis spectra of compounds 43 {left) and 4b {nght) after lght Imadiation at 405 (red) and
525 nm wavelength [biack) In THF.
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Figure §15. UV-vis specira of compounds 4c {left) and 4d {nght) afer ight Imadiation at 405 [red) and
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Figura $1&. UV-vis specira of compounds 3a (1R and 3b (right) aner kght imadiation at 405 {red] and
525 nm wavelengin {black) as solid fim.
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Figure £17. UV-yis spectra of compounds 3¢ (laft) and 3d (right) after kght imadiation at 405 (red) and
525 nm wavelength (black) as solid Tim.
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Figure £18. UV-yis spectra of compounds 43 [l2ft) and 4b (right) after kght imadiation at 405 (red) and
525 nm wavelength (black) as solid Tim.
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Figure $13. UV-vis specira of compounds 4c {left) and 4d {rght) afer ight Imadiation at 405 [red) and
525 nm wavelangth [biack) as solid fim,
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First-Order Kinetic Plots of Diazocine-Containing Products 2—4
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Figure £20. First-order thermal relaxation kinetic piots of compounds 2a-2d from PSS (405 nm) at
Jera{ E} In THF.
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Figure $21. First-order themmal relaxation kinetic piots of compounds 3a-3d (left) from the PSS
{405 nm) at Amee[E} In THF {left) and as thin ims {right).
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Figure $22. First-order themmal relaxation kinstic piots of compounds 4a—4d (left) from the PSS
{405 N} 3t A () I THF {left) and as thin fims (right).

'H and "*C{'H} NMR Spectra of the Products
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5.6-DiHert-butyl 2-mathyl 3-butoxy-11,12-dihydrodibenzofe.g][1.2]dazocine-2.5.6-tricarboxylats
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{ZHs-Butoxy-11,12-dihydrodibenzofc.g)[1.2]diazocin-2-y)methanol [1d)
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Polymethyl acrylats {3c) Polymethyl methacrylate (4a)
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Polymethyl methacrylate (4c)

Me CO.Me

Palymathyl mathacrylate {4d)

Me CogMe

HNMR Spectra of 2a—2d in the PSS at 405 and 525 nm
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{ZH3-Butoxy-11,12-dihydrodibenzo[c.g)[1.2]diazocin-2-y)methyl 2-bromo-2-methylpropancats
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10640106 10.520.11 10.7:0.06
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Supporting Information
for

Project 3, Part B

- Experimental Data -

General Information about analytical methods, reagents and solvents were adopted from the previous
prjects. 4-Bromo-1-bulens was purchased from Apolo. The pholostationary states (PSS} of
compounds M3 and M4 were determined by 'H MMR spectroscopy (S mM In MeCH-d5) at 25 "C. The
MMR tub=s were Imadiated wih light at 405 nm and 525 nm wavelength for 2 min each before the NMR
specira were recomded. AbsoIpion Maxma at wavelengtie Am(E] and Awx{Z) of compounds M3 and
M4 were determined by UV-vis speciroscopy (S mM In MeCN) at 25 *C. The cuvettes were Imadiated
with light at 405 nm and 525 nm wavelength for 2 min each before the abswption spectra were
measured. Polymer P2a was dissolved In THF {1 mgimL) and the GPC elugrams were recorded at an
elution flow rate of 1 mLimin. The vial was Imadiated wiih Iight at 405 nm or SE5 nm wavelength for 2 min
before the polymer solution was Injacied Into the GPC system.

{ZH5-Butoxy-11,12-dihydredibsnzo]e, g][1. 2}diazocin-2-ylimethyl scrylate (M3)

t a_ o
e pyihd,
|-h-.‘f e

d

In a glovenox, compound 1d from Project B (3.17 mmol), dry DMF {16 mL) and dry TEA (900 pL,
£.35 mmol) were added Into a microwave vial The vial was capped with a crimp cap equipped with a
PTFE septum, transfamed out of the glovebox and cooled down fo 0 "C. Acryloyl chicside (400 pL,
4.76 mmol) was dissolved In dry DMF {5 mL) and added dropwise within 5 min. The mikture was stimed
at0"c for 1 h, then wammed up to 20 "C and stimed for a further 24 h. The solution was diluled and
extracted with ethyl acstats (S0 mL), washed with Hz0 (2 x 15mL), brine {10 mL) and dried over
Ma3:204. After fifration, the organic phase was concentrated under reduced pressure and the crude
residus was purified by silca gel column chromatography (cyckohexaneietnyl acetate T0/30) fo fumish
prosduct M3 as a yellow solid (300 mg, 300 pmol, 28%).

H NMR [E01 MHZ, CDCh): 5= 7.15 {dd, J = 8.1, 1.8 Hz, 1H, H-c), 7.01 [d. J = 1.3 Hz, 1H, H-a), 6.82
{d, J= B0 Hz, 1H, H-d), .82 {d, J = 8.6 Hz, 1H, H-h), .67 [dd, J= B.7, 2.6 Hz, 1H, H4), 5.50 (i, J = 2.6
Hz, 1H, H-), 5.43 [dd, J = 17.3, 1.4 Hz, 1H, H4), 5.14 [dd, J = 17.3, 10.4 Hz, 1H, H-g), 5.85 (od, J =
10.4, 1.4 Hz, 1H, H'), 5.07 (5, 2H, H-0), 2.85 {t. J = 6.5 Hz, 2H, H-s), 3.08 — 2.62 (m, 4H, H-m, H-),
1.74 — 1.66 (M, 2H, H4), 1.44 {h, J = 7.4 Hz, 2H, H-u), 0.94 [t J = 7.4 Hz, 3H, H-v} ppm.

BC{H} NMR [151 MHz, CDCh): 5 = 166.1 (C-p), 158.0 [C-]}. 155.4 [C-g}, 140.0 [C-g). 134.6 [C-b).
131.4 [C), 129.5 (C-a), 129.4 {C), 128.7 (C4), 128.3 {C-q), 126.7 (G-l 121.1 {C-h), 119.5 [C-d),
115.4 [C-K), 112.6 {C), §7.0 {C-6}, B5.8 (C-0), 32.3 (C-mm), 31.7 {C-min}, 31.4 (C-4), 1.3 [C-u), 140
{G-+) ppm.

HRMSE [ESI) mdz Tor CzHzsMz0a [M+H]": calcd 365185597, found: 365.18575.

IR [ATR]: #= 2948 [w), 2670 (w), 1716 (m), 1609 {w), 1577 {w), 1486 [w), 1406 [5), 1307 {m), 1263 {5),
1177 {5}, 1111 {w), 378 (m), 892 [m), 799 {5}, 745 {m}, 638 {w) cmr".

mp: 46 C.

R 0.53 (cyclohexane/lethyl acetate = £0/20)

2-Bromo-5-{but-3-en-1-yloxy)benzaldehyds (b1)
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2-Bromo-E-hydroxybenzaldehyde (2.100 g, 10.45 mmol), KzCOa (2610 g. 26.12 mmal), acetoniile
{40 mL) and £-bromo-1-butene (2.12 mi, 20.89 mmol) were added to 3 round-botiomed fask. The
reaction mibcture was stimed at B0 *C for 12 h before it was concentrated under reduced pressure. Water
{30 mL) and diethyl ather (100 mL) was added and the mixure was washed with 2 MaOH (2 x 30 mL,
1M) and dried over Na:S0,. After fifration, the organic phase was concentrated under reguced
pressure and the residue was dried In vacuum to fumish the product b1 (1.763 g, 6.93 mmol, 66%) as
a coloriess o,

H NMR [E01 MHZ, CDCly): § = 10.30 {5, 1H, H-g). 7.52 (d, J = 8.7 Hz, 1H, H-c}, 7.41 {d, J = 3.2 Hz,
1H, H4), 7.03 (o4, J = 8.8, 3.2 Hz, 1H, H-d), 5.98 [odt, J = 17.0, 10.2, 6.7 Hz, 1H, H), 5.17 (dg. J =
17.2, 1.5 Hz, 1H, H-), 5.12 [od, J = 10.3, 1.6 Hz, 1H, H&')L 4.04 [t J = 6.6 Hz, 2H, H), 2.5 [ql, J =
6.7, 1.4 Hz, 2H, H4) ppm.

BCH} MMR [151 MHz, CDCL): § = 191.8 {C-g), 158.7 {C-&), 134.7 {C-c), 134.1 [C-a), 134.0 (T4},
123.7 {C-d). 118.1 {C-b), 117.6 [C-K), 113.5 [C), 57.0 {C-h), 33.5 [C1} ppm.

HRME [EI} MUz for CyyHy, ™50 [M]*: calcd 25390424, found: 253.99402 (51 55 (100).

IR (ATR): 7= 3076 (w), 2571 (w]. 2749 {w), 1590 {s). 1590 (m), 1558 (w), 1454 (5), 1413 {w), 1386 {m]}.
1308 fs), 1271 {g}. 1229 {5), 1165 (5}, 1110 {w}, 1017 (m), 216 (m, BET {m), E22 {m), 745 (m) e~

Re 062 {cyclohexanaiethyl acetate = S0/10)

1-Bromo-2-{bromomethyl)-2-jbut-3-an-1-yloxyjbenzens b2)

K
H
1 ef g8
H"'J“'\K-\-."/\fu Br
¥ ] N
d o Br

A dry, nitrogen fushed Schienk-lask equipped with a magnetic stiming bar and sepia was charged with
b1 (426 mg, 1.67 mmal} and anhydrous meshancl (€ mL). After cooling fo O "C. MaBHas {109 mg,
2.87 mmal) was portionwise over the course of 1 min added and the reaction mibcture was stimed at0 "C
for 2 h. Then, the reaction mixture was allowed to warm siowly fo 20 °C and quenched by dropwise
addition of saturaled ag MHeC1 (30 mL), extracted with ettyl acatats (3 x 20 mL), washed with brine
{30 mL) and dried over Na,S0y. After fiiration, the organic phase was concaniated under reguced
[DTEBSUE.

A dry, nitrogen flushed Schisnk-Nask equipped with 3 magnetic sfiming bar and a septum was charged
with the reskiue, anhydrous CHCI; (2.5 mL) and the flask was cooled to 0 "C prior fo the dropwise
addition of PEry (100 pL, 535 pmaol) over the courss of 30 5. The reaction mixbure was stimed at 0 *C for
2 h. Then, tha reaction mixture was allowed to warm siowly to 20 *C and quenched by dropwise addition
of saturated ag NaHCO: (30 mL), extracted with CHCh (2 x 30 mL), washed with brine (30 mL} and
drled over Na:50. Afler filtration, the organic phase was concentrated under regucad prassure and the
erwde reskdue was purified by siica gel column chromatography (cycichexane/ethyl acetate 50/20) to
fumish the product b2 a5 3 coloriess ol (243 mg, 1.07 mmal, E4% ).

H NMR [E01 MHZ, CDCh): 5= 7.44 {d, J = 3.8 Hz, 1H, H-c), 7.00 {d, J = 3.0 Hz, 1H, H), 6.73 (od, J
= B.8, 3.0 Hz, 1H, H-d), 5.30 {dat, J = 17.0, 10.2, 5.7 Hz, 1H, H{), 5.17 [dg. J = 17.2, 1.6 Hz, 1H, H-k},
5.12 {dg, J= 10.3, 1.2 Hz, 1H, H&), 4.54 (5, 2H, H-g). 3.99 (1, J = 6.7 Hz, 2H, H-h), 2.54 [qt, J = 5.7,
1.4 Hz, 2H, H4) ppm.

BC{H} NMR [151 MHZ, CDCh): § = 158.6 (C-&), 137.8 {C-a), 134.2 {C]. 134.0 [C-c). 117.5 {CK).
117.4 [C), 116.8 [C-d), 114.8 {C-b), 67.7 (C-h), 33.6 (C4), 33.5 (C-g) ppm.

HRMS (EN miz for CreHiZ™Brz0 [M]*: caled 31782549, found: 317.02535 (5K 55 (100}

IR (ATR): #= 3077 (w), 2027 (w). 1641 {w), 1530 (w), 1570 {m), 1465 (s}, 1407 (w), 12E0 (), 1239 (5],
1214 {m}, 1174 {5), 1018 [m]), 368 {m), 17 (m), 303 {m), 711 [m) cm-".

Ri 0.58 (cyckohexaneiethyl acatate - 90/10)
1,2-Bla{2-bromo-5-{but-3-en-1-yloxy)phenyljsthane (b3)

Br :
ggaf an 1 >
Br b

Compound b2 (6.00 g. 18.75 mmaol) and THF {56 mL) were added Into a pre-tried two-necked Schienk
flask. After cooling to-78 *C, n-butyllithium {3.75 mL, 9.37 mmol, .5 M In hexanes) was added dropwise
over ihe course of 20 & under stiming. Afler completion of the addlition and stiming at -73 "C for 5 min,
the reaction mbriure was warmed i 20 "C. The reaction mixture was quenched with water (30 mL),
extracted with CHCh (2 x 30 mL) and washed with baine {30 mL) and dried over NazS0u. After filration,
the organic phase was concentrated under reduced pressure and the crude residue was washed with
hexane (20 mi) and dried under vacuum (0.1 mbar) to fumish the product b3 as a coloress solld
{2.9€ mg, 5.1 mmal, T3%).

H NMR [E01 MHZ, CDCh): 5= 7.41 {d, J = 8.7 Hz, 1H, H-), .73 {d, J = 3.0 Hz, 1H, H-), 6.54 (od, J
= B.7, 3.0 Hz, 1H, H-b), 5.88 {dat, J = 17.0, 10.2, 5.7 Hz, 1H, H{), 5.15 [dg, J = 17.2, 1.6 Hz, 1H, H-k},
5.11 (g, J = 10.3, 1.7 Hz, 1H, H4'), 3.84 {1, J = 6.7 Hz, 2H, H-h), 2.06 (5, 2H, H), 2.51 (gt J= 5.5, 1.2
Hz, 2H, H4) ppm.

BC{H} NMR {151 MHZ, CDCh): &= 155.4 (C-a), 141.6 {C-2), 134.4 (G4}, 133.4 [C-¢), 117.3 [C4), 1170
{C-7), 115.0 {C-g), 114.3 [C-b), £7.5 {C-h), 36.7 (C-g). 33.7 (-1} ppm.

HRMS [EI} miz for CzHa™Brz0z M) calcd 47801431, found: 478.01401 (5); 55 (100

IR [ATR): ¥ = 3080 (w), 2036 {w}, 2912 {w), 2868 [w), 2350 (w), 1357 {w). 1741 {w), 1643 {w), 1587 {w).
1563 [m), 1465 (m), 1388 {w), 1234 {m}, 1248 (5), 1168 {m), 1151 {m), 1113 [m}, 1047 {5}, 1012 {m},
927 [5), 873 5}, B17 [5) cm~".

mp: 56 °C.

R 0.68 (cyclohexanelethyl acetate = 30/10)

Di-tert-butyl 2.3-bis{but-3-an-1-yloxy]-11, 12-dihydrodibenzol e, g][1.2jdlazocine-5,6-dicarboxylate
(b2}
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In a glovebax, compound b3 (1.544 g, 3.22 mmal), d-er-outyl hydrazine-1,2-dicarboxyiate (557 mg,
3.85mmol), Cul [510mg, 3.22mmol), KaPOs (2.05g, .65 mmod), acstoniriie {16 mL) and 1,2
dimethylethylenadiamine (70 L, 650 pmol) were added saquentially to 3 microwave vial The vial was
capped with a crimp cap equipped with a PTFE septum, transfemed out of the glovebox and stimed at
82 "C for 18 h. After cooling o 20 "C, the reaction mixture was guenched with water {50 mL), washed
with aq MH: (60 mL, 25%), extracted with CHCh [3 x 20 mL), washed with brine {30 mL) and drizd over
Ma:zE0u4. After filiration, the organic phase was concentrated under reduced pressure and the crude
residue was purified by sllica gel column chromatography fo fumish the product b (346 mg. 1.54 mmod,
43%) a5 a coloness soild.

H NMR (E00 MHZ, CDCh): & = 7.75 — 7.06 {m, 3H), £.83 — 6.55 {m, 4H), £.00 — 5.34 {m, 2H), 5.25 —
5.09 {m, 4H), 4.00 — 3.83 [m, 4H), 3.08 — 2.70 {m, 4H), 2.61 — 2.48 [m, 4H), 1.53 — 1.31 {m, 20H) ppm.

HRME [EI} mz for CxHaeM=0s [M]*: caled 550.30429, found: 55030386 (S 57 (100}

IR [ATR): 7= 2077 {w), 2930 {w), 1713 {5}, 1604 {5), 1502 [m), 1356 {m), 1305 {m), 1237 (5), 1151 {5}
1040 {m}, 1004 {m}, 313 {m), 354 [m), 754 {m} em-_

Ry, 0.58 (cyciohexana/ethyl acetale = 50,20)

{2)-2.9-Ble[but-3-sn-1-yloxy}-11,12-dIhydrodibenzofe,g][1. 2Mdlazocing (M4)

9 a 1
%G\[ D: Kf ;I/h uh—.ﬁpﬂa.r"]"*:!
H d

In a glovebox, compound bd (1.895 g, 1.18 mmal), CHzCk (12 mL) and trimemyishyl lodide (350 L,
2.37 mmal) were added sequentially to a round-bottomed flask equipped with 3 magnetic stiming bar.
The reaction mixture was stimed at 20 *C for 10 min before It was reated with friethylamine (350 L,
2.37 mmal). The flask was capped, transfermed out of the glovebox where the reaction mixure was
quenched with wates {5 mL), extracted with CHCl; (3 % 5 mL), washed with brine {5 mL) and dried over
Ma:zE04. After filiration, the organic phase was concentrated under reduced pressure. The resulting
regidue, CH=CE {12 mL) and pyridine (120 pL, 1.5 mmol) were agded sequentially to a round-botiomed
flask. NBS (252 myg, 1.42 mmol) was added porfionwise over the courss of 2 min under stiming and the
reaction mixture was stimed at 20 *C for 30 min. The reaction mbrure was concentrated under reguced
pressure and the residue was puriied by sliica gel column chromatography (applied gradient from
pentans to pentaneiethyl acetate = TO/30) fo fumish the product M4 (172 mg, 0.45 mmol, 37%) a5 a red
all.

H NMR (E01 MHz, CDCL): § = 5.79 (d, J = 8.6 Hz, 2H, H-d), 5.57 (o, J = B.7, 2.5 Hz, 2H, H-c), 6.52
{d, J = 2.6 Hz, 2H, H-a), 5.85 (odi, J = 17.0, 10.3, 6.7 Hz, 2H, H{), 5.13 [dg, J = 17.2, 1.6 Hz, 2H, Hk),
5.03 [dg, J = 10.3, 1.1 Hz, 2H, H4'), 3.91 (L, J= 6.7 Hz, 4H, H-h), 2.80 {5, 4H, H-g), 2.4 (gt J = 6.5,
1.2 Hz, 4H, H-) ppm.

L[} MMR {151 MHz, CDCly): & = 157.6 {C-b), 148.1 [C-2), 134.4 [C-]L 120.8 (T, 121.1 (C-d).
117.2 {C4), 1153 [C-a), 112.5 (C-¢), 7.3 {C-h), 33.7 (C4). 32.2 [C-g) ppm.

HRMS [EI} miz for CzHaM=0z [M]": caled 34818378, found: 348.13274 {5); 55 {100).

IR [ATR): = 3075 (w), 2920 [w), 1640 [w), 1600 (5}, 1573 {m), 1459 (m), 1429 {w), 1278 {m), 1233 (5]
1162 {m}, 1104 {m), 1034 {m}, 588 (w]. 213 {m), 796 (m) cm.

R 0.54 (cyclohexanelethyl acetate = £0/20)
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{ZH35-Butoxy-11,12-dihydrodibenzefc.g)[1.2]diazocin-2-y)methyl acrylate (M3)

g
LT LT L CERNE N ¢
i’

“EWUWGL

1) { N
ok O B SRR B RN & A S
Poif i i Wit

)

L MHH ‘
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1-Bromo-2-{bromomethyl)-2-jbut-3-an-1-yloxyjbenzens b2)
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1,2-Bla{2-bromo-5-{but-3-en-1-yloxy)phenyljethane (b3)

%;% LT ECE (L LI LT

Br
M“N
Br

| ‘,L R 1]
EH L

[ [ B [x1 w3 "y i LO ] a5 as 28 ) as LA B [

uonmuiofu] Susoddng

E8T



Di-tert-batyl 2.5-bis[but-3-sn-1-yloxy}-11,12-dihydrodibenzofe,g][1.2]dlazocine-5,6-dicarboxylate
{b)
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{2)-2.9-Bla{but-3-an-1-yloxy}-11,12-dihydrodibenzofe.g][1.2]dlazocine [M4)
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TH NMR Spectra of M3 and M4 in the PS5 at 405 and 525 nm
{ZH3-Butoxy-11,12-dihydrodibenze[c.g)[1.2]diazocin-2-y)methyl acrylate (M3)
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{2)-2.9-Bla{but-3-an-1-yloxy}-11,12-dihydrodibenzofe.g][1.2]dlazocine [M4)

P 148

%D\C D@/“M

Al EE A4 A -':M' A A4 4b 48
, J| L|_.nLL_ _
I o ¥ z
: %ijﬁiEﬁiﬁiﬂﬂ;ﬁﬂﬂiﬁii]i!ﬁ - 5;55_11;{# ]
|

i s T T i T

uonmuiofu] Susoddng

GRL



List of Figures

1.1

1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

1.10

3.1

3.2

3.3

3.4

3.5
3.6

3.7

3.8

UV-Vis absorption spectrum of (E) and (Z) azobenzene in n-hexane.
(£)—(E) Photoisomerization mechanism of azobenzene including inver-
sionandrofation. . . . .. ... ... L. 4
Molecular structures of modified azobenzenes in the order of increasing
maximum absorption wavelengths A;.-(E) of the 77" transitionband. . 5
Ensemble averaged CNNC dihedral angle in the S5; state after vertical
Sp—51 photoexcitation at ¢ = 0 as a function of time for (E) and (£)

isomers of diazocine and parent azobenzene. . . . . ... ... ... ... B
Diazocine modifications and substitutions for applications. . . . . .11
Effect of slow initiation and chain-breaking reactions on the mo]ecular

welght. . . . . L e e e 16

Chemical structure of the examined azopolymer by single-molecule force
spectroscopy, reversible photoinduced contraction against the external
force applied by the AFM tip and force-extension cycle of the azopolymer. 18

Azopolymerexamples. . . . . .. ... ... L oo o 18
Photoinduced melting, recrystallization and molecular structure of the
main-chain poly(azo-thioether). . . . . ... .. .. ... ... .. ..... 19
Diazocine derivatives as building blocks and linkers for the integration
mtopolymers. . . ... .. ... L 20

Photoinduced conformational change of the diazocine-crosslinked FE-
11 peptide. Molecular structure and photomechanical bending of the
diazocine-containing polyurea film. . . ... ... ... .. ... ..... 21

Comparison of the reducing environments 25 em Cu(0) and 10 equiv

ascorbic acid in the ATRP to poly(methyl acrylate)3a. . . . . .. 36
Polymer samples of 3a—d and 4a—d after light irradiation for 2 min at
525nmand 405 nm wavelength. . . . ... ... ... ... .0 L. 38

First-order thermal relaxation kinetic plot of poly(methyl methacrylate)s
4b and 4c in THF and as solid thin films from the PS5 (405 nm) at A,,,.(E). 38
UV-Vis spectra and molar mass distribution of polymers P1 and P2 at PS5

(405nm)and PSS5(525nm) . . . . . .. ... .. Lol 52
Polymer samples of P1 and P2 at P55 (525 nm) and PS5 (405nm). . ... 53
Molar mass distributions of polymer P2a after light irradiation at 405 nm
and565nmwavelength. . . . ... .. ... ..., ... ... . 00, 58
Apparent molecular weights M, and M,, of polymer P2a after cyclic light
irradiation at 405 nm and 565 nmwavelength . . . . ... ... ... ... 58
UV—Vis spectra of compounds M3 and M4 after lightirradiation at 405 nm
and 525 nm wavelengthinacetonitrile. . . . . . ... ... ... ...... 60

186



List of Figures 187

4.1 (E) isomer content of diazocine derivatives at P55 (385 nm) in acetonitrile. 63
42 Synthesized diazocine-based ATRP initiators and monomers for poly-



List of Schemes

1.1

1.2

1.3
14
1.5

1.6
1.7

1.8
1.9

2.1
22

23

3.1
3.2
3.3
3.4
3.5
3.6

3.7
3.8
3.9
41

42
43

Photoisomerization reactions of exemplary molecular photoswitches and
their irradiation wavelengths. . . . . ... ... .. .............
Molecular structures of diazocine as a result of isomerization reactions
between (Z)-boat, (E)-twist and (E)-chair. . . . . ... ... ... ......
Most common synthetic routes towardsbibenzyl. . ... ... ... ...
Synthetic routes towards azobenzene based on redox pathways. . . . . .
N-N coupling of 2,2 -dinitro- and 2,2"-diaminobibenzyl under optimized
reactionconditions. . . . . . .. ... ... e
Halogenation reactions of 2,2"-diaminobibenzyl and diazocine. . . . . . .
The Cu-catalyzed ARGET ATRF mechanism from initiation to propa-
gation and termination processes under the application of EBiB as the
initiator and (meth)acrylate monomers. . . .. ... ... ... ......
Termination of radical polymer chains by backbiting and transfer. . . . .
SARA ATRP of methyl acrylate with a difunctional azobenzene-based
initiator to diazocine-centered PMA. . . .. .. ... .. ... ... ....
Retrosynthetic considerations for diazocine. . . . . . . ... ... ... ..
Diazocine as an ATRP initiator to build diazocine-centered elastomeric
chains. . .. .. ... . ... e
Polymer with multiple diazocine units in the main chain and photoin-
duced sizeexpansion. . . . ... ... ... ...ttt
Comparison of Strategies for the Synthesis of Diazocines . . . ... ...
Synthesis of Various Bibenzyls from Benzyl Bromides . . . . . .. . ...
Synthesis of Various Diazocines from Bibenzyls . . ... ... ......
Transformation of Reactive Diazocines . . . . . . ... ...........
Photochemical Isomerization Reaction between (£) and (E) Diazocine

Overview of Starting Materials, Initiators, Poly(methyl acrylate)s, and
Poly(methyl methacrylate)s Containing Diazocine . . .. ... ......
Photochemical isomerization reaction between (£)- and (E)-diazocine.

Synthesis of the monomers M1, M2 and polymerization. . .. ... ...
Synthetic route towards diazocine monoacrylate M3 and diazocine di-

Three-step synthetic method towards substituted diazocine products
from 2-bromobenzyl bromides as starting materials. . . . ... ......
Summary of the polymerization reactions in Project Hand III. . . . . . .
Possible polymerization reactions involving monomers M3 and M4. . . .

188

k=]

10
11

15
16

17

51

62



List of Tables

1.1

3.1
3.2
3.3

3.4

3.5

3.6

3.7

3.8
3.9

3.10

Characterization of azopolymers based on the composition, polymeriza-
tion, architecture and stimuli-responsiveness . . . . ... ... ......

Contribution of the candidate in % of the total workload (Project I)
Contribution of the candidate in % of the total workload (ProjectIl) . . .
Comparison of ATRP Reaction Conditions and Results for 2a to 3a after
2hofReactionTime . .......... ... ... ... ... .. .....
Polymerization Results of Initiators 2a—d to Polymers 3a—d and 4a—d

(E) to (Z) Thermal Relaxation Half-Lives t; 5 of the Initiators, Diazocine-
Centered Polymers in THE and as Solid Films Determined from UV-Vis
SPectrosCOPY . - . o o vt i i e e e e e e e e e e e e e
Contribution of the candidate in % of the total workload (Project III)
Diazocine photoswitching data obtained from UV-Vis and NMR spec-
troscopy for ML P, M2and P2. . . . . .. . . ... .. L oL
GPC and DSC data for polymersPland P2 . . . . . ... ... .. ...
Apparent molecular weights M, and M,, of polymer P2a after cyclic light
irradiation at 405 nm and 565 nmwavelength . . . . ... ... ... ...

Diazocine photoswitching data of M3 and M4 obtained from UV-Vis and
NMR spectroscopy inacetonitrile . . . . . . ... ... ...........

189



Abbreviations

AcOH Acetic acid

Adoc Adamantyl-oxycarbonyl

AFM Atomic force microscopy

AGET Activators generated by electron transfer
ARGET Activators regenerated by electron transfer
ATRP Atom transfer radical polymerization
Boc tert-Butyloxycarbonyl

BIBB a-Bromoisobutyryl bromide

Cp Bridged carbon atom

AL Maximum length change

D Dispersity

DBADH; Di-tert-butyl hydrazine-1,2-dicarboxylate
dmeda 1,2-Dimethylethylenediamine

DMPP Dimethylphenylphosphine

DMT Dimethoxy trityl

DOSY Diffusion-ordered spectroscopy

EBiB Ethyl a-bromoisobutyrate

fs Femtosecond

k. Activation rate constant
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kp Polymerization rate

kcal Kilocalorie
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mCPBA meta-Chloroperoxybenzoic acid
MesTREN  Tris[2-{dimethylamino)ethyl]amine
NIS N-Iodosuccinimide
nN Nanonewton
OMRP Organometallic mediated radical polymerization
p Monomer conversion
photoATRP Photocontrolled atom transfer radical polymerization
PMA Poly(methyl acrylate)
ps Picosecond
PSS Photostationary state
RAFT Reversible addition-fragmentation chain-transfer polymerization
SARA Supplemental activator and reducing agent
TEA Triethylamine
TMSI Trimethylsilyl iodide
Tr Trityl
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