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Abstract

The idea of regulatingomplexbiological processeby the use of light has been appealing fdahe
scientific community for dong time. At the same time, soon after the impressive arriving of kinase
inhibitors in clinic, the occurrence of adverse effects and rapid resistdoaered the expectations.g.
for anticancer approacheand called formore innovational therapy strategies\s combination, sing
light to control biological activity of highly potent drutike kinase inhibitoror microtubuletargeting

agentsboth temporal and spatial became a promising strategy.

This study reports on the development of both a photoactivagadrthaimolecule microtubuletargeting
agent(smMTA)as well as a photoactivatabkyclindependent kinasenhibitor. Therefore,in a caging
approachthe 4,5dimethoxy2-nitrobenzylphotoremovalte protecting group (DMNB PPG) watached

to crucialpharmacophoric functionalitiesf both active drugsin order to biologically inactivatehem.

Upon irradiation withnear UVlight, the PPGwas rapidly cleavedand the active drugreleased The
subsequent biological evaluatioof the photoactivatable prodigs addressed two major objectives:
biological inactivity of the caged prodrugs as well as the restoration of biological activity upon irradiation
with UV lightin vitro. Attachment of the PPG to the active drugs led in both projects to a signifassnt

of biologicalfunction. As an important proof of concept, biological activitgscompletely restoredupon
irradiation with near UV light within a time of irradiation which did not affect cell viability. Thus, both the
photoactivatable smMTA as well asetiphotoactivatable CDK inhibitor represent highly valuable tool
compounds for stdying biological processes. Despite this important proof of concept, the limited
penetration depth of UV light into biological tissues remains. In order to address thisaisduenhance
translational value fomedical applicability, two promising strategies to overcome this limitatiomewe
investigated. First of alh BODIPY caged CDK inhibitor, which could be photoactivated upon irradiation
with deeper penetrating green ligh was developed and itatility for biological applications could be
demonstrated. Secondly, the possibility to use Cherenkov radiation induced by beta emitting
radionuclides to photocleave the DMNB caged prodrugs was evaluated. As an importanteredetice

for photoactivation of the DMNB caged CDK inhibitor upon incubation with an acid solution of the beta

emitter ®®Gallium was demonstrated.

In conclusion, the first photoactivatable smMTA aadphotoactivatable CDK inhibitor with high
biological utiity have been developed. Furthermore, two strategies to overcome the limited penetration
depth of UV light werevaluated Utilization of Cherenkov radiation induced by radionuclides represents
an exciting strategy andould lead to anovel therapeutic apgach combining caged prodrugs with

existing radiotherapeutic applications






Kurzzusammenfassung

Die Idee komplexe biologische Prozesse mit Licht zu steukeschéaftigt Wissenschaftleseit einiger

Zeit Gleichzeitig, kurz nach dem beeindruckend@gmeug der Kinase Inhibitoren in die Klinik, senkten das
Auftreten von schweren Nebenwirkungen und erworbenen ResistenzeRlidischenErwartungenan
Kinaseinhibitorerund der Ruf nach innovativen Therafi@zeptenwurde laut. Licht als Trigger fur die
Seuerung der Wirkung hochpotenterArzneistoffen stellt moglicherweiseeine vielversprechende
Strategie dar. Diese Arbeit berichtet (ber die Entwicklung eines photoaktivierbae® | 3 SR &
niedermolekularen Tubulininhibitsrals aucheinesphotoaktivierbaren OK Inhibitos. Dabei wurde die
aktiven Wirkstoffejeweilsdurch Einflhrungler 4,5Dimethoxy2-nitrobenzyl SchutzgruppéOMNB)an

die Pharmakophoregeschitzt Durch Bestrahlung mit nahen UV Licht konnten die Schutzgruppen
abgespalten und diaktivenWirkgoffe wieder freigesetzt werden. Dieanhfolgende biologische Testung
Zielte darauf abzwei wichtige Zielgles Proofof-conceptzu adressieren: die biologische Inaktivitat der
geschutzten Prodrugs genauso wie die anschlieRende Wiederherstellung deiduibédgWirkung durch
Bestrahlung mit nahem UV Licht. In beiden Fallen fuhrte das Einfihren der photoabspaltbaren
Schutzgruppe zu einemignifikanten Verlust an biologisch@ktivitat. Die biologische Aktivitat konnte
anschlieBend durch Bestrahlung mit UNcht einer Dosis die die Viabilitat der Zellennicht
beeintrachtigt  vollstandig  wiederhergestellt  werden. Zusammenfassend stellen  beide
photoaktivierbaren Prodrugs wertvolle Werkzeuge fur diechemischeKinase und Tubulinforschung

dar. Totz diesergrofRen Nutzlichkeitimitiert die geringe Eindringtiefe von UV Licht in biologisches
Gewebe Studien mit beiden photoaktivierbaren Substanzen auf oberflachliGesvebe. Um diese
Limitierung zu Gberwindemwurden zwei vielversprechende Strategien untersugiim einerkonnte die
photoaktivierbare Schutzgruppe BODIPY an das Pharmakophor des CDK inhibitors gedamppetit
grinem tiefer eindringenden Licht abgespalten und die Nutzbarkeit fiir biologische Anwendungen
demonstriert werden. Zum anderen wurde @nsucht, obdie durch radioaktive Betastrahlen Medium
induzierte Cherenkov Strahlung zur Aktivierung von DMd&chiitztena O IRdidugs genutzt
werden kann. Dabei wurde die Aktivierung des DMNB geschitzten CDK Inhibitors durch Inkubation mit
®®Gallium in Losung gezeigZusammenfassendurde der erste photoaktivierbare niedermolekularen
Tubulininhibitor als auch der erste photoaktivierbare CDK Inhibitor entwiakedt charakterisiert.
Weiterhin konnten zwei Strategie zur Uberwindung der limitierendefEindringtiefe des UV Licht
entwickelt werden. Dabei erscheintor allem die Ausnutzung von radioaktiv induzierter Cherenkov
Strahlung von hohem Wert und wirde ein neuennovativen Therapieansatz darstellender

photoaktivierbare Prodrugs mit bereits gemten radiotherapeutischen Ansétzen kombiniert
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Introduction

1 Introduction

The idea of regulatingomplex biological processes Hiye use of light has been appealing fdahe
scientific community fora long time The orthogonality towards bioffical tissues, the precisely
controllable intensityand spatial resolutiorof light highlights an ideal external trigger for remote
control. Although the idea is natew, a major interestin improved photopharmacologicalechnologies
and applicationhave emerged imecent yearsAt the same timesoonafter the impessive arrivingf
kinase inhibitorsin clinic the occurrence ofadverse effed and rapid resistance lowered the
expectations andcalled for more innovational therapy strategie’s’> Using light to control biological
activity of highly potent drugsike kinase inhibitorsn both temporal and spatiamanner became a

promising strategy.
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1.1 Activation bylight

Light exhibits some unique characteristictractive for photochemistry. Adjustable intensity and
wavelength, non-invasiveness and orthogonality bwards most biological systems enables a precise

photopharmacologicatontrol over time and place with modern lighiusrces such asi$ers and LEDS.

There ae four major approachego implementlight as a trigger for a remote control of biological
activityy CA NR G 2 B 3JAtytar Ok shatliremovalaie pfotacting &roups (PPGs)y Bn
irreversible photoactivation. Secondlphotoswitchesenable a reversible activation and deactivation
upon irradiation®’ A third technique utilizessncoded lightresponsive elementsalled optogenetics
aiming for dynamic control over biological evenis living ceb such as neuron™ Finally,
photodynamic therapy (PDT) bases on fasensitizers, which are molecules that generate cell toxic
reactive oxygen species (ROS) upon irradiation with 1igHt.As a milestonein the field of
photophamacology, the photosensitizeaBeliporfin (Tookad®) was approved for the treatment of-low
risk prostate cancer by the EM#k 2017 Thereby, Bdeliporfin is given as an injection and
subsequently locally activated by laser ligising optical fibers placed in the prostdfe® However, he
present workaimsto bring thecaging concept fophotocontrol overbiological activity of potent drugs

into focus.
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1.2 Cagng mncept

The idea of the caging concept is straightforward: A photoremovahid¢ecting group is covalently
attached to a biolgically active compound. The so calle®® 3 SR¢ 02 YL dzy R Aad y2i
its target or receptor anymore hence biologically inactive By irradiation vk 6 K f AIKGZ GKS
removed and theoriginal biological activity is restorg@rigurel). Thisresults in arapid concentration

jump upon irradiation, thusbecamea powerfultool for studying biological processand regulation of
biological activity The introduction of large PPGeverely changes the molecules structure typically
resulting in complete loss of biological activiurthermore, therds no steady state in theeaction of
photoactivation This combines to an excellent active/inactive ratio, which happens to be garticu

useful for biological and medicinal applicatidnSeveral gamples of caged capounds haveproven the

utility in biological research. Kaplaat al. introduced the first caged compourly cagingATPto study

the Na/K*" pump in 19782 Since then extensive reseérravas carried out to improve the characteristics

of PPGs and any examplesollowed like caged neurotinsmitters®, nucleotided’, mRNA!, peptides?

or kinase inhibitors?*

caged inhibited cleaved
inhibitor target protecting group

target

Figurel: Schematic represntation of the caging concep2t5 The photoremowble protecting group is covalently attached to the
active inhibitor. The caged inhibitor is not capable of binding to its target. After irradiation with light, the photorelmovab
protecting group is cleaved and the inhibitor is able to bind to its taffe¢ biological activity is restored.
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Due to their biological inactivity, the caged compounds ideally prevent systemic side effects. Upon
irradiation of the treatment site only, the active compound is spatiotemgypratleased in high
concentrations. This might not only reduce systemic side effects, but also allow logh&drug doses
compared to systemic administration. Additionally, since the release of the active drug is telpporal
controllable it might offer theopportunity of a potent intermittent therapy which could be favorable in

prevention of resistance®:*’

Besides the irreversibilityf the activation the caging concept exhibigsmotherdrawback The activation
upon irradiation is alwayaccompanied by the formation of a byprodugthe cleaved protectig group.
This byproduct nght not onlybe toxic, but interfere with the photoreactioty absorbing light of the
respective wavelengthHowever,the issue oftoxicity is controvertible. Fothe purpose of medicinal
applicationse.g. caged kinase inhibitoror cancer treatmenttoxicity of the photoactivation byproduct
might be beneficial in terms of a synergistic effect together with the active,diinge a photoactivation
upon irradiationideallyoccuss exclusively at the treatment sit€aged compounds for medicinal use are

termed as photoactivatable prodrugs.

1.3 Photoremovable protecting gpups

The election of anadequatePPG is vitab benefit from the particular advantages of the caging concept
The requirements for a suitable®PGin medicinal chemistry approachese manifold. The syntheic
introduction has tobe simpleand shouldnot impair pharmacokinetic parameters such salubility. The
caged compounghould be stablén solutionas well asinder physiological conditicand bw toxicity of
the cleaved protectingroup is favoredAdditionally, highlight absorption at the irradiatin wavelength

is essential foan efficient photoactivatior$?®

This photoactivatiordoesnot only dependon excitation, but rather on thg@ercentage of the excited
moleculesthat actually undergo photocleavadélhequantum yields  describes theatio between the
effectivelycleaved compound and the photons absorbed, as an important measure for the efficacy of a
PPG? A remarkable research effohas been devoted to the development and applications ofligh-
absorbing PPGs, such asiitrobenzyf®, benzanyl (desyl’ and coumarinyl moietiegFigure 2).*' o-
Nitrobenzy! derivativesvere introduced among the first PPGs and sti# most widely used due to their
robust and well understood photochemistiyThe most prominent membeof this group of PPGs the
4,5dimethoxy-2-nitrobenzyl praecting group (DMNB4) with an excitationwavelength of 36%1m for

photocleavagé® For most parts of the present work the DMNB protecting group was utilized.
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Arylcarbonylmethyl groups Nitroaryl groups
O X X _0 X
X
NO, ~o NO,
(0]
1 2 3 4
phenacyl benzoin o-nitrobenzyl 4,5-dimethoxy-2-nitrobenzyl
= DMNB
Coumarin-4-ylmethyl groups Metal-containing groups
X
X
(O]
5 6 7
coumarin-4-ylmethyl diethylaminocoumarin analogues organometallic ruthenium complex

= DEAC

Miscellaneous groups

HO O 0]
I

S S
X KH
X
8 9 10
xanthene analogues meso-methyl boron-dipyrromethene analogues pyronin analogues

= BODIPY

Figure2: Overview of different PPG Classés?3%36 g . ¢ edefird tdJcompound released ap irradiation.
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The mechanism of phoactivation of o-nitrobenzyl caged compoundsas been studied intensivef It
includes the formation of amcknitro derivative (12), followed by an imversible cyclizatiorf13) and
rate-determining ringopening(14). In thefinal step the leaving group is released as an afeawming tre
cleaved protecting group asnitroso aldehydg15, Figure3).?® Early reports show, that thefficacy of
this photoactivation is depended on the selt, pH and substitution ahe o-nitrobenzylic ring. Recent
studies gave guidance that the leaving group is of similar importancé’ In the context of
photoactivatable prodrugs, the selection of the leaving groupthis study an inhibitor, might be

essential for success.

X X X
N _hv_ d TN
R-+ _ @,O@ = R—\ \@,O@ —> Rt P N/O
N ) ]
0] o) OH

H

11 12 13
X o)
. Rd\OH Rd‘\H -
e e
Z>No x;- Z>No

14 15

Figure3: Mechanism of photoreaction ob-nitrobenzyl caged compound%S.

1.4 Strategiesto overcome the liniting penetration depth of light into

biological tssues

As a matter of course, a photoactivation can only occur if enough light of the respective wavelength
reaches thephotosensitive target molecule, in thsase thephotoremovable protecting group of the
caged inhibitor. Henceptutilize the caging concept fdranslationalmedicinal applicatiosin particular

the most cruciakelection criterioris the wavelength regjred for photoactivation Most treatment sites

of highly potent drugge.g. tumors)ie in deepervascularisedissues. The penetration depth of light into
thesetissuesis strongly dependent on the wavelendfrigure4). Below 600 nm the penetration depth is
only a few millimeters deepbelow 500 nm even less than a millimetdihe key players for light

absorptionin biological tissueare mdanin, hemoglobin and wat. Between 650 and 900 nm tHeght
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absorption of hemoglobin and water lisw, which resuls indecenttissue penetrationBiological tissues
are considered optichl transparent within this rangevhich is referred taas the bieoptical window?**
Limitedpenetration into tissue, restricts studiesilizingUV light to superficial tissués vivoas well asn
vitro.”® Furthermore UMlight with wavelength shorter than 300 nm can cause unwanted tissue

damage?®*!

500 B 400 nm

800 700 \""/

1cm

Figure4: The penetration depth of light into biological tissué&**®

Since it igot possible to change the penetration depth of lighcientistdevelopeddifferent strategies

to overcome this restrictionSignificant progress has been made in the field of light sourceditzard
optics together with microendoscopic technology. Laser lgjtdany wavelengtitan be focused into thin
optical fiberswith high intensity for light delivery into difficult to accesstreatment sites such as
pancreatic, head or neck tumof$However,the necessity of surgical intervention to facilitate optical
fibers goes hand in hand with tissue damA&génother excitingstrategy to overcome théimiting tissue
penetration of light is thetwo-photon excitation. Simultaneous absorption ofwib photons of
approximatelytwice the wavelength (half the energpy the same moleculeesults in exitation. Two
photon excitation is a true nonlinear optical effect, which only happens at high light intensities with poor
efficacy® The advantage of doubling the irradiation wavelength is offsgbbgwing key limitation: PPGs
suitable for a twephoton uncaging aregenerally very largeand inefficienf which renders them

inappropriate for medicinal applicatiors® far*®
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By reason oéninefficient two photon excitationPPGs absorbing light within the baptical windoware

highly desired for biological and medicinal applicatiths.
1.4.1 Visible Ight absorbing PPGs

Visible light absorbing PP@mve been reported only recently In 2007 he first introduced PPG
activated by visible light wasased ona ruthenium complex absorbing blue light arou#d7 nm* In
2012 the groups of Klan and Wimanaged a green shift by reporting of PR@®rporating xanthene
and pyronin chromophores with absorption maxima around 550 *fifh.At the same timethe
workgroup of El§-Daves evolved a PPG (DEASY,with a strong absorption at 450 nm from the
coumarind-yimethyl moiety 5).%° But in the recent years another potential candidate came into

spotlight: thehemiporphyrinlike BODIPY cor®).

Figure5: Chemical structure of themesoBODIPY core.

BODIPY derivatives are widely used as pripkser dye®¥*° photosensitizer® and fluorescent tags.

This popularity results from their superior properties, such as stability in various media, sharp absorption
peaks, low toxicity and high quantum yiefddn 2015 Winteret al introduced the idea of utilizing
BODIPYsas photoremovable potecting group? Thereupongreat interest has been aroused and
different groupsproved theapplicability The BODIPY core essilyaccessible by orgam synthesis. By
substitution of the ring systemresidue Rparticularly (Figure5), the absorption maximum and the
quantum yield can be altered dramaticalfyEven neaidinfrared BODIPY dyes are available through ring
substitution>® Tofurther improve tre efficacy of the photdeavage and the synthesitie Feringa group
showed thatit is feasible to implement a carbamate linker in theesoposition between the BODIPY
core and the leaving groui. However, all these studies could not yelemonstrate the in vivo

applicability The full potential of BODIPY basPPGs mightot be exploited so far.
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1.4.2 Cherenkowadiation

Besides visible light absorbing PPGs, the idea of using Cherenkov rattiaproachphotoactivatable
prodrugsis more than excitinglf the required lightfor photoactivationis not able topenetrate to the

place of destination, it might be an optioa generate the irradiation in place.

In moden tumor therapyboth radiopharmaceuticals aneixternal beam radiotherapplay a vital role
Radiopharmaceuticalare radiolabeled molecules designed to deliver therapeutic doses of ionizing
radiation to specifitherapy sites in the bodyin combinationwith sophisticated tumor targeting vectors
(e.g. immunederived molecules or recepteavid tracers) radiation is specifically delivered to tumor sites
in viva Radionuclides that decay byparticle emissionare most extensivelyused® i -decay comes
along with enission of high energy electrons or positrdnsm the nucleusThese high energy particles
interact with tissue and matter ta@onsequently kill tumor celldhergy of theemitted electrons or
positronsby i -decayis notquantized but a continuum of eneigs up to a maximum valué.Beyond a
certain level of energy chardeparticles like electrons or positromsduce an secondary effect known as
Cherenkov radiationThe phenomenotis commonly known as the blue luminesceirtéhe cooling pool

of a nuclear reacto(Figure6).

Figure6: Cherenkov radiation in @ooling pool of anuclear reactor core?®
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Cherenkov radiation is induced when a charged particle moves faster tterspeed of ght in a

dielectricmedium (e.g. water)*®

The charged particléocally polarizes the medium artereby excites

the medium molecules. During return to the ground statiee energy is emitted as radiatiol. The
threshold condition for induction of Cherenkov radiatimnot only dependent othe energy of the
charged particles but also dhe refractive index of the mediurt.Cherenkov radiation is emitteds a
continuous spectrummanging from ultraviolet to visible Ing with its maximum intensity in the UV range
thus outside the bieoptical window™ Since its first observation by Pavel Cherenkov in 1937, Cherenkov
radiation was mainly of academic interest to physicists for particle ifieation™® or detection of high
energy gammarays®® However, a few years ago l@renkov radiationbecame more and more
important for opticalin vivoimagingand as a readout method in biochemical ass&y§ Taking into
accountthat most of the Cherenkov radiatida emitted as ultraviolet light, the idea of utilig itfor the

activation ofo-nitrobenzyl caged prodrugs obvious

q

tumor targeting
with 18FDG

)\

high energy . .
A ; —> A) imaging
s ertron (e.g. PET scan)
Cherenkov
radiation
< —— « -3
B) activation
¢ ¢ caged inhibited
arge inhibitor target

Figure 7: Schematic representation of utilizing Cherenkov radiation for activation of caged compou@imically used
radiopharmaceuticalsuch aslBFIuorodeoxyglucoséSQ:DG), a positron emitter, accumulates in the tumor (red circle) due to the
high metabolic rates of tumor cells. The emitted positron is not only detected during a PETA3tan also imuces blue
Cherenkov radiatiofn the tumor cells Subsequent, the Cherenkov radiaticleaves the PPG and activates the caged inhibitor
(B) The inhibitor is able to bind to its target.
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In 2012Ran et al. gave evidence th&terenkov radiatiorinduced un@ging is feasible. Herein a proof
of-concept study a caged derivative of luciferin was uncagetffilyrodeoxyglucose in a mouse breast
cancer modef’ However, up to date therera no photoactivatable prodrugs usingi€enkov radiation

for photoactivdion. The concept would offer some unparalleled advantages. Multiple
radiopharmaceuticals aralready approved for clinical use. Together with tumor targeting vectors a
specific activation only in tumor sites could be achieved detached from the limited penetration depth of
UV light. Unfortunately, thentensity of ®erenkov radiationis relatively weak® The question if the
intensity is sufficient to induce photoactivation of caged prodrugs remains to be answgirgtkbthe
intensity is dependent on theenergy of the charge particle the intensity might be increased
dramatically by the use of linear particle accelerat§r¥.Linear partite accelerators are already used
for external beam radiotherapy in climitEarlier studies showed that aalerated high energy electrons
can induce Cherenkov emissiimportantly, particle beamsrom linear particle acceleratorare able

to reach deep tissues with high local resolutf8n.

Utilizing Cherenkov radiation either induced by therapeutic radiopharmaceuticals or external beam
radiotherapy offers a great possibility to combine radiotherapy with targeted pharmacothdeapy

kinaseinhibitors or microtubuletargeting agents A novel synergistic therapy strategy is conceivable.
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1.5 Proteinkinases andkinase nhibitors

Protein kinases are enzymes tlatalyzespecific protein phosphorylatiof.hereby,a phosphate group
from a phosphte donor, usuallyadenosine triphosphate (ATH3 transferredonto a substrateprotein
subsequentlymodulating its activity® Modulating activity of proteins by phosphorylatiémone ofthe
major took of signaltransduction within a cellProtein knasesplay key regulatory roles in nearly every
aspect of cell biology. Apoptosis, cell cycle goession, cytoskeletal rearrangement, differentiation,
developmentand transcription are just some exampleStransduction cascadeegulated by kinases.
Due to their physiological relevanceparant kinase function caused by mutation, chromosomal
rearrangements or gene amplificatiois closely linked to a variety of pathophysiological events and
diseases™"? Especially cancer is highly related to kinase dysfuncfisra consequengerotein kinases

became one of the most important targets for drug developmierthe last two decade&

The architecture of protein kinases consists of two subdomainstearhinal lobe with mainly -sheets
and a @erminal lobe withh -helices. Th two lobes are connected by a cleft called hinge regigure
8). The hinge region represents the binding sitéhaf essential phosphate don&TP, which is tgeted

by the majority of smalinolecule kinase inhibitorsmKI)*"*
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Figure 8 General architectte of kinases”* Exemplified on the structure of CDK2 (pdb 4FKO). The ATP binding pocket is
ocaupied by AZD54386).

Since the approval dhe first smalimolecule kinase inhibitoimatinib (Gleeve®) in 2001, great effort in
development of newsmKls for so calledtargeted therapg has been expendedConventional
chemothergeutics affectall rapidly proliferating celldikewise In contrast, knase inhibitors target
specific cellular transduction pathwayés of 201739 smalmolecule kinase inhibitors have been
approved for clinical use by the FDA mainly for oncological indicati@espite this suzess some major
restrictions have emerged Due to the highly conserved ATP binding pocket selectitiiwards a
particular khaseremains difficult to achieveAlthough therapy with kinase inhibitors is generally less
toxic than conventional cheatherapy, kinase inhibitor canause severe side effectBlonselectivity
with subsequent oftarget effectsmight be one reasorf* Another major drawback of kinase inhibitors

arerapidly emerging resistanceaniting therapy prospect$
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The human genome encodes for 518 tgin kinases, but only a small subset has been studidthus,

there is a need to develop tools and selective probes to uncover functions of the unknown kinases.
Promising results are emerging for the inhibition of cydigpendent kinases (CDK&CDKsre enzymes
whose activity depends on a regulatory subuné cyclin.Human cells exhibit not less than 20 different
CDKs togethewith 29 cycling? Regarding their function within a cell, CDKs carsit@livided into two
groups. The first group is involved in gene transcription. But more importantly the second group of CDKs
are enzymes thadrive the cell through every transition otell cyclein mitosisand are therefore
responsible forfunctional cell division®® Since cell cycleegulation isa highly sensitive process,
aberrationsof CDK activity is @mmon characteristic of cancer célt§? CDKs have been focus for

drug developers sincéhe 1990s® It took until 2015 before the firsCDK inhibitor, Palbociclib, got
approval for clinical use by the FD4p to dde there are already three clinically approved CDK inhibitors

available in the United StateBigure9).34
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Figure 9: FDAapproved CDK inhibitors until 201¥°®® Both Palbociclib and Ribociclib got clinical approval by the European
Medicines Agency (EMA) as well. €ihapproval of Abemacicltty the EMAs still pending. %
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However atremendous number o€DK inhibitingandidates entered clinical trials but failed mostly due
to high toxicity It gppeared that there is a lack of therapeutic wind&This might be due to the fact
that correct unction of certain CDKs auzitical for survival of healthgells.So far most of the CDK

inhibitors showed intrinsic inability to discriminate between cancerous and healthy ti8ues.

To achieve this discrimination betweeherapy site and healthy tissugnovational therapy strategies
like actvation by light, at therapy sitesonly, might be helpful To examine this hypothesis we chose
AZD543816) as a model compound for potent CDK inhibifibat low tolerability in clinical studié’$°

AM\

16

Figure 10: Chemical structure of AZD54387D5438 asral inhibitor of CDK 1,2 and showed potent antitumoreffects in
human tumor xenograftDue to a lack of tolerability the clinical development program was stoﬁf)ed.

1.6 Microtubule-targeting agents (MTAS)

Microtubules are hollow tubes composed pdlymerizedh - andi -tubulin. Microtubulesrepresentone
major component of the cytoskeleton of eukaryotic celleey arecritical in various cefprocesses, such
ascell movement, intracellular transport and cell divisid.he polymerization and depolymerization of

h- andi -tubulin is a highly dynamic proce¥sBy rapid addition or removal of tubulin subunits at the
end of microtubules, huian cells are able to precisely regulate growth and shrinking of microtuBules.
During mitosis microtubules are required to separate the chromosomes and partition them to each

daughter celf’ To ensurdlawlesscell divisiontightly regulated microtubule dynamics are crucial.

Compounds that interfere with microtubule dynamics disrupt the progression of the cell cycle during
mitosis and subsequently provoke apoptosis. Therefore, microtutautgeting agents are highly
effective in killing rapidly dividing cellsnportantly, functioning microtubules are of vital significance
also for nommitotic cells® This has made microtubules an attractive target for development of

anticancer drugs®
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Microtubule-targeting agentyMTAs)disrupt microtubule dynamics and can broadly be classified into
microtubule-stabilizing (such asaXanese.g. Paclitaxel and microtubuledestabilizing (such a¥inca
alkaloidse.qg. Vincristineand ®@Ichicing agents’* As the vasmajority are natural products isolated from
bacteria, plants and marine spongddTAs are very often structurally diverse and complex molecules
(Figure11).*”’

Paclitaxel Vincristine

Figurell: Chemical structursof chosen MTAs.

Left: Paclitaxe{TaxoR) stabilizesmicrotubules, protects it from disassembly and subsequent blocks the progression of mitosis.
Taxanesreisolated from thePacific yewraxus brevifolid®

Right: Vincristine (Oncov@h as amicrotubule-destabilizing agent inhikstthe formation of the spindle apparatus during mitosis.
Vincaalkaloids arasolated from theMadagascar periwinkl€atharanthus roseu¥

The binding modes of MTAs are divermad complex There are three maj binding domains on
microtubules identified: the taxanebindingdomainon the inside surface of the microtubule tube, the
colchicinebinding domain, where colchiciftl@bulin complexes copolymerize into the microtubule
lattice and finally theVincabinding domain at the very end of the microtubules. Furthermdfiaca
domain binders rapidly bind to soluble tubulin dimetise building blocks for microtubule tubess well.
Occupying any of these binding sites results in a disruption of microtubule dyn¥rtigdthoughthe
exact binding modes of most classical MTAs such as Paclitaxel is fully und@fstied binding

mechanisns of some MTAs particarly novel smalmolecule MTA¢smMTAsyemainunclear.

With the long history of clinical efficacy, MTAs remain to date the most classical yet reliable
chemoherapeutics which are often integrated in combination chemotherapy regimehs?

Microtubule-targeting Vincaalkaloidsand Taxanesare frontline treatments forseveral tumors such as
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breast, ovarian and nesmall cell lung cancer as well asn-l 2 R3 1 A y Q a.°*{°%D¥dpite 2his |
broad applicability, clinically approved MTAs are ineffective for treatment of brain tsi@stheir large
molecular weight (:800g/mol) renders them unable to cross the blebdain barrier®” Hence, there

has been increasing research interest towards the development of effective MTA delivery methods and
smaltmolecule microtubuldargeting agets able to cross the blootirain barrier'®*'° |n 2015 the
group of L. Munodiscovered compound?7 as a smalnolecule inhibitor of tulnlin polymerization and

demonstrated its anticancer efficacy in patieterived glioblastoma celf§-°4!

L
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Figure12: Smalimolecule tubulin inhibitor as an attractive lead for development of potential chemotherapeutics for brain
tumors.

Cancer therapy with established MTAs has two major drawbadkfortunately, resistance acquired
during treatment is a common event anchas plagued theoverall success® Since classical
chemotherapeutics like MTAs attack all idlp prdiferating cells, regardless of whether being tumor or
healthy cells, evere side effectsuchas neuropathy further restrictherapy***** Combination of a
smaltmolecule microtubule targeting agent totier with the advantages of the caging concept could
not only make MTAs avaltle for brain tumor therapy whilalso limit systemic side effects and
resistances.At the same time, since knowledge about binding modes #mal structure-activity
relationshis of smalkmolecule MTAs is little, photoactivatable srmalblecule MTAs could serve as

valuable tools to study their binding mechanisms and kinetics.
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2 Aims and Objectives

The general aim of this work was thieevelopment of a pbtoactivatable CDHKnhibitor as well as a
photoactivatablesmallmolecule microtuble-targeting agent (MTA). Bynplementation of the caging
concept its unique features might be used to addres$wo major issuesboth of smks and MTAs
systemic side effcts and acquired restiances-'*'?° Based on amxcellent active/inactive ratio, a rapid
concentration jump of the active drug upon irradiationafly the cancewfflicted tissuess possible™*

As a consequenceancer cells have to face abruptly high drug concentrations, compared to a slow
increase of tle drug concentration witloral administration. The intrinsic inabilitf smKls ad MTAgo
discriminate between tumor and healthy cgltan beovercomeby an external discrimination using light

as a remote trigger to regulate the biological activity of the drugs. Systemic side effects might be
minimized, whichwould enablehigherlocal drugdoses if required Additionally to this novel therapeutic
approach, photoactivatable inhibitercould serve as valuable tools to stubiological processes.g.

kinetics andbindingmechanismg?**?’

Selection of
Inhibitor and
PPG

Stability
upon Irradiation

Molecular

Animal Model Modeling

Biological
Evaluation
in vitro

Dummy
Experiments

Photochemical Synthesis

of the
caged Inhibitor

Characterization

Figurel3: General vorkflow for the development ofphotoactivatable prodrug.
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2.1 Photoactivatable cyclirdependent kinasenhibitor

The djective of this project included thalesign, synthesisphotochemical characterizationand
biological evaluation o& photoactivatable prodrug of a CDK inhibitdhe worklow (Figurel3) for the

development of photoactivatable prodrugs was followed.

Sarting point was the selection of the particular inhibitor on which the caging cqutcehould be
applied. AZD5438 16) was the CDK inhibitor of choice and all further experiments within this project
were dedicated to ifsee chapterl.5). Additionally,selection of the photoremovable protecting group
was of similar importance(see chapterl.3). To exploit thefeatures of the caging concepitnhibitor
stability upon irradiation with light ofthe respective wavelength needed fgshotoactivation is
indispensableto preclude inhibitor degradationright after photoactivation Subsequeny, molecular
modeling studieswere to be performed to reveal the binding modtgether with key interactions
betweenthe active inhibitor and the kinasdregardinga high active/inactive ratio it was considered to
be essentiako block these key interactiortsy attachment othe PPG to the pharmacophar& order to
sawe some valuable inhibitormaterial prior to the actual usage of AZD543B5), dummy experiments
wereto be carried out Therefoe, the pharmacophoref the inhibitorhad to besynthesizedFigurel4)

andsubsequently cageditth the PPQy the intension ofoptimizingreaction condtions.

Figurel4: Chemical structure of AZD38 (16). The pharmacophore is highlighted in grey.

By the timean efficient wayto cagethe pharmacophore with the chosen PR@s found, synthesis of
the actual caged inhibitor had to be performddaving the caged inhibitor in hand, the photochemical
characterization should be one of the centpalrts of this work. Ishould includehe identification of the
ideal irradiation wavelength for photodehtion with subsequent studie®f the efficacyof the

photoactivation In order to function as valuabk probe for biological applications, a quick and efficient



Aims and Objectives

photoactivation in vitro is desperately needg since cell viability should not be impairedoy the
irradiation. Thereforephotoactivation experiments had to be designed as close tdrthatro conditions

as possible.

Thefollowing biological evaluatiomad to address twanajor objectives. Firsof all, it had to be shown
whether the biological activity could had beeatiminishedby attachment of the PPGn order to tackle

the problens of side efects and resistancesr to serve as a tool compoundjologicalinactivity of the

caged prodrug is crucial for succeSgcondly, thdocal and temporalestoration ofbiological ativity

upon irradiation had to be demonstrateih vitro. Biologicalinactivity of the prodrug as well aits
restoration upon irradiation are of majasignificance for the proof of concepBoth kinase assays and

cell viability assays were to be utilized to examine the biological activity of the prodrug as well as the
subgquent photoactivation. Furthermore the impact of the applied light on cell viabilityad to be
evaluated. Since the photoactivation is accompanied by the formation of a byproduct a possible cell

toxicity of the cleaved protectmgroup had to be invesgfated.

To determine whether a photoactivatable compound is valuable for biological applicatioas a tool
compound the reaction rate of thephotoactivation is a critical attributeObviously the PPG plays the
key role, but recent reports show th#he leaving group, in this studie inhibitor, effects the rate of
photoactivation as well’ To elucidate this issue, several analogues of the pharmacophoric soaffold
different substituents irposition R Figurel5) had to be synthesized and caged with the B&llBwing
the objective of studying the influence of the electronic and oresric effects of the substituenR on

the rate of photoactivation.

Figurel5: Chemical structure of the lparmacophoric scaffold of AZD543386).
Residue R (highlighted in grey) was to be modified to study the influence of the electronic and mesomeric effects of R on the
reaction rate of thephotoactivatbn.
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Although extensive effort has been devoted to the development of visible light absorbing PPGs and a
couple ofpromisingcandidates were introduced, the vast majority of the photoactivatable prodrugs for
biological applications known today utdizear UV light absorbing PP&3In the course of this project

two promising strategies to overcome thiemited penetration depth of UV lightvere to be further
investigated. On the one hand, the applicability of a visible light absorbing PPG, namely EDDIPY
towardsthe chosen CDK inhibitor wdo be examined. Therefera strategyto synthesize the PPG as
precursorwhich can serve as a universal coupling reactagéther with the actual synthetiattachment

of the PPQ@o the inhibitorhad to be foundAgain dummy experiments utilizinthe pharmaophore of

the inhibitor seemedto be useful prior synthesis of the BODIPY cageadrug of inhibitor 16.
Subsequent photochemical characterization should examine whether a fast and clean photoactivation
with visiblelight is feasibleTo be usefufor biological applications guantitative photoactivation by
irradiation has ¢ occur within ashort period in whichthe cell viability is not impaireddence,impact of
irradiation of the respective wavelengtn the cellviability had to be investigatedurther referred toas

light titration experiments Photoactivation experiments together with light titration experimgshould

answer the question of thBODIPY gropa  dii Bidlogidaléapplications.

On the otherhand, the possibility ofitilizing beta radiationrespectively thereupornnducedCherenkov
radiation fora photaactivationwasto be investigatedTwo strategies hado be followed. Firstlythe

ability of i -emitting radionuclidesto activate a photoactivatable prodrug in solution should to be
determined In a second setup, particle beams of a linear particle accelerator were to be used to induce
Cherenkov radiation in solutioim the interest of investigatig a potential subsequeanphotoactivation.

For bothreasors a cmperation with theclinic for nuclear medicine and radiarmacy at the university

hospital (UKSH) in Kiel, Germahgs been established.
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2.2 Photoactivatable smalmolecule microtubuletargeting agent

The objectives of this project commmised the design, synthesighotochemical and biological
evaluation of a photoactivatdd smalimolecule MTA. e general workflow Rigure 13) hadto be
followed with few exceptions.The binding modes dMTAs arecomplex since there is no tiglend
distinct binding pocket compared to thé\TP binding pocket of kinas&°" Alsg the microtubule
polymerization and depolymerigan is a highly dynamic process thus molecular modeling studies
struggle to predita reliable binding mode fosmaltmolecule MTA Since the pharmacophoref the
chosensmaltmolecule MTAis unknown, structure activity dathad to be used to revea favorable
position to attach the PPG. Nonetheless, whetliee biological activity could had beesignificantly
diminished by introduction of the PPG hado be examined. Therefer cell viability assays, tubulin
polymerization assays, colchicine binding assays, immunofluorescence imaging and apoptosis assays had
to be performed to not onlydemonstrate a potentialinactivation due to the caging, but also the
restoration of biologicahctivity upon irradiationin vitro. A cooperation with the workgroup of Lenka
Munoz from theschool of medical scienc&niversity of Sydnehas beenestablishedto perform all

experiments othe hiological evaluation at the University 8fdney.
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3 Resultsand Discussion

3.1 Photoactivatable smalmolecule microtubuletargeting agent

3.1.1 Selection ofinhibitor and PPG

In 2015 the workgroup of L. Munoz discovered compoddas apotent inhibitor of microtubule
polymerization(Figurel2). Consequently, effective antimitotic and apoptotic actiwitgsdemonstrated
in vitro on established glioblastoma cell lines as well aas patient-derived primary glioblastoma
cells!®*™!Qytotoxic activity together with itdow molecubr weight 849 g/mol) renderd 7 an attractive
lead for the development of potential ageswgainstbrain tumors.Hence, we chose compourky for
the developnent of a photoactivatable smatholecule MTAsmMTA) a novel conceptn the field of

SMMTAS.

Due to its wdl understood photochemistryarapid photocleavage upon irradiation with UV light ahd
simple chemical accessibilitthe 4,5dimethoxy-2-nitrobenzyl protecting group (DMNBigurel6) was
the PPG of choider this proof of concept stud§?

DO
o NO,

4
4,5-dimethoxy-2-nitrobenzyl

= DMNB

Figurel6: Chemical structuref the DMNB protecting groupX represents théeaving group.
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3.1.2 Stability upon rradiation

Inhibitor gability upon irradiation of light with the wavelength required for photoactivation is an
essential prerequisite of the caging concept. Otherwibe active inhibitor might degradeduring or
right after the photoactivation. Therefer UV stability of17 was examined by irradiation of a 1 mM
compound solution in DMSO thi UV light of 365 nmThe content determination was carried out by

HPLC analysis. Under this conditions the compound appeared to be fetabfeto 20 min of irradiation

120 -
100 4
80 -

60 -

content /%

40 -

20 -

0 5 10 15 20
irradiation time /min

Figure 17: UV stability of smMTA 17 The compound solutio(lmM) in DMSCOwas irradiated at 365 nm (5.4 W) and
subsequently analyzed by HPLC. Each valeisant SDof two independent experiments.
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3.1.3 Synthesis

SincechosensmMTA17 is commerciallynot available it had to be synthesizedHence,the four step
synthesis route discovered by the Munoz group was followeFigure 18).'* Starting from
bromobenzene, the firsttep represents a Friedelrafts acylation with succinic anhydrite yield a 4
oxo-4-phenylbutanoic acid derivativd he resulting ketone functioof the oxobutanoic acid derivative
was subsequently reduced in terms of a Clemmensen reduction by the wwmeadfjamated zindNext,
the carboxylic acidvasconverted to an amidéy peptide coupling with 4aminophenol utilizingPyBOP
as the coupling reagentn the last step &uzuki coupling with an aryl boronic acid using microwave
assisted organic synthesigas carried otito substitute the bromine bya fluoropyridineto gain the

desiredinhibitor 17 in decent yields.

Zn/Hg

AlCl,
HCI HCI
/@ \I\;): toluene /©/\/\”/
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PyBOP Pd(PPh3)4 |

DIPEA Na,CO, N F
tD'l/IZFh 51% EtOH/H,0 17
r' 130°C, 20 min 38%
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Figure18: Synthesis osmMTA 17according to literaturé®.

Having the inhibitor in handhe decision where to attach the PPG had to be made. Since matecu
modeling studieappeared to be unfavorable to identifjpé pharmacophore, information frorformer
structure-activity relationship studies had to be usddata from cell viability assays using 187 and
U251glioblastoma cell linemdicatethe phenolicmoiety as importantfor biological activity. By removal

of the phenolicmoiety the EG, values increase by factd6 respectively 12Table1).2****!Furthermore
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the phenolicmoiety appeared to be easily chemical accessibtecaging due to its terminal position in
the molecule as well as thedecent phenolic reactivity. By this reasons thghenolic moiety was

considered to be mosippropriate for caging.

Tablel: Cellular efficag on the glioblastoma cell&/87 and U251 a§mMTAL17 and its dehydroxylated derivate 18.
Cellular efficacy (g was determined after 72 h of drug treatment. Data represamean+ SEM fom three independent
experiments performed in triplicat&*

Compound Chemical Structure u87 (E6, uM) U251 (E&, uM)

H
N
17 \©\ 0.4+0.1 04+0.1
e
N F
H
G
18 (YQ/\/\(’)( 6.6+0.9 46+04
»
N F

The caging of inhibitol7 was accomplished by the use of DMEB(9). In terms of a nucleophilic
substitution thebenzylicbromine of 19 was replaced by the inhibitor using potassium carbonate as a
basewith a yield of 6@6(Figurel9). The main reason for a decreased yield waslaborate purification

In order to eliminate residual eductl7 thoroughly from the product,two sequential flash
chromatography columns were necessary. Since the cpgedrug 20 is photoactivatable by UV light,
avoidance of extensive light exposure during all steps of synthesis and purification was of great
importance.Minor impurities with the active inhibitor might result in remnant biological activity. This
issue is particuldy relevant for the handling of the caggurodrug during in vitro testing as a full
avoidance of light exposure is hardly manageable order to detect whether an unwanted
photoactivation duringn vitrotesting is relevantderivative21 was synthesizedue to the lack of the-

nitro group compound?1 is not photoactivatablgSupplementary Figur&) but should exhibit similar
biological activity since interactions dfie phenolic moiety with the target is disrupted in similar

manners ady the cagedorodrug20.



Results and Discussion
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Figure19: Synthesisof the caged prodrug 20 fronsmMTA 17 (top) Derivative21 was synthesized under the sameaction
conditions from smMTA7 using(bromomethyl)benzene (bottom).



Results and Discussion

3.1.4 Photochemicakharacterization

In order to evaluate the photochemical characteristics of taged prodrug20, UV/Vis absorption
spectra ofthe unprotected inhibitor as well as the caged prodrug were recorded. The optimal irradiation
wavelength is characterized by a hilgght absorptionof the caged prodrugwhile the uncaged inhibitor
should not alsorb light of the respective wavelength dt by the reason of inhibitor stability as well as
non-interference with the photoreactionThe unprotectedmMTAL7 shows nalight absorption above
320nm whereas the caged prodrug exhibits a broad absorption band arounar@6@igure20). This
result is in good agreememnwith the generally described wavelength for photocleavage of the DMNB
protecting group’® By the intention of utilizing the caged prodrug for biological applicatiotissue
damage of shortwave UV irradiation below 300 nm has to be minHedce,a wavelength of 365 nm
was considered to be optimaDue to the high inteasity and easy handling of LEDs, custom madb
lamps with a emission wavelength of 365 nm were utilized fdiuater photochemical characterization

as well agor the biological evaluation.
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&
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Figure 20: UV/Vis absorption spectra oEmMTA17 and its DMNB cagl prodrug 20. UV/Vis absorption spectra of caged
prodrug (solid line) in comparison with the unprotected inhibitor (dashed line) in DMSO at a concentration of 25 pM.



Results and Discussion

Having identified the optimalvavelength for irradiabn, the next step representhe photoactivation
experiment in order to investigate whether it is possible to cleave the Bp@h irradiationthus
reactivatingthe prodrug20. Specificallythe kinetics of the photoactivation reaction wegeantified A
compound solution ol mM in DMSO was irradiated by BD reactowith an emissiormaximumat 365
nm (5.4W) for 10 min Eigure21). Samples were taken atdicatedtime points and quantified by HPLC
analysis.Within less than 1 min half of the photoactivatabprodrug could have been cleavedder
these conditiors. After 2 min of irradiation, 100%f the photoactivatable prodrug has beesonverted
resulting in a fil release of the active smMTH conclusion thg@henolicmoiety of sSmMTALY proved to

be suitable foicaging with a subsequenapid and quatitative photoactivation

- & - caged prodrug 20

—m— Uuncaged smMTA 17

peak area /%

irradiation time /min

Figure21: Photoactivation of thephotoactivatable prodrug 20at a concentration of 1 mMn DMSO The compound solution
was irradiated at 365 nm with 5.4 W for 10 min. After indicated time points samplestaleza and analyzed by HPLC (8)=
The amount of the caged prodr&f (squares) is plotted against the released inhibit@r(triangles).Each value is a meanD
of two independent experiments.

3.1.5 Biological &aluation

Having demonstrated a rapid and quantitative photoactivatiomder experimental conditions the
guestion of utility in biological systems remains to be answered order to evaluate whether
photoactivation occurs under biological conditiongoo, biological activity was measuredith and
without irradiation utilizing seveal biological assay®ll of these should address two major issues:
biological inactivity of the caged prodri#p as well as the restoration of biological activity upov

irradiation.
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Tubulin polymerization assay

First of all, the ability oR0 to inhibit the assembly of -tubulin to microtubdes was evaluated by
performanceof a tubulin polymerization assayigure22). Wthin this assay Paclitax@ls the nost
prominent member of microtubulstabilizing agents, Vinblastire microtubuledegabilizing agent as
well as DMS@vere used agontrols to ensure correct assay function. In agreement with tgeirerally
valid mechanism of actionPaclitaxel increasetubulin polymerization compared to the DMSO control
whereas Vinblastine inhibited tubulin polymerizatidncubation with the caged prodrug0 showeda
negligible effect on tubulin polymerizationUpon irradiation, the cleaved prodrug decreases tubulin
polymerization to a similar effect as smMTA Since inhibition of tubulin polymerizaticosf sSmMMTAL7
and its caged prodrug0 irradiated with UV light was indistinguishabptee photoactivation within this
assay workedperfectly. Furthermore, biological dffacy to inhibit tubulin polymerization could be

significantly diminished bthe caging with the PPG

20000
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G 15000- (3 uM)
g ®m  control (DMSO)
S 10000~ caged prodrug 20 (50 pM)
@
2 v smMTA 17 (50 pM)
S ]
& 5000 @ caged prodrug 20 plus UV (50 uM)
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0 ) ) ) ) ) 1
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Figure 22: Tubulin polymerization assayPurified porcine brain tubulin was incubated with paclitaxel, vinblastine, DMSO,
SmMMTAL7 and caged prodru@0 + UV irradiation (365 nm, 1.8 W, 5 min). The assembly of microtubules was monitored by an
increase in fluorescence. The data represents the mean fronetimdependent experiments. Each data point was performed in
triplicate.
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Cell viability assays

In order b further validate the observed effectsell viability assays witd251 and patienterivedRN1
glioblasbma cells were performed. Impairmeaf the irradiation oncell viability isa knockout criterion

in order to utilize caged prodrugs for biological applicatidgience, U251 and RN1 cells were treated
with UV light (365 nm, 1.8 W) soldly order to determine tolerhle levels of UV light @osure U251
cells tolerated up to 60 ef irradiation without any implicatiorfSupplementary Figurg). In contrast,
patient-derived RN1 cells tolerated only 30 s of irradiatinich might bedue to the characteistics of
primary cancercells Primary cancer cells, such patient-derived RN glioblastoma cellsareculturedas
stem cellsunder specificallydefined, in vivosimulatingconditionsin order to maintain botlphenotype
and genotype of the primary resected tumtt:*?®Viability of primary tumor cells is strongly related to
these defined conditions making theptesumablyless resistant t@xternal impacts such as irradiation
by light2%132

Subsequeny, cell viability wasassessed by treatment of both cell lines with smMIZAand its caged
prodrug20for 48 h respectively 72 h for RN1 céRtggure23). Without UV irradiation smMTA7 showed

an EG, of 1.3uM on U251 cells respectively O on RN1 cellswhich correspondswith previously
published datd®**** Addition of the bulky PP@ecreasedcytotoxicity dramatically.Caged prodrug0
exhibitedno significant cytotoxicity up to high micromolar concentratioresulting in an increase of the
EGo by factor 55 respectivelyactor 185 (EGy = 72 UM, EGy = 37 uM for U251 and RN1 cells,
respectively) The narginal residual cytotoxic activiy of the caged prodrugould bedue to several
reasons. Nhor impuritiesof the active smMTA originating from synthesis could have stayed undetected
by the test of purity prior biological testing due to detection limits of the Hialysis Offtarget effects

of the caged prodrug could furthermore contribute to cellular toxicity. More importantg, binding
mode ofsmMTAL7 is unknown. Although structuractivity relationshipstudies identified the terminal
phenolic moietyas relevant for biological agity, the question whether a DMNB caged prodrug is still
able to bind to its mding site remains uncertain specially since microtubule binding sites lie on the
surface of the proteinHence, it is conceivabtbat the DMNB caged prodrugp still possesses a certain

binding affinity to microtubulesesulting in marginal residual biological activity

Sinceremaining biologicahctivity of the caged prodrug0 wasassessedphotoactivationin vitro had to

be investigatechext Additionally tocompouwnd treatment,U251 and RN1 cells were irradiated for 60 s
respectively 30 s with UV light (365 nm, 1.8 W§.an important resultcytotoxic efficacy of the caged
prodrug 20 can be restoredupon UV irradiation while cytotoxic efficacy of smMTA7 remains

unchanged(Figure23). Using RN1 cells, the slightly reduced cytotoxic activit@Gafradiated with UV
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light might be explained by the shortened time ofaidiation. However, e doseresponse curves of
SmMTAL17 and its caged prodrug@O both irradiated with UV light coincide clearly forther provide

evidence for an efficient photoactivatian vitro.

without UV irradiation with UV irradiation
A -®- smMTA 17 (ECs;=1.3+ 0.26 pM) -®- smMTA17 (EC;;=1.4+0.2 uM)
- caged prodrug 20 (ECs, = 72 £ 9.5 uM) - caged prodrug 20 (ECsq = 2.1 £ 0.5 uM)
120+ 120+
100 100
X X
=~ ~
Z 804 Z 80
1 B
] =
S 60 S 60
3 3
= 40 = 40
8 8
204 20
0 L T L] L 1 o T L] T L] 1
-8 -7 -6 5 -4 3 -8 -7 -6 5 -4 3
log [compound] /M log [compound] /M
B -®- smMTA17 (ECsp = 0.2+ 0.1 uM) -®- smMTA17 (ECsp = 0.4+ 0.2 uM)
- caged prodrug 20 (ECso =37.4+ 0.7 uM) - caged prodrug 20 (EC5o = 1.2 £ 0.3 uM)
120+ 1204
100+ 100
£ 8
~ ~
Z 80+ Z 80-
'S 604 S 604
E N E
- 404 ~. - 40+
2 ¢ oo E_ Z
20 20-
U L L] T L 1 0 L] ] 1 L] L]
-8 -7 -6 -5 -4 -3 -8 -7 -6 -5 -4 -3
log [compound] /M log [compound] /M

Figure23: Photoactivation of the caged prodrug in cell viability assayie restoration of biological activity ohged prodrug

20 upon irradiation with UV light was demonstratéd vitro using glioblastoma cell lined) U251 and B) patierderived RN1
glioblasbma cellswvere treated with smMTA7 and its caged prodrug0 without UV irradiation (left). In a second setup, U251

and RN1 cells were irradiated with UV light (365 nm, 1.8 W) after treatment with sMM&Ad caged prodrug@0. U251 cells

were irradiatedfor 1 min and RNL1 cells for 30 s. Cell viability was determined after 48 h of drug treatment respectively 72 h for
RN1 cells. Data represents meaBEM from three indepelent experiments performed itriplicate.
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Despite permanent dimming of compoundlstions, unwanted photoactivation by ambient light is a
common problem while working with phoactivatable compoundduring all steps of an experimeatg.
handling, dilution or cell treatment. In order to quantify this effect, benzyl protected anal@gueas
synthesized(Figure19). Due to similar spatial extension of the benzyl and DMNB moieojogical
activityof 20and21is presumed to be equaHowever the absenceof the o-nitro groupin 21 prevents
photocleavage of the benzyl moie@upplementary Figurg). Using U251 ceall21 affected cell viability

only at concentations higher than 40 uM, which is in good agreement with cytotoxic efficacy of caged
prodrug20 (Figure24 A). Unwanted photoactivation of the caged prodr@@ during performance of the

cell viability assasdid not seem to occur

Having demonstrated the prove of conceptvitro, the question oftoxicity of the cleaved protecting
group had to be addressedue to the intrinsic cytotoxicity of smMTA/, its caged prodru@O is
unsuitable to address this issum 2015 Horbertet al. showed that bothtert-butyloxycarbonyl lfoc)
protected alanine asvell as its DMNB caged derivati2@ had no effect on the cell viability of SKMel13
cells® Hence, DMNB caged bpecotected alanine22 was utilized to investigate the impact of the
cleaved protecting group on cell viability, since a photoactivation Ugdgrirradiation should release the
biologically inactive beprotected alanine and more importantlythe cleaved preecting group Thus,
U251 cells were treated with compour&? and subsequently irradiated with UV light for 60 s (365 nm,
1.8 W).The cleaved protecting groupad no impact on the cell viabilityp to the highest concentration
of 100 uM (Figure24 A). This data indicates that cytotoxic efficacy after UV irradiatiesults from

uncaging oR0, but not from the cleaved protecting group.
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Figure24: Effects of negative controls 21 and 22 on U251 cell viabikty U251 cells were treated with compougd as well as
compound22 plus UV irradiation (365 nm, 1.8 W, 1 min). Data represents me8BEM from three independent experents
performed intriplicate. B) Chemical structures of compou2dl a benzyl protected analogue of smMTAand compound22,

DMNB protected bot-alanine.
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Immunofluorescence imaging

An essentialrequirement to utilize photoactivatable prodrugs for biological applications is leaving
healthy tissues unaffected. Since a correct microtubule network is crucial for healthy cell function,
investigationwhether the caged prodrugO interferes with the microtubule network of B cellswas
conductedby immunoflorescence imaging. Thereby, U251 cells were treated with smMTand its
caged prodrug?0. By the addition of DAPthe DNA of the cell nuclei became visiblde microtubule
network of the cells wassubsequentlyvisualzed by -tubulin staining. Healthy U251 cells are
characterized by a spindle shapeddy and neurodike morphology-***** Treatment with smMTAL7

led to a pronounced disassembly of microtubule netwa® well as a distinct alteration of cell
morphologyin the form of a spherical shape and shrinkdigure25). In contrast, caged prodru20 had

no effect onboth the microtubule network and cell morphologyimportantly, upon irradiation with UV
light of 20, the microtubule network lost their organization and cells rounded up, indicating a release of

microtubuletargeting agent upon irradiation.

caged prodrug 20
with UV irradiation

control smMTA 17 caged prodrug 20

Figure25: Immunofluorescence imaging of treated U251 celli251 cells were treated with smMTA, the caged prodru@0
and the caged prodrug0in combination with UV irradiation (365 nm, 5 min, 1.8 G&lls were exposed & pM of smMTAL7
and caged prodrugO respectivelyfor 24 hours. Cells were fixed with and stained with Alexad8@led antii -tubulin antibody
(green) or DAPI (blue). Representative images of three independent experiments are shown.
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Apoptosis assay

In addtion to the disrupting of thetubulin filaments microtubuletargeting agents are characterized by
the induction of apoptosis through the intrinsic (mitochondrial) apoptotic pathWay?” In order to
determine whether this mechanism contributes to the cytotoxic activity of photoactiva@d\nnexin V
staining experiments have been performdearly stagepoptosis is characterized by a translocation of
phosphatidylserindPSYo the outer surface of the cell membrane whetbey are exposed to Annexin V.
Annexin V represents a talependent phospholipidinding protein with a high affinity to PS, hence
being a sensitive probe for apoptos®§ RN1 cells have been treated with UV light solely, smiand
the caged prodru@0 with and without UV irradiation. Apoptosis has subsequently been determined by
guantification of Amexin V positive cells usitfigw cytometry. In agreement with data from cell viability
assays, 30 s of UV irradiation (365 nm, 1.8 W) did not increase the basal level of agéase26). In
contrast, treatment withl7 results in asignificantincrease of apoptotic cellsvhereas the caged prodrug
20 had no effect. However, pon UV irradiation oR0 the amount of apoptotic cells is comparable to

treatment with 17, suggesting thatlecreased cell viabilitig due to cells undergoing apoptasis
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Figure26: Quantification of apoptosis by Annexin V stainingN1 cells were treated with smMTL&, the caged prodrugO, the

caged prodrug@0in combination with UV irradiation (365 nm, 30 s, 1.8 W) at a concentration of 5 uM for 48 hours. Control cells
received an equivalent amount of DMSO or UV irradiation (365 nm, 30 s, 1.8 W). Cells were stained with Annexin V and analyzed
by using the MUSEell Analyzer. Data represents meaSEM from three independent experiments (**®< 0.0001, onavay
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In summary extensivebiological evaluation of the DMNB caged prod&@gprovided a notable proof of
concept.All biological assays were successfully adapted for the specific issue. Only marginal biological
activity of the caged prodrug could be detected examining tubulin polymerization, cell viability,
microtubule interferene and apoptosis.Additionally, the restoration of biological activity upon
irradiation with UV light worked perfectiy vitro even with a significantly reduced irradiation time of 30

s working with the primary cancer cells RWtportantly, the requiredrradiation dose for a rapid and
guantitative recovery of biological activity does not affect cell viability of the glioblastoma cells U251 and

RN1, rendering the DMNB caged prod@@yaluable for biological applications.



Results and Discussion
3.2 Photoactivatablecyclindependent kinasanhibitor

3.2.1 Selection of inhibitor and PPG

The ideaof regulating biological activitypf cytotoxic compoundsy using light under spatial and
temporal controlmainly aims to diminish systemic side effecs well as resistancgsvhile executing
biological activity in the target tissues.Hence,a spatial controlled prodrug concept is considered as
highly beneficial to biological potent but low tolerable compounds order to satisfy these
requirements, CDK inhibitdré was chosen fothis project Gyclindependent kinases (CDKs) are involved
in the cell cycle transitioin many ways. Since cell division is a highly sensitive proCE4§ inhibition
presumably goes hand in hand with cell toxidgge chapter 1.5). As the photoremovable protecting
group (PPGipr the caging of the inhibitgthe DMNB group was oken to start this project with, due to

its well understood and efficient photochestiy.
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3.2.2 Stability upon irradiation

Sability of the inhibitor upon irradiation athe wavelengthrequired for photoactivation represents a
crucial criteriomn which hado be proved before the beginning of the project. Since the DMNB group shall
be utilized for this project, UV stability of the inhibitatra relevant wavelengthas to be determined. By
the intension of developing a caged prodrug of inhibit@rfor biological applicationsthe experiments
were designed as close tbe in vitro conditions as possibléAs a consequencide compound solution
was not only prepared in DMS® mM), but also in PBS buffer with ®DMS @25 M). The addition of
DMSO is necessaig order to prevent precipitation of the inhibitor. Subsequenth0 pL of each
solution were irradiated in avell of acommonly used 9&vell plate for different duréions up to a
maximum of 10min at 365 nm (360 MW)A custom made LHBmp particularlydesigned foiirradiating
96-well plates was used for all photoexperimemtgthin this project The content determination was
carried out by HPLC analysis. Both in high concentrations in DMSO as well as in low concentrations in PBS

buffer, inhibitor 16 withstands UV irradiation for up to 10 min utterfyigure27).

A 1mM B 25 uM
DMSO PBS buffer with 10 % DMSO
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100 ¢ * * . . * . 100 4 N . . . . .
20 80
R =
< <
= =
g 60 g 60
= £t
3 8
40 40
20 20
0 0
0 2 4 6 8 10 0 2 4 6 8 10
irradiation time /min irradiation time /min

Figure27: UV stability of inhibitor 16 A) A 1 mM compound solution IDMSO was irradiated at 365 nm (360 mW) in an@d
plate for up to 10 min. B) A 25 uM compound solution in PBS buffer with 10 90 s irradiated at 365 nm (¥BW) in a 96

well plate for up to 10 minSubsequently, samples of both A) and B) were andlymeHPLC. Each valuaimeanz SDof two
independent experiments.



Results and Discussion

3.2.3 Molecular nodeling

On the bases of molecular modeling studiles decision where to attach the PPG&the inhibitor hado
be made Inhibitor 16 exhibits different moietiesvalable for the attachment of a PPG. Howeve&ith
the objective of biologically inactivating the inhibitor lagtachment of the PPGthe pharmacophore
together with its key interactions with the targetinase had to be identified. Blocking these key

interactionsby the PPG was assumed to result in a logsadbgicalactivity.

The binding mode ahhibitor 16 in the ATP binding pocket of CDK2 is showRiguire28 A and B (pdb
4FKO)Figure29 shows the simplified corresponding twtimensional (2D) liganthteraction diagram.

The N-phenylpyrimidine2-amine moiety forms two Hbonds towards leucine 83 dfie hinge region of

the kinase rendering it as the criticalore for binding to the target kinase. Furthermorghe
methylsulfonyl moietyis exposedo the solvent, viiereas the lisopropyt2-methyl1H-imidazole moiety

lies deeper in the ATP binding pocket the kinase The N-phenylpyrimidine2-amine moiety was
identified as the pharmacophore of inhibit@6. Both the NH as well as the pyrimidine nitrogen seem to
be sutable for caging. Since attachment of the PPG to the pyrimidine nitrogen would entail a quaternary

nitrogen with a permanent positive charge, the NH moiety w#gposed to benost suitable foicaging.
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Figure 28: 3D bindingmode of inhibitor 16 in the ATP binding pocket of CDK2 predicted by molecular modeling studies
(pdb 4FKO)H-bonds formed between the ligand and the protein backbone are atdit by black dotted lines. Bplarged view
of the binding modeC) SuperimposedDMNB caged derivative3in the ATP binding pocket. Red dashed lines represent sterical

clashes between the PPG and the CDK2.
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Figure29: 2D ligandinteraction diagram of inhibitor 16 in CDK2 (pdb 4FK@J:bond interactions 6the ligand towards the
protein backbone are shown in purple. Solvent exposure is highlighted in grey.

The assumption is supported by tkenmulatedsuperposition of the NH caged prodr@g (Figure30) in

the ATP binding pocket of the target kinase COM@ufe28 C). Attachment of the DMNB group to the

NH of the pharmacophore results in significant sterical clashes with the protein, while a plausible binding
mode could not becalculated Furthermore the PPGpresumably preventformation of both Hbonds
between the ligand lad the kinase thus suggesting lass of biological activityMotivated by ths

hypothesis the objective of synthesizing the NH caged prodt8gvas subsequently pursued.

23

Figure30: Chemical structure of the caged prodrug of inhibitor T6he DMNB PPG is highlighted in gfElye pharmacophoric
scaffold is highlighted in green.
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3.2.4 Synthesis

Synthesis of the caged inhibitd3 was approached bg onestep readion between the inhibitor and a
reactive precursor of the DMNB protecting group, since inhidithis commercially availabigigure31).

Considering the NH as the masicleophilic moiety of inhibitorl6, an onestep reaction appeared to be
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Figure 31: Strategy for caging of inhibitor 16 with the DMNB PPGaging was approached by a nucleophilic substitution
reaction. Inhibitorl6 acts as the nucleophile. X represents a suitdddeing groupf the DMNB precursor.

In the interest of savingaluable mateial of the inhibitor16, dummy eperiments havenitially been
performed withthe intention ofoptimizingthe reaction conditiondirst. Hence the key pharmacophoric
scaffold24 of the inhibitor, identified by molecular modeling studiegas prepared In the sense ofa
nucleophilc aromatic substitutio{SyAr) 4-(methylsulfonyl)aniline and-2hloropyrimidine were refluxed

in isopropyl alcohol with a few drops of hydrochloric acid to yield scaffdigFigure32).**’

H
NH, Cl__N HCl N_ _N
AN
Oy e O
s N~ i-PrOH s
g0 85°C, 24 h g o
24

80%

Figure32: Synthesis of the pharmacophoric scaffold fhibitor 16. Synthesis was adapted frofii’. The already electron
deficient 2chloropyrimidine is activated for &Ar by protonation. Consequently, the aniline attacks the pyrimidine C2 and
substitutes the chlorine.
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In a next stepefficient reation conditions forthe attachmentof the DMNB PPG tecaffold 24 were
investigated Since bromineat the benzylic positiomepresents a good leaving group,5-dimethoxy-2-
nitrobenzyl bromidel9 was usedas the reactantEarlier works revealed reaction conditions utilizing
potassium carbonatén dimethylformamide (DMFat room temperature as superior for the caging of
amines with19.2*'°* Unfortunately,in the present caseonversion could not be observed under these
reaction conditionsKigure33). Assuminghat the nucleophilicityof the NH moiety was not sufficient, a
stronger base should be beneficial. After screening different bases, sodium hydridet{iNsddi) out to

be advantageousAdditionally to the higher basicity of hydride, the sodium counterpeared to be
favorable The sodium cation might have the appropriate szstabilize the resulting scaffold anidny
complexingboth the amine and one pyrimidine nitrogemn order to enhance vyields and prevent
decomposingof 19 by sodium hydride, theeaction had to beperformed at-30 °C to gain the caged
scaffold 25 in decent yieldslmportantly, the reaction was carried out darkened to avoid unwanted

photoactivation of the producby ambient light conditions
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Figure33: Caging of the scaffold 24.0p) $andard protocol to cage amines with the DMNB PPG from earlier works did not yield
the desired product. Bottom) Adapted protocol utilizing sodium hydride as a stronger base while retheitegnperature
significantly.
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Having identified an efficient way to cage the NH moiety with the DMNB&aBR&Il as having provexd
fast and clean photoactivation of the caged scaff@lsl (see chapter3.2.5, the optimized reaction
conditions were applied on the actual inhibitd6. Fortunately, caging of inhibitot6 proceeded
accordinglyyielding the desired caged inhibit@8 (Figure34). However, subsequent purificatianrned
out to be tedious Remaining educt, especiailyhibitor 16, hadto be removed thoroughly from the
product in order to preventnterference ofresidual biologicdy active inhibitor withbiologicaltesting
Two sequential flash chromatographies were necessary to gaipribiuct at the required purityAlso
the high lightsensitivity of photoactivatable compounds results in an elaborate purifinasince light
exposure has to be diminished as much as possible. Partigiiargling solutions of photoactivatable
compounds renders them endangerethis elaborate purification decreased the overall yield to 50%.
Again a benzyl protected analogw6 without the o-nitro group and thus lacking photocleavable
properties was prepared Figure 34) in order to detect unplanned photoactivation by ambient light

during bidogical testing (se8.1.5cell viability assays).
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Figure34: Caging of inhibitor 16 with the DMNB pretting group.Top) Peparation of the caged inhibito23 according to
optimized reaction conditions. Bottom) rBparation of benzyl caged analogu#6 as a non-photoactivatable reference
compound for biological testing.
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3.2.5 Photochemical haracterization

The subsequentphotochemical characterization wasomposed of two steps. Firstly, theptimal
irradiation wavéength for arapid and clearphotoactivation hadto be identified.The dficacy of that
photoactivation hadto be determinedin a second step As disassed inchapter 3.1.4 high light
absorption of the caged prodrug is mandatory for a rapid photoactivation, whereas the inhibitor itself
should not show any absotiph at the respective wavelength to ensure inhibitor stabitity behalf of a
rapid and clean photoactivation Obviously light absorption atthe wavelength needed for

photoactivation by the inhibitor coulfurthermore quench the photoadtation.

Identification of the gtimal irradiation wavelength waaccomplisked by analysis of UV/Vis abguion
spectra. The pharmacophoric scaffol@4 absorbed light up to 320 nnin DMSO(Figure 35). By
attachment of the DMNB protecting group, a broad absorption band with a maximum around 365 nm
emerged which corresponds with the established wavelength for photocleavage of the DMNB PPG
However, inhibitorl6 absorbs lightup to 360 nmin DMSOmakingthe compoundpotentially unstable
towards irradiation with 365 nniFigure35). Sincepotential inhibitor instability towards irradiation with

365 nm represents an exclusion criterion for tbhee of the DMNB protecting groupJV stability of
inhibitor 16 was proven for up to 10 min of irradiation at the very beginning of the project (chapter
3.2.2. UV/Vis spectra recorded in PBS buffer with 10% DMSO showed similar r&gaits. &achment

of the DMNB protecting group causedbroad absorption band in the near Wahge Consequently, a

wavelength of 365 nm wamnsidered optimalor an efficient photoactivation.
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Figure35: UV/Vis absorption spectraUV spectra of both the pharmacophoric scaff@iland the actual inhibitorl6 (dotted
lines) as well as their DMNB caged prodrugs (black lines) were recorded in A) DMSO and B) PBS buffer with 10% DMSO.

The quantification of efficacy of the photoactivation was one of the central parts of this wWhek.
hypothesisof a rapidand clean photactivation of thecaged prodrud3 still remainedin question. The
mechanism and efficacy of the photocleavag®wiitrobenzyl PPGs is mainly examined for the caging of
oxygens, presumably due to the fact thaitrogens represent poor leaving groups inrtas of a
photoactivation?®3"**¥3%However, in order to utilize the caged prodrug for biological applications as
well as a tool compound aapid photoactivation icrucial, since assays or cell viability should not be

disturbed by the irradiation.

The conditions fothe investigationof the photoactivation were designed as close to eventual biological
evaludions as possible. Therefgrall photoactivation experiments were performed im apaque96-
well platecommonly used in biochemical assaysng a custom made LED lamp focusedirradiation.
Additionally to DMSO,commonly used to perform photoexperimentsthe photoactivation was also
examinedby using PBS buffer with 10% DMSO in order to mimic biological condéiimmsasaqueous
medium, pH and electrolyte concentrationFurthermore, photoactivation involves abond cleavage
between the PPG and the leaving group, in this study the itoinibOn the supposition that this bond
cleavagaequiresenergy provided by lightthe concentration of the photoactivatable compoumdll be

a relevantparameter for rate detemination of the photoactivationln line with this notionJess energy
might be required for a quantitative photoactivation at lower concentratiortgpically present in
biochemical assay®fkegarding this assumption, investigation of the photoactivation in PBS buffer with

10% DMSO was performed at significant lower concentrationgpened to the experiments in DM3®
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mimic the biochemical assay situatiobnfortunately, due to the limit of quantifidtion set by HPLC

analysis,low micromolar or even nanomolar concentratioms used in biological assaygmained
unfeasiblein our lab

In a first step the photoactivation of the caged scaffdfdvas investigated. Both in DMSO (1 mM) and in
PBS buffer with 10% DMSO (25 pM), the caged ddafkfas entirely activategvithin 120 s of irradiation

at 365 nmby using37.5mW (Figure36, top). Since37.5mW is a considerably low power regarding UV
light, the rate of photoactivation was considered to be more than sufficiglativated by these results,

the caged prodru@3 was prepared. The photochemical characterization delivered comparable results.
Again, a full photoactivation occurreglithin a period of120 sof irradiation (365 nm, 37..]nW, Figure

36, bottom). Furthermore, no byproduct except the cleaved piiieg group could be detected at

significant concentrationstendering the caged compoun#3 a promising tool for further biological

applications.
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Figure 36: Photoactvation of the caged scaffold 2%top) and the caged prodrug 23 (bottom}l00 pL of each compound
solutionin A) DMSO (1 mM) and B) PBS buffer with 10% D{5@M)were irradiated inwells of a 96-well plate for the
indicated time at 365 m (37.5mW) and analyzed by HPIE = 2) The amount of the caged compound (diamonds) is plotted

against the released scaffoR# (top, square} respectively inhibitod 6 (bottom, square$. Each data point is a mearSDof two
independent experiments.
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3.2.6 Bidogical evaluation

The hotochemical characterizatiodemonstrateda rapid and clean activation of the DMNB caged
prodrug 23 upon irradiation with UV lighuinder experimental conditionsAlthough photoactivation
experiments were desigd as close to biolagal conditionsas possiblethe photoactivatiorin vitro had

to be assessedn order to determine utility for biological applicationisurthermore biological inactivity
of the caged prodrug represents anothegntral prerequisite. Molecular modeling stueli exposed the
NH caged prodru@3 as incapable of binding to its target kina@hapter3.2.3. However, biological
evaluationaimed to prove biologicalinactivity of the DMNB caged prodri#8. Both kinase and cell
viability assays were performed with the intention of investigating remaining biological activ2ty axf

well as its photoactivatioin vitro.

Since photochemical characterization exhibite23 as highly light sensitivestability in solution was
examinedprior to biological evaluationRegarding conditions during a cell viability assay, the DMNB
caged prodru@3 as well as its benzyl caged analo@@were incubated in PBS buffer with 20% DMSO
for up to 48 hat 37°Cin the incubator of the cell culturereducing light exposure to a minimum. A
secondsamplewas stored in the lab being exposed to ambient light and room temperatisean
important result storing a solution of the DMNB caged prodr@3 at ambient light resultsn an
significant activation whereas no activation was observed under dark conditions, indicating that all
experiments of the biological evaluation had to be performed under light exclusi@nder to avoid
artefacts(Figure37). Larger error bars obtainestoring thesampleat ambient light are due to natural
differences of the light condition®As expectedthe benzyl caged analogu# was stable under both

conditions.
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Figure37: Sability of the DMNB caged prodrug 23 and its benzyl caged analogui 28lution. A) A compound solution of the
DMNB caged prodrug3 (100 uM) in PBS buffer with 20% DMSO imasbated either in a cell culture incubator in the dark at
37°C (left) orin the lab exposed to ambient light at room temperature (right). After indicated time points peak area
determination was performed using HPLC analysis. Contents of the cagedsspquliEtted against the uncaged species. B) The

experiment was repeated analogously with the benzyl caged anal@§ué0 pM). Each value is a meah SD of two
independent experiments.
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Kinase assay

In a next step, the inhibitory efficacy of the DMNB caged pro@8agith and without UMrradiationwas
determinedusing the target kinase, cyclitependent kinas@ (CDK2)n an ADRGIo™ Kinase Assapue
to23Qa f AIKG &SyaArlA gekfarmded usingosly rédyhyfor &6m illuditatiod singetitd
does not show any light absorption above 450 (figure35). CDKinhibitor 16 exhibited an I1G, of
2.86nM, which was ingood agreement with published dafd.Attachment of the DMNB protectig
group to the inhibitor resultedn an extensie loss of inhibitory efficacy, rendering the DMNB caged
prodrug23inactive up tomicromolar concentrationflGo f 4798nM). Importantly, upon irradation with

UV light (365 nm, 60tW, 120s) the inhibitory efficacyvascompletelyrecovered (I16=5.64nM).

without UV irradiation with UV irradiation
-® - inhibitor 16 (IC5, = 2.86 4 1.00 nM) -@- inhibitor 16 (ICso = 2.71 +0.08 nM)
—— caged prodrug 23 (IC5 = 4798 nM) —— caged prodrug 23 (ICs, = 5.64 + 4.82 nM)
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Figure38: Kinase assayof inhibitor 16 and its caged prodrug 23 using the target kinase CDK2/cyclin E1 with and without UV
irradiation. CDK2 in complex with cyclin E1 was incubated with inhiiifas well as its caged prodr@@to determinekinase
activity (left). In a second setufQ minutes after compound additidmoth 16 and 23 were irradiated vith UV light for 2 minutes
(365nm, 37.5mW). Data represents meanSDfrom two independent experinents performed irtriplicate.
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Cellproliferation assays

Having impressively demonstratedoth inactivity of the DMNB caged prodriZB as well as its
guantitative photoactivation inkinase assay cell proliferation assays wer@erformed usingthe
pancreas carcinoma cell line Panc89 to further validate the observed effepncreatic cancer cell line
was chosen since CDK inhibition represemtpromising strategy to effectively kill pancreatumor
cells™***|n a first stepthe resistance of Panc&@llstowardsUV irradiation was to be investigated in a
UV titration experiment. Panc89 cells wetteerefore treated with UV lighsolely for a maximunof

5 minutes (365 nm,37.5 mW). Cell viability was respectivelydetermined forthe indicated irradiation
times. Importantly, ip to 5 minutes of irradiation the cell proliferatiomas not impaired Figure39). In
relation, not more than2 minutes of irradiation (365 nn&7.5mW) are sufficient taacompletelyactivate

the DMNB caged prodrug3. Thus,a quantitative photoactivation should be feasible without affecting

cell proliferation.
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Figure39: UV titration using Panc89 cell®anc89 cells wergradiated with UV light (365im, 37.5mW) for up to 5 minCell
viability was determined after 48 h of drug treatment using Resazltath value is a meat SD of two independs
experiments.
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Consequentlycell proliferation assayssing Panc89 cellsith the uncaged inhibitorl6 and its caged
prodrug 23 with and without UV irradiationwere performed. Regarding results from stability
experiments, cell proliferation assaygere carried out under red light illuminatiol€DK inhibitorl6
exhibitedan EG, of 0.70uM without irradiation Figure40). As seen in kinase assays, attachmainthe
DMNB protecting grougsignificantly diminished biological activity, hence increasing E@ to high
micromolar concentrationsF(17.3 uM).Noteworthy, the caged prodrug exhibited a poor water solubility
resulting in compound precipitation at théighest concentration. Hence, cell proliferation at a
compound concentration of 100 UM was not measurambmplicatinga relevant EG, calculation.
However, the results show clearly thaB does not affect cell proliferation up to high micromolar
concentratons. Since the DMNB caged prodr@g was inactive utilizing CDK2 kinase assaystaojit
effects might contribute to residual cytotoxic efficadys an important prove of concephe biological
efficacy of the DMNB caged prodrug can d@mpletely recovered upon irradiation with UV light,
producing arEG, of 0.80uM, which isperfectly comparabléo the EG, of inhibitor 16 (EG,=0.85uM).

without UV irradiation with UV irradiation
-®- inhibitor 16 (ECsy = 0.70 +0.07 uM) -®- inhibitor 16 (ECy; = 0.85 +0.24 uM)
—+— caged prodrug 23 (EC5, = 17.3 pM) —— caged prodrug 23 (EC5; = 0.80 +0.33 pM)
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Figure40: Gl proliferation assays of thenhibitor 16 and itsDMNB caged prodrug with and without UV irradiation using
Panc89 cellsPanc89 cells were treated with inhibitd6 and its DMNB caged prodrug3 without UV irradiation (left). In a
second setup, Panc89 were irradiated for 2nates with UV light (365 nm,736 mW) after treatment with16 and 23. Cell
proliferation was determined after 48 h of drug treatment. Data represents me&EM from three indeperaht experiments
performed inquadrwplicates.
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Although red light wagxclusively used for room illumation, nadvertentphotoactivation duringooth

preparation of the compoundssolutions as well as performaacof the assaysmight additionally

contribute to remaining biological activity of the caged prodrug. In order to address this issue, the benzyl

caged analogu@6 was synthesizedand consequently tested asren-photoactivatablecontrol (Figure

41). Due to the removal of the-nitrogroup a cleavag upon irradiationcannotproceed(Supplementary

Figure3). Yet, both analogue®3 and 26 presumablyexhibit comparable biological activity due to similar

spatial extension of the benzyl and DMNB moi€lgll proliferation assays showed tHaith EG, curves

overlap,suggesting thathese compounds might affect other targets than CDKsglier concentrations

without UV irradiation
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Figure4l: Cll proliferation assag of the benzyl caged analogue 2Banc89 cells were treatedith the DMNB caged prodrug
23and its benzyl caged analog@é without UV irradiation. Cell proliferation was determined after 48 h of drug treatment. Data
represents mearr SEMfrom three indepene@nt experiments performed iquadriplicates.
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In a last experimentpotentialcellular toxicity of thephotocleaved DMNB protecting growypasassessed

by the use ofwo tool compounds: Bogrotected Lalanine22aand its DMNB cagednalogue22. The
Bocprotected l-alanine 22a did not affect cell proliferation of Panc89 Is=lup to the highest
concentrationof 100 uM and washus accepted as biologically inetdpon UV irradiatiorof the DMNB
caged analogu@?2 the biologically inert Boprotected lalanine22aas well as the cleaved protecting
group showing a nitrosobenzyaldehyd moiety wiasmed*** The UV irradiatedDMNB caged analogue
22 exhibits moderate cytotoxic effects only at concentratiors above50 uM Figure42). Nevertheless,
potent kinase inhiltors exhibit cytotoxic effects at significantly lower concentrations rendering the
observed cytotoxic effect of the cleaved DMNB protecting group as negligibiggestinga wide

therapeutic window of a potential DMNB caged prodrug.
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Figure 42: Effect of the cleaved DMNB protecting group on cell proliferatioA) Chemical structure of the utilized tool
compounds: Bot-alanine22aand its DMNB caged derivati&2. B) Panc89 cells were treatedith 22a and 22 without UV
irradiation (left). In a second setup, Panc89 were irradiated for 2 minutes with UV light (3&¥rS5mW) after treatment with
22aand22. Cell proliferation was determined after 48 h of drug treatment. Data represents m&&iM from two indepadent
experiments performed irriplicates.
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3.2.7 Scaffold project

Regardingapplicability of photoactivatable compounds in biological setupsming and rate of
photoactivation arethe most critical parametes. Regardless of whether photoactivatable compounds
shallbe used to study biologit@rocesses ofor medicinal approaches, a fast and clean photoactivation
is indispensableObviously the utilizedPPG represents thdecisive factor, but recent studies showed
that the leaving group affects the rate of photoaetion as welf>*"**3The photoactivation mechanism
of the mostcommonlyused DMNBprotectinggroup has been studied intensiveglhgt the leaving groups
feature responsible for affecting the photoactivation remains uncl¥aRegarding this issue solely
O2Y Lzl GA2y Il f &ddzRe étlakin 2008'RFreiNddlSuRtedorésultd. SugyasOias &
electrondonating substituents in the benzylic position hencecglon-donating leaving groupsnprove

the photocleavageFurthermore in 2011 Solomelet. al argued that radical stabilizing features of the
leaving group enhance the photoreactidhRadical stabiliing characters of differené&ving grouphiave
therebybeencalculated bycomputational studiesactuallymaking experimental data on the influence of
the leaving group rarely availablgnfortunately, this experimental data would be markedly valuable in
terms of developingphotoactivatable prodrugssince the unaged biological active compousd
themselvesrepresent the leaving group These biological active compounds possesas specific
pharmacophore Wich typically cannotbe structurally modified without affecting important properties
such as biological activity or pharmacokinetic parameters. Heoree pharmacophoremight be more

suitable forthe cagingconceptthan others.

In order to address thisssue,we aimed fora systematic investigation of substituents towards tke
phenylpyrimidine2-amine scaffold regarding the photoactivatiomhe N-phenylpyrimidine2-amine
scaffold appeared to be highly itable for this study since it isresent in manykinase inhibitorsand
additionally gives more than 24000 hits upon inhibitor substructure seandtuding biological studies
using SciFinder@igure43). Furthernore, the N-phenylpyrimidine2-amine scaffold was identified as
one of the most promising scaffolds for the development of CDK inhibitdt& Not surprisingly all
three clinically approved CDHhibitors possess a closely relatBibyridinepyrimidine2-amine scaffold
as part of their hinge binding motiFigure43). The understanding of the influence of thabstitution of
the N-phenylpyrimidine2-amine scaffold on the photoactivation would be of great value for the

development of future photoactivatable CDKfarther photoactivatable inhibitors.



o 0O

. _N
N = =~

Pazopanib
VEGFR inhibitor

Osimertinib
EGFR inhibitor

O

2N

Results and Discussion

)\ O“J\
o & L 0=5
N__N N\©
T\I
N A

HN
Ceritinib
ALK inhibitor
\ 0O
~ 2
(6] H H —P
L
IS
o
N
Brigatinib

ALK and EGFR inhibitor

O

H H |/
NN NN N_O
BON - AEws

Fostamatinib
syk inhibitor

H
x N\WN\ N o)
HN /

Ribociclib
CDK4/6

Palbociclib
CDK4/6

Abemaciclib
CDK4/6
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Importantly, the PPG is attached to trexocyclicNH, so both aromatic systems witifluence the
uncaging. In this studyexclusivelythe substitution in the pargosition of the phenyl system is
systematically investigated while maintaining the pyrimiditre.particular, electronic and mesomnier
effects of different +M/I-substituentson the photoactivatiorrate were to be investigatedTherefoe,

eight analogues of the caged scaffdk® have been synthesize@able2). Theamino group in the 2
position of the pyrimidinehas been chosen foeffective caging, sincet was identified as critical for
binding to the target kinase in all exampleBigure 43). In order to quantify the electraa and
mesomeric effects of thessubstituents,their Hammett constantsvere used, respectively In 1936
Hammett studied the correlation between thelectronic character of substituent&nd the rateand
equilibrium of organic chemical reactions, quantified as the Hammett constaitg,. or - meta)-—>2 Taft

et. alextended the concept by applying the same principles on steric as well as inductive and resonance
effects’® Till this day, revised Hammett constants are generally utilized to quantify electronic and
mesomeric effects of different substituents.dvk positive ™ -valuesare associateavith a more electron
withdrawing character of a substituent,whereas more negative -values represent more electron

donating character§Table2)."*
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Table2: Overview of theexaminedcagedN-phenylpyrimidine-2-amine scaffoldswith their respective Hammett constant$™
Substituents R in the pafposition of the phenyl systemsvere alteredin terms of designing aet of substituents aiming
towards a valid hypothesis regarding a correlation between electronic parameters and the rate of photaattiva

Os5N O
O/
ISRy
= N~
# substituent (R =) Hammett constant(’ ;)**°
35 -N(CH), -0.83
36 -OCH -0.27
37 -CH -0.17
38 -H 0
39 -Br 0.23
40 -COOEt 0.45
41 -Ch 0.54
42 -CN 0.66
25 -SQCH 0.72

Synthesis

The synthesis of thealifferently substituted scaffolds was apprded in two ways(Figure 44).
Analogously to the preparation of the original pharmacophoric scaffdd scaffolds 27-30 were
synthesized by a nucleophilic aromatic substitutitime respectivep-aniline derivativesvere refluxed
together with 2chloropyrimidine intert-butyl alcoholto gain the desired scaffolda good yields*' In
order to enhance the reactions rates few drops of concentrated HCl| were adddd. contrast,
synthesis of the scaffold31-34 was achieved by a palladium catalyzed Buchw#ddwig amination
utilizing eitherSBINAP or Xantphos digandfor the palladium catalyst. Dioxane has been used as the
solvent, whereas @assiumtert-butoxide was the base of choice. All Buchwidlttwig aminations were
carried out in a micrvave reactor to reduce reaction time$**° Having allN-phenylpyrimidine2-

amine scaffolds in hand, thdH-protection withthe DMNB group wasarried outfollowing the earlier
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evaluated protocolAccordingly to this methodhe scaffolds wre stirred with sodium hydride in DMF at
0°C. After cooling te30°C, DMN®BBr was added carefully and the reaction was left stirring for an hour.
After quenching ¥ the addition of water, the crud@roduct was purified by flash chromatography.
Importantly, light exposure was avoided as much as possible dinatiyg synthesis and purification of

the caged scaffolds due to their potential light sensitivity.
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29 R =COOEt 85%
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Figure44: Synthesis of the cageN-phenylpyrimidine-2-amine scaffoldsLeft: synthesis of the differently substituted scaffolds
according to procedurés®**°. Right: caging of the respective scaffaldth the DMNB protecting group.
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Photochemical characterization

Having the designed set of compounds in haihe, photochemical characterization aiméul determine

and comparethe photoactivation reaction rates ofall scaffolds25,35-42. With the intention of
developing photoactivatable prodrugs for biological applications, determination of the reaction rate
appeared superior to quantum vyield determinations, since it allows the performance of
photoexperiments utilizing the customade UV LED lamp for theadiation of commonly used 9&ell
assayplates In contrasta quantum yield determinatiowould demand a specific experimental setopt
meeting biological assay conditiaridowever, in order to evaluate utility for biological applications the

reaction ate of the photoactivation of photoactivatable prodrugs is highly valuable.

In a first step, light absorbance at the respective wavelength required for photoactivation was assessed.
Higher light absorption athe respective wavelength required for photoactivation might enhatioe

rate of the photoactivatiorthus falsify resultsHowever, # cagedscaffolds showedomparablelight
absorption at 365 nm with the exception of a slightly highdight absorptionof the carboxyethyl
substituted scaffoldlO (Table3, Supplementary Figuré).

Next, the photoactivation of each scaffoldbasexaminedusing a UV LEDith an emission maximum at

365 nm.The photoactivation experiments were carried out in av@él plate in order to maintain the
relatedness to future biological applications. Fumiere, the experiments were not only performed in
DMSO at a high 500 uM concentration, but also in PBS buffer with 20% DMSO at a considerably lower
concentration of 25 pM.The concentration was not be further decreased in order to meet
quantifications limis of the HPLC analysill scaffoldswere irradiated for up to 2 mimt a power of

7.5mW in order toexaminethe photoactivation reaction. This resulted in a zemler like curve shape

within the first 45 s of irradiatiorwhen plotting the amount of the caged speciagainstthe irradiation

time. The decrease of the caged species as a result of a photoactivation was considered a reliable
determinant for the rate of photoactivation due ta considerablyow error-proneness a procedure
according to a similar study ISolomek et. al’ However the photoactivatiorrate slows dowrafter 45 s

resulting inaflattening of the curvegFigure45).

This is dudo the fact that the number of photocleavage evemsr timeis directly proportional to the
number of photons absorbed. If the absorption of the irradiated solution is large (Atke2)umber of
photons absorbegber timeis constant and idependent from the concentration resulting in a zero order
like curve shapeHowever, during photoactivation the concentration of the photoactivatable compound
and consequently the absorption at the irradiation wavelength decreddass, fithe absorptia is little

(A << 1) the number ophotons absorbedper time is dependent on the concentration of the
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photoactivatable compound resultingh a first order like curve shape Noteworthy, describing of

photochemical reactiosby standard kinetic concepts refima arguable®*'%®

In order to determine reaction rates, the range be®we 0 and 45 scondswas consideredand

processed by a zerorder fitting. The reaction rates were subsequently calculated from the slopes of the
zero-order fits.

A DMSO
= 'N(CH3)2
—— 'OCH3
D\c —— 'CH3
~
g ——  _H
©
x -Br
a
—— -COOEt
204 —— -CF4
0 | | | | | 1 — -CN
0 20 40 60 80 100 120 ——  -SO,CH;
irradiation time /s
B PBS buffer with 20% DMSO
—— -OCH;
—— -CHj
c\o —_— _H
~
(3]
e -Br
[1+]
-
g —— -COOEt
o
—e— -CF;
20+
- -CN
0 T T T T —— -50,CH,4

0 20 40 60 80 100 120

irradiation time /s

Figure45: Photoactivation of scaffolds 25,382. 100 ul of eachcompound solution A) DMSO (500 uM) and B) PBS buffer with
20% DMSO (25 PMwvere irradiatedn atypical biochemical assay setap 365 nm (7.5mW) for up to 120 s. Peak areas were
determined by HPLC analydiach value is a mearSD of two independent experiments.
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As an important result, scaffold85-37, substituted with tle electrordonating substituents
dimethylamine(+M), methoxy (+M) and methyl(+I) showed a significantlglower photoactivation in
DMSCOcompared to the unsubstituted scaffoB (Figure45, Table3). In particular, the dimethylamine
substituted scaffold35 barely showed ay photoacivation at all However, scaffolds with electron
withdrawing (-I/-M) substituents such as bromarifluoromethyl, nitrile or sulfonylmethyl(scaffolds39,

41, 42 and 25) did not result in a sigificant faster photoactivatiorcompared to the unsubstituted
scaffold 38. Hence, these substituents could not be further differentiated under the applied assay
conditions.Only atrend in terms of aninor enhancement could be observed for the carboxyetsier

substituent40 (Table3).

Also the sulfonylmethyl substituent of scaffd@®, derived from the CDK inhibitd6, doesonly slightly
enhancethe rate of photoactivationcompared to38. Performing the expéments in PBS with 20%
DMSO (23:M), comparableresults have been obtained, with the exception that the dimethylamine
substituted scaffold5 could not be measured due to precipitatiaiespite the addition of 20% DMSO

Data from experiments in DMSO were thinee used for further analysis.

Table3: Overview of results from photochemical characterization experimeimdDMSO

#  substituent Ha‘lmlrgett absobance % photaac_tivat_ed_ Reaction _Eates
b (at 365 nm) (after 45s of irradiation) [UM*s
35 -N(CH), -0.83 0.123+0.001 25+0.6 0.316+ 0.007
36 -OCH -0.27 0.118+ 0.004 18.4+ 1.6 2.02+0.15
37 -CH -0.17 0.122+ 0.002 19.7+0.3 2.31+0.13
38 -H 0 0.123+ 0.010 29.9+ 0.6 3.31+£ 0.03
39 -Br 0.23 0.121+ 0.003 29.5+2.2 3.27+0.06
40 -COOEt 0.45 0.143+ 0.000 37.6+3.3 4.12+0.33
41 -Ch 0.54 0.125+ 0.007 31.3+ 0.4 3.64+0.17
42 -CN 0.66 0.123+ 0.005 32.6£ 0.6 3.51+0.09
25 -SQCH 0.72 0.115+ 0.000 32.0£0.9 3.60+ 0.26
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Concerning an interpretation of the obtained resultdietreaction rate of the unsubstituted N-
phenylpyrimidine2-amine scaffold 38 was taken as the reference value. Compared to that value, the
reaction ratesclealy decrease by attachment ofsaubstituent with a more negative Hammett constant,
implying that electrordonating substituents significantly decrease the rate of photoactivation. In
contrast, by introduction of an electrewithdrawing substituent thereaction rate increases only
minimadly (Table3). Plotting the Hammett constants, vs.the determinedreaction ratesa distinct

correlationresulted although a leveling of more positivg occurs Figure46).
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reaction rates.Squares represemteanst SD of two independent experiments.
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In order to discuss ttee findings, the mechanism of photocleavagethe DMNB caged scaffoldsaé
major interest Figure47). Three critical steps have been identified by studyingghemicalmechanism
of cleavage. In a first stefa), a photoinduced Fatom transfer from the benzyliccarbon to theoxygen
atom ofthe nitro groupoccurs leading toacknitro intermediate44. This photoinduced 4dtom transfer
involves an excitation of thenolecule. From the excited state of compoudd two ground state
reactions are possible, which compete with each other: reverseatdm transfer to reform43
(reactionb) or ground stage cyclization to form isoxazol derivatide (reaction c). Importantly, the
cyclization (eaction c¢) is irreversibleultimately leading to photocleagg. Having taken th@ath of
photoactivation the irreversible cyclization is followed byiag opening(reactiond) coming to thefinal
release of the scaffoldréaction e) and o-nitrosobenzaldehydeas the byproduct Sinceboth reaction
paths, photocleavage or relaxationare possiblé€rom intermediate44, steps ac were considered to be
determining for thereaction ratesof the photoreaction During all steps-a thebenzyloccarbondirectly
bound to the leaving groujs in the center of actionA strorg electronic effect is exerted on thenzylic
carbon by the adjacent nitrogenf the leaving grouplue to its freeion pair. This freeion pair isfurther
affected by both the pyrimidine ring as well as the phenyl viiity the substituentsin the paraposition.
An electrondonating substituent is considered to increas¢éhe electron density at the nitrogen
considerably. Thisonsequentlyresults in an enlarged electron density of thenzyliccarbon, increasing
its nucleophilicity. Due to this fact, theucleophilic attack of the oxygeme@ctionc) to form isoxazol
derivative 45 will be diminished potentially resulting in a shift towards the reverseatém transfer
(reaction b). This circumstance might explain the significantly decrasaction ratesof the caged
scaffolds35-37 substituted with electrordonating substituentsBringing the electron density of the
benzyliccarbon in the center of attention, electremithdrawing substituents in the pafaosition should
consequently enhance the photoclesye. Interestingly, theeaction ratesof the caged scaffold89-
42,25 possessing electrewithdrawing substituents are not significantly increased compared to the
unsubstituted caged scaffol88 although arelevant trend is discernibleThe electroawithdrawing
character of theelectron deficientpyrimidine ring system might be the reasowithout an electron
donating substituent, theree ion pair of the nitrogens already delocalized resulting in a decreased
electron density at both the nitrogeatom and the benzyliccarbon. Bythe addition of a further electron
withdrawing substituent, theelectron withdrawing effect might be leveled by the pyrimidine ring
resulting in similareaction ratesIn contrast to Solomekt. alradical stabilizing features of the residue R

have not been quantified singelevantcomputational studies were natccessiblén our lab®”
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Relating tothe original hypothesisbiological active compounds possessing tiphenylpyrimidine2-
amine sc#old substituted with electrordonating substituentsn the paraposition of the phenyl system
are unfavorablein terms of cagingutilizing the DMNB protecting groupContemplatingthe given
examples of clinically approved kinase inhibitors exhibiting dbesidered scaffold, erely Pazopanib
appears to be a potentiallgppropriate candidat€Figure43). All others possess one or several electron
donating substituentst the phenyl ring rendering thempotentially unsuitable fora NHcaging due to a
supposedlydecreased rate of photoactivatiautilizing the DMNB protecting groupmportantly, in order

to ultimately assess suitability for the caging concept the whole malle has to be considered.

| b
OH O’JH
43 44 45
-~ "N /@/R
|
~ R
d N)\(N e ?N
—_—
M\
0 o \ 0 N~ N
° H
) NO -~ H
a5 ~o NO 46

Figure47: Soecific reaction mechanism of photocleavage of the DMNB caged scaffolflse leaving groupnd the uncaged
scaffold, respectivelgre highlighted in grey. The relevant proton of thenzyliccarbon for the Hatom transfer is particularly
depicted in43. For clarification mechanism arrows are shown in black.
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3.3 Visible light absorbing PPG

Despite the successfiuh vitro proof of concept, limited penetration depth of UV light into biological
tissues remaingestricting the utility of the photoactivatable prodri8 to superficial tissues or thin cell
layers Figured). As a consequence,RPGabsorbing light within the bi@ptical windowmight be highly
beneficial towardsbiological applicatios in deeper tissuesin order to meet this requirement the
photosensitivemeseBODIPY protecting group has been choddme chemical structure of themese
BODIPY cor@is shown inFigure48. The four methyl groups at the positions 1,3,5 andr& important

for stability of the ring systemalthough further substitution ofthe methyl groups in order to modify
photochemical characteristics such as the absorption and emission spsgb@ssiblewhile retaining
stability *°® Furthermore the 2,6:positionsare particularlyaccessible foan electrophilicsubstitution™®’

By the introduction of different residueRat the 2,6positiors as well as substituting the methyl groups

the absaption and emissiorspectraof the meseBODIPY derivativesin besignificantlyaltered, making

blue light absorbing toeven neafR absorbing BODIPY derivatives possitifer?3166.168189Ag gn
example the 1,3,5,7methylsubstituted BODIPY core structure exhibits a light absorption maximum
around 520 nm.Besides modifying the photochemical characteristics, substitution of the BODIPY core
might additionally enablean improvement of pharmacokinetic parameteesg. solubility, particularly
relevant for potential biological applicationgnportantly, thebenzylanalogousmethylene group at the

C8 position is essential for functioning as a PP&°a [ D¢ NBLINB&aSyida G(KS ¢S @A
inhibitor to which the PPG should be appliddence this methylene group, linking the leaving group
with the BODIPY core has to be maintained during synthesis of a BEdy&Y inhibitor.Although
workgroups of Weinstain and Szymanski introduced a carbamate linker between the BODIPY PPG and
the leaving goup in order to enhance the photoactivation as well as chemical accessibility, the essential

methylene group had to be maintainég*™

Figure48: Chemical structure of the mes@ODIPY cordNumbering of the carbons is shown in blatke essential methigne
group atthe C8 position fofunctioningas a PPG is highlighted in grey.
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3.3.1 Stability upon irradiation

In correspondence with the general workflow for the development of photoactivatable prodrugs
inhibitor stability upon irradiation with light of the wavelength regd for the prospective
photoactivation has to be verified at theery beginning of the project(Figure 13). Therefore, a
compound solution of CDK inhibitd6 to which the BODIPY protecting group should be applied wa
irradiated with green light (530 nn@.6 W for up to 25 min. Since utility of the BODIPY protectirgigr

for biological applicationsvas to be examined, irradiation was performed it@nmonly usedwhite

opaque 96-well plate using PBS buffer with 20% DMSO as a solvent. Under this conditions the CDK
inhibitor 16 appeared to be stable.

25 uM
PBS buffer with 20% DMSO
120 -
100 ¢ 5 5 * * L ¢ L4
80 |
8
E 60 |
S
¥ o -
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0 ‘ | | ‘
0 5 10 15 20 25

irradiation time /min

Figure49: Sability of CDKinhibitor 16 upon light irradiation with a wavelength of 530 nnA 25 pM compound solution in PBS
buffer with 20 % DMSO was irradiated at 53® @.6 W) in a 96well plate forup to 25 min Subsequently samples were
analyzed by HPLEach value is a mearSD of two independent experiments.
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3.3.2 Synthesis

In accordane with the synthesis of the DMNB caged prodr@@, direct attachment of the BODIPY
protecting group to theCDKinhibitor was aimed forldentifyingan efficient strategy to introduce the
BODIPY protecting group to aompoundin a onestep S, reactionmight prove to be useful focaging
of further biologically active compoundsherefore, a BODIPY precursor exhibitinguitable leaving
group in terms of a neleophilic substitution at the L@ositionis highly desiredFigure48). In a first
approachthe 8-chloromethyl derivative 47 was synthesizedis a potential precursoadapted from

literature 71172

(Figure 50). Importantly, the 2,6-positions remained unsubstituted. Thushe¢ mesc
BODIPY corwvas built from 2,4-dimethylpyrrol and chloroacetykhloride. The resulting uncomplexed
intermediate was not isolated, but treated with triethylamine and boroifiuoride diethyletherate to
gain the desired BODIRYecursor47 in terms of a twestep synthesisepresenting a commonly used
way forthe prepamtion of meseBODIPY derivativés Thereaction was accompanied by the forriaat
of several byproducts. The dehalogenated derivatiéaepresented the major byproduct. Surprisingly,
the chromatographic behavior of both thedhloromethylBODIPY precursdf7 and its dehalogenated
byproduct48 were similar making the purification ¥ flash chromatography highly elaboraiue to the
dirty reaction as welbs the elaborate purification the yieldof 47 was only16% In a next stepthe
attachment of the 8-chloromethyl BODIPY precursdi7 to the pharmacophoricscaffold 24 was
investigated applying theormerly optimized reaction conditions from the photd@aatable CDK
inhibitor project The desired BODIRdged scaffoldt9 could be ahieved, but with a low 3% vyield

considerably due tthe poorleaving groupproperties ofchlorine in a nucleophilic substitutioeaction
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Figure50: S/nthesis of the 8chloromethyl precursor 47 with subsequent attachment to the pharmacophoric scaffold 24.
Synthesis of BODIPY precurd@wasadapted fromliterature ***"2

Having the BODIRMged scaffoldt9 in hand and photochemically characterizéske chapte3.3.3, a
modified BODIPY protecting group wasbe employedIn order to achieve bathochromic shift of the
light absorptionspectra the 2,6positionsof the BADIPY core were to be altere@hus ethyl moieties
were introduced bystarting from3-ethyl-2,4-dimethylpyrrol for synthesis of the BODIEdfe. In order to
improve the attachment of the BODIPY precursor to the scaftd|dhe 8bromomethyl derivative50
was approached starting from -8thyl-2,4-dimethylpyrrol and bromoacetyl chlorigebut due toits
instability it could not be isolated in gufficient purity (Figure51). Hence a different strategy was
pursued. Regardindgts synthetic availability the 8-chloromethyl derivative51 was prepared and
afterwards converted toits 8iodomethyl derivative52 in terms of a Finkelstein reactiowith the
intension ofexploitingthe A 2 R AsypBridrpropertiesas a leaving group®'”* The sibstitution of the
chlorine by an iodine worked isufficient yield, althoughformation of the dehalogenated byproduct

could not be prevented. Again, due to comparable chromatographic behawientire removal of the



Results and Discussion

byproduct appeared to be unfeasible without diminishing the yield. Sticelomethyl derivativeb2 was
further utilized as a redant and the impurity was characterizegurity of 90% was accepted.
Subsequent attachment of thBODIPY protecting group the pharmacophoriscaffold24 utilizingthe
8-iodimethyl precursor52 yielded theBODIPXaged scaffold3. Compared to the reaction with th@
chloromethyl BODIPY precursbi, the yieldwasmoderatelyincreased to 12%.

TEA
BF3-OFt,
—
N\_NH * -
DCM
Argon
0-50°C, 1 h F F
50R =Br 40% (impure)
51R=Cl 52%
H N THF
/©/ \Wj Nal | 70°c, 1
~ N2
S
24
NaH
DMF
-35°C,1h
53 52
12% 80%

Figure51: Route of synthesis to cage the pharmacophoric scaffold 24 witte thptimized BODIPY protecting groufynthesis
of the BODIPY precurs&il was adapted from literaturé”>*"* Conversion to the #domethyl BODIPY precursé2 was
performed according to literatur&™.
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Having found an sufficient way to cage the pharmacophoric sca#iélaith the BODIPY protecting
group, caging of CDK inhibit@6 with the BODIPY protecting group wasrformed Again,optimized
reaction conditions identifiedisingthe scaffold were applied yieldintpe BODIPXaged CDK inhibitor
54. Considering a potential light sensitivity synthesis as well as purification wésrped under light

exclusion as much as possible.

NaH

DMF
-35°C, 1h

52 16

Figure52: S/nthesis of the BODIR¥aged inhibitor 54.

The synthetic approach exploiting the accessibility of thehi@romethylBODIPY deratives with a
subsequent conversion to their-i8domethyl derivatives enables a direct attachment of the BODIPY
protecting group to nucleophilic nitrogemsg.NH moieties of biological active compounds, although the

formation of dehalogenated byproducthiring all steps of synthesis could not be prevented.
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3.3.3 Photochemical haracterization

In the first step of the photochemical characterizatiche UV/Vis absorption spectra of both BODIPY
caged scaffold49 and 53 have beerevaluatedin order todetermineanideal irradiation wavelength by
identifying respectiveabsorption maxima. This represents a crucial step for characterizing the utilized
BODIPY protecting groups, sinceigh light absorption at the irradiation wavelength is mandatory for an

efficient photoactivation.

The2,6-unsubstitutedBODIPXaged scaffoldl9 exhibited a broad unsymmetrical absorption band with
a maximum around 520 nr{Figure53). From 460 nnthe light absorption increases slowly up to the
maximum whereas the light absorption drops sharply above 520 nnih&yntension of achieving a
bathochromic shift of the light absorption maximuthe second BODIPdaged scaffolé3 was prepared
where two ethyl groups were introduced at the 2fositionsof the BODIPY core. The results showed
that the absorption maximum shifted to 550 nm. In addition to this bathochromic shift the light

absorption increased as well compared to &yé-unsubstitutedBODIPXaged scaffold9.
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Figure53: UV/Vis absorbtion spectra of the BODIR¥ged scaffoldl9 and 53 UVVis absorptionspectraof both BODIPY
caged scaffold#19 (grey) and 52 (black were recorded inDMSOand normalized to the UV/Vis absorption spectrum of
pharmacophoric scaffold4 (dashed).

To examine and compare the rate thie photoactivation of both BODIPdged scaffoldd9 and 53 an
irradiation wavelength of 530 nm was chosen since both compourldibit a decent light absorption at
530 nm However, the BODIRMged scaffol®3 showed a significantly higher light absorption at 530 nm
compared to49. Importantly, the uncagedscaffold 24 exhibited no light absorption above 330 nm
implying that an inteference of24 while photoactivation with light of 530 nm rsot possible Thus, a
custom made LED lamp with an emission wavelength ofrB3@vith a maximum power of 4.6 Wras
utilized for the irradiation experiments. Therebgompound solutiongn DMSQOof both BODIP*¥aged
scaffoldswere irradiated in a 96wvell plate for up to 20 minutes~{gure54). Samples wersubsequently
analyzed by HPLC and-MGS in oder to deermine contents ofboth the caged and uncaged species.
Irradiating the 2,6unsubstituted BODIRYaged scaffold49 for 20 minutes resulted in a 40%
photoactivation Figure 54). Introduction of the ethyl moieties at the 2 and 6 position led to an

significant increase of the photoactivation rateAfter 20 minutes of irradiationthe 2,6diethyl
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substituted BODIR¥aged scaffolcb3 was fully cleavedThis increase in theate of photoactivation
might be due to the higher light absorption at 530 nm5&compared to49.

Both BODIPXaged scaffolds were prepared and photochemically characterized with the intension of not
only finding an efficient way to chemically introdute BODIPY protecting group to an inhibitor but also
identifying a BODIPY protecting group with a fast photoactivation. By rédmgon the 2,&liethyl-
substituted BODIPY protecting group was furtbleosenfor caging of the CDK inhibit@6.
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Figure 54: Photoactivation of theBODIPYaged scaffold 49 (A) and 53 (B). 100 uL of eaclktcompound solution irDMSO
(25uM) were irradiated in a well od 96-well plate for the indicated time &30 nm (4.6W) and analyzed by HPQEC= 2)and

LCMS. The amount of the caged compound (diamonds) is plotted against the released sedftstpiare$. Each value is a
meanz SD of two independent experiments.
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As shown in chapteB.3.2 introduction of the 2,6diethylsubstituted BODIPY protecting group to CDK
inhibitor 16 worked applying the prior optimized, reaction conditions to yield the 2@iethyl-
substituted BODIR¥aged inhibitor54 (Figure52). Havingb4 in hand, its UV/Vis absorption spectrum
was recorded. In agreement with data from the respective BORI&)ed scaffold53, a strong
absorption band with a maximum at 550 nm was obser@dure 55). Since a LED lamp with an
emission maximum of 530 nm was available, the rate of photoadinavas examined atrairradiation
wavelength of 530im although the light absorption at 550 nm would be significantly higher. With the
aim of determining utility for future biological application the irradiation experiments were again
performed in a 9évell plate at a concentration of 25 pMlUnfortunately,due to a poorwater solubility

of 54 the rate of photoactivation could not be determined using PBS buffer as a solvent despite adding
up to 30% of DMSO. The applied concentration of 25fpiMhe photoactivation experiments could not
be decreased due to thlimit of quantification of the HPLC analysis. However, all photoactivation
experiments were performed as close itovitro conditions as possiblés an important resujt80% of

the BODIP3taged inhibitorb4 were activated after 10 minutes of irradiatigRigure56). Furthermorea

full photoactivation was achieved after 15 minutes of irradiation at 530 nm
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Figure55: UV/Vis absorption spetrum of the BODIPXaged CDK inhibitds4. TheUV/Visabsorption spectrunof the BODIPY

caged CDK inhibitd4 (black) was recorded iDMSO and normalized thvé UV/Visabsorption spectrunof the uncaged CDK
inhibitor 16 (dashed)
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Figure56: Photoactivation of the BODIP¥aged CDK inhibitor 54100 uL of the compound solution in DMSO (25 uM) were
irradiated in a well ofa 96-well plate for the indicated time at 530 nm (4.6 W) and analyzed by K#PEQ)and LEMS. he
amount of the caged compound (diamonds) is plotted against the released CDK inb#dgouare$. Each value is a meanSD

of two independent experiments.

3.3.4 Biological evaluation

Having determined the photoactivation rate of the BODBtRAYyed prodrg 54, the question whethethis

rate is sufficient to be useful fdsiological applications had to be ansied next. Arrradiation inducing

the photoactivation of a photoactivatdé prodrug should not affeatell viability. In order to investigate

the OS f rha®@um tolerable light dose of the respective wavelength;calbed light titrdaion
experiments wergoerformedutilizing the Panc89 cell line which was used for the photoactivatable CDK
inhibitor project. Therefore, Panc89 cells were irradiatedb&0 nm (4.6 W) for different durationg to

a maximum of 30 minutewith the same LED lamp used for the pbctemical characterizationthe
number of living cells is subsequently detected using a resazurin assay. The cell growth is determined in
relationto the number of living cells at the day of treatment in orderdistinguish between a cytostatic

(> 0% cell growth) and cytotoxic effect (< 0% cell growihterestingly the cell growth increased
significantly byirradiation up to 5 minutes td50% celgrowth compared to the DMSO contr@Figure

57). Not until 15minutes of irradiation the cell growtltarts to be impaired significantlymportantly,

even after 30minutes of irradiation no cytotoxic effect was obseryathough the cell growth was
diminished to 0%.
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Figure57: Light titration experiment with Panc89 cells?anc89 cells were treated with light of a wavelength of 530 nm (4.6 W)
using the same LED lamp used for the photochemical characterizatiba dffter two days the cell growth was determined
using a resazurin assay in relation to the number of living e¢lthe day of treatmentData represents meah SEM from three
independentexperiments performed in a quadrlipate.

Concerning theesults from synthesis, photochemical characterization and biological evaluatitris
project, utility of the 2,6-diethylsubstituted BODIPY protecting group for biological applicatisn
considered to bagiven Athough 15 minutes of irradiatioare requiredfor an entire photoactivationof

the BODIPXaged prodrud4 under experimental conditions compromiseof 10 minutes of irradiation

in vitro was choserin order to minimize cell damage by lighibut restore the biological activity at the
same time.The planned biological evaluation & with and without irradiation willshed lightto this
hypothesis.In the view of the UV spectrum of the BODiE®ged prodrugb4, a considerably faster
photoactivation might be enabled by adaptingetirradiation wavelength to itabsorption maximum of

550 nm.Regarding studies froithe groups ofWeinstain and Symanzski a canate linker implemented
between the BODIPY protecting group and the inhibitor might be beneficial to the rate of
photoactivation as well, although 15 minutes of irradiation are acceptable in the terms of a biological
application>**"®Yet the issu@f poor watersolubility 0f54 remains Due to he introduction of the ethyl
groups to the BODIPdbre at the 2,6oositions, the water solubilityfurther decreased However,the

issue of poor water solubilityan be solved byntroduction of hydrophilic moieties.g.sulfonate groups

to the BODIPY protecting group, enhancing titer solubility dramatically, whereas absorption and
emission maxima do not change significaitif”*”°In conclusion thevisible light absorbin@@ODIPY
protecting group exhibits unique qualities regarding the utility as a PPG for biological app$cation
especially sinceeadily substituton of the ring systems enablegistomtailored BODIPY protecting

groups forspecific applicatios
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3.4 Activation by Cherenkov radiation

In order to overcome the issue of a limited light penetration of UV light into biological tissnether
strategy next to the implementation of asible ligh absorbingPPG waspproached If the required
irradiation is not able to reach deeper tissue sites it might be an option to induce the irradiation in place.
Since thanost commonlyutilized DMNB protecting group is cleaved upon irradiatiotmwear UVight,
induction of UV light has to be achievddterestingly,Cherenkov radiationinduced by fastmoving
particles such as electrons or positroag. emitted during beta decay of certain radionuclides, exhibits

an emission maximum in the near UV ran@bus, he hypothesis whethee.g.a beta emitter is able to
activate a DMNB caged prodrug by induction of Cherenkov radiation emeBgsiles beta emitting
radionuclides, external beam radiatiamommonly used for radiation tumor therapy in clingcable to
induce Cherenkov radiation as w&lThereby, charged particles such as electronsvastlyaccelerated

by a linear particle acc8INI 12 NX» LF GKS O exced@SEtainthreshioldwithi® 4 Q & LIS S
medium such as water<herenkov radiation is induceélithough the induction of Cherenkov radiation

is subject to charged particles the effect might as well be observed by the use of high energy photon
radiation due to Compton sdtering. Thereby, a photon is scattered by a charged particle such as an
electron resulting in a decrease in energy of the photon accompanied by an energy transfer to the
recoiling electrori’® The energy rich recoiling electron might seluently induce Cherenkov radiation.
Linear particle accelerators might be capable of activating a DMNB caged prodrug due to induction of
Cherenkov radiation in solution by high energyarged particles such as electromspotentially high
energy photons Thus a collaboration with the clinic for nuclear medicires well as the clinic for
radiation therapyat the university hospital (UKSH) in Kiel has been establiglithdthe intention of
addressindoth hypotheses.
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3.4.1 Activation utilizing beta emittng radionuclides

First the capability of Fiorine-18 (*°F) to activate the DMNB caged prodr@@ was investigated'®F was
chosendue to itseveryday use fopositronremission tomographyPEY in the clinicas well as its short
half-life of 110 min Its decay mode is characterized mainly positron emission witta maximum decay
energy of 0.6MeV, which isyst above thethreshold for induction of Cherenkov radiation water
(0.26 MeV)""*"®Thus, he readily cleavabl®MNB caged prodrug3 was incubated with®F from two
different radioactive sourceand ®ntents of both the caged and uncaged species were quantified by
HPLC analysis after different times of incubatidoteworthy, the HPLC was placed behind appropriate
shielding and blocked for-2 days due tdts radioactive contamination. Furthermoréycubation was
performed in an amber glass HPLC vial in the autosampler of the iHRIt@=rto avoid openingthe
radioactive incubation vesseluring the experimentThe first experiments were performed using pure
¥ Toexclude a possiblenigration of*°F into the glass of the incubation viéllowing exgriments
were performed with**Fluorodeoxyglucosé¢¥DG), which isommonly used for tumor imaging by PET.
Since23 exhibited a poor aqueous solubiljtaddition of an organic solvent such as DMSO or methanol
as a solubilizer wasevitable although the induction of Cherenkov radiation is almost excliysive
investigated irpure water. Notably, the threshold condition for the induction for Cherenkov radiadsn
well as its intensity is strongly dependent on the refractive index of the medium rendering the solvent a
relevant parameter! With the intension of identifying an actition upon incubation with a radioactive
source, we designed fivecreeningexperiments. Therehythe source of radioactivitythe amount of
radioactivity, he solvent, the total volume as well #sise inhibitor concentration were alteredAll of

these varables were considered as relevant for induction of Cherenkov radiation

Importantly, no activation was observedcubating23 with the beta emitter*®F for up to 24 h at any
applied condition(Table4). In order to exclude false negative results, samples were irradiated with UV
light after incubationto demonstrate that a photoactivation of 23 is possible under the applied
conditions However, he intensity of the Cherenkov radiationssonglydependent on the decay energy

of the utilized radionuclidé’”” *c Q& RS O ®.633Me@sNiBtabogetthe threshold condition for

induction of Cherenkov radiation in water and thagght be insufficient to induce an activation23.
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Table4: Results fromactivation experiments usindSF as the radioactive source.

radioactive : o total compound
radioactivity solvent . result
source volume concentration
/Mbg /ml luM
1 18 20 10% DMSO in water 1 50 no activation
2 18 200 10% DMSO in water 1 50 no activation
3 18 150 water 1 50 no activation
positivecontrol samples 13 irradiatedwith UV light after incubation activation
4 BEDG 107 50% MeOH in water 0.4 125 no activation
5 BEDG 120 50% MeOH in water 0.4 125 no activation

positivecontrol samples 4 irradiated with UV light after incubation

activation
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To examine the hypothesis of an insufficient decay enefywas replaced by Giam-68 (**Ga)as the

beta emitter. Again, decay ofGa is characterized by 88% positron emission but with a significantly
higher maximum decay energy of91MeV!"® Because of its short hdife of 68 min,®Ga had to be
preparedin house using a gallim®8 generato. Thereby®Ga is enriched by decay of its mother nuclide
Gemanium68 and eluted fom the generator by the use of hydrochloric acid (HSihce the acifGa
solutionis highly radioactive, experiments had to be designed as simple as possible incondieirhize
potential radiation exposure. Therefore, in a first approach, a solution of the DMNB caged prodrug was
directly incubated with the acitfGa solutionTo exclude thathe low pH present in the samplegesults

in an activationof the prodrug a negative control witmon-radioactive®®Ga in 1M HCI was prepared
and concurrently quantified. Interestingly, incubation wiffa in 1M HCI results in a 26% activation of
23 within the first 2 hours whereas the negative control showed full stabditythe acid conditions

(Figure58). After 2 hours of ingbation the effecterminates leaving a stable solution.

Table5: Results fromactivation experiments usin&SGa as the radioactive source.

radioactive . o total compound
radioactivity solvent . result
source volume concentration
/Mbq /ml /luM

%Ga 900 20% DMSO in HCl  1.25 50 26% activation
6

“Ga - 20% DMSO in HCI  1.25 50 no activation
7 %Ga 900 20% DMS@n buffer  1.25 50 to be performed

The obtainedresults remain to be reproduced using a solvent with a neutral pH. Therefore, an efficient
way to neutralize the radioactiv€Ga soluion in HCI has to balentified. Significant dilution of the
radioactive®®Ga solution should be avoided in order to minimize the loss of radioactitsthermore

the increase in ionic strength should bept as small as possibl&nce neutralization has to be
performedbehind radioactive shielding using robotic arrttee use of Eppendonbipettesis precluded
However, the proof of activation upon incubation witfGa in a neutral solvent is planned to be

performed.



Results and Discussion

with radioactivity

100 =,
k..._
80 “1..___-__
2 fomees bommes Re==-- A
<
(1]
o 607 -k 23
4]
-
-
g 40 - 16
o
- a
20+
0 L] | | 1
0 1 2 3 4
incubation time /h
without radioactivity
1009 b =~ == =br === =A== = = = —-———- A== === A
80+
®
£
[1:]
o 60 -k- 23
(4]
=
3 40+ = 16
Q
20
0 | | T T 1
0 1 2 3 a4

incubation time /h

Figure 58: Activation of DMNB caged prodrug 23 upon incubation with the beta emittéiGa in 1 M HCITop: 1.25 ml
compound solution 023 (50 pM, 20% DMSO in 1 M HCI) with 900 I\ﬁ?@]a were prepared in an amber glass HPLCanil
incubated for 4hours in theautosampler of a HPL@fter the indicated time points peak areas of both the cag2&and
uncaged(16) speciesvere determined using HPLC analysis. Bottom: a compound solut@®(60 uM, 20% DMSO in 1 M HCI)
with nonradioactive”Ga was prepared in an amber glass HFkaICand analogously incubated in the same HPLC autosampler

as a negative control. Peak areas were determined after the indicated time points by HPLC &wdsiglue is a meanSD of
three independent experiments.
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3.4.2 Activation utilizingexternal radiation beams

Having seen evidence for uncaging 28 by incubation with a beta emitterthe utility of external
radiation beams frm a linear particle acceleratansually used for radiation therapy clinic were
investigatedin a second approachn a first experiment, @ mlcompound solution of the DMNB caged
prodrug23in methanolwas exposed to a beam of 6 MeV photans translucent HPLC vial maxmum
energy dose of 10 gray wapplied. Peak area determination of both the caged and uedagpecies by
HPLC analysis determined that under these conditions no activation occurred compared to the negative
control. Although due to Compton scattering, high energy photons cause energy rich electrons in
solution, a subsequersufficientinduction d Cherenkov radiatiom methanol might not have occurred
(Table6). Therefore, the second experiment was performed utilizing high energy electron radiation. A
1.5 mlcompound solution 023 in water with 25% DMSO was brought into an 6 MeV electron beam of
the linear particle acceleratand a maximum radiation dose of 3 Gy was applida addition of DMSO

was inevitable to avoid compound precipitation, although tb&erof organic solvents in the induction of
Cherenkov radiation is uncleggontents weresubsequentlydetermined using HPLC analysis before and
after the irradiation. In addition aegative control was conductedgain, no activation was observed
under these conditionSince the intensity of Cherenkov radiatiorsisonglydependent on the energy of

the charged particles, a third experiment was performed using electwitis a significantly higher
energy of 18 MeVImportantly, the total volume waincreased to 4 ml as well in order to enhance the
distancethe dectrons have to cover within the sample solution. However, an activatia28afid not
occur. As usual, photoactivation of all three samples upon UV irradiation was proven afterwards as a

positive control.
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Results from the experiments utilizing the radiation beam of a linear particle accelerator imply that the
Cherenkov radiation induced under the chosen conditions is not sufficient to cleave the PPG from the
caged prodrug23. This &ct calld be due to several reasonshel intensity of Cherenkov radiation
induced by particle beams might be generally too low to induce bond cleawagéicularly, since
radiation exposure is no longer than a couple of secandgder to reach the maxiom radiationdose
Furthermore, as emphasized above, the impact of organic solvents such as DMSO on the induction of
Cherenkov radiation is unclear. Howevdnre ttotal volumeof the irradiated mediums considered to be

a critical parameterln order b addressthe issue of a critical distanagarged particles have to cover

the useof a water tankaround the sample viahight be highly beneficial tthe induction of Cherenkov
radiation”® Translucent HPLC vials containing the compound solutions, fixed in the middle of the tank
would thereby be completely surrounded by water. iEhexperimental setup would not only allow a
significant enhancement of the interaction between thigh energy particleand the solvent but also

allowthe use of solely water as the medium in which the Cherenkov radiation should be induced.

Table6: Results from activation experiments using external particle beams from a linear particle accelerator.

L maximum compound
# radiation energy solvent volume ) result
dose concentration
/MeV /Gy /ml /UM
1 Photons 6 10 MeOH 1 50 no activation
25% DMSO in o
2 Electrons 6 3 1.5 50 no activation
water
25% DMSO in o
3 Electrons 18 3 4 50 no activation
water
positive control samples 13 irradiated with UV light activation
4 Electrons 18 3 sample recessed in water tan 50 to be
performed
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4 Conclusion

The unique qualities of the cagimgncepthave been utilized for a variety of applications for decades.
Surprisinglyonly a few photoactivatable prodrugs biological settingbave been describeget despite

the fact thatthe caging technique allowsargeting of two major issues: severe side effects and acquired
resistances. Both issues are commonly linked with novel potent di$igee implementation of the
cagingconceptis limited to only a selected group of drug classe far, themain focus of the present
thesis was its extensiotio further drug classesSince potent drugs withreng side effectanay benefit
particularly from the caging technique, a sralblecule microtubulgargeting agen{smMTA)as well as

a CDKinhibitor have been chosertence, the present thesis comprised the development of both a

photoactivatable smMTA and CDK inhibitorthg following of a specifically evolved workflow.
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4.1 Photoactivatablesmallmolecule microtubuletargeting agent

This projectincluded the successful design, synthesis, photochemical characterization and biological
evaluation of a photoactivatable smMTA. Identified as a potent inhibitor of microtubule polymerization,
smMTAL7 represented an attractive lead for the development of an dmtin tumor drug:® Due to its

well understood photochemistry as well as its rapid and clean photocleavage upon irradiation with UV
light, the 4,5dimethoxy2-nitrobenzyl protecting group (DMNB) was the PPG of chgi&tability
towards UV irradiationof 17 was proven at the very starof this project in order to meet this
indispensable requirement.Since molecular modelg studes were unsuitable to reveall7Q a
pharmacophorethe decision where to attach the PPG was based on data from earlier striattivéey
relationship studies® Thereupon, the termingbhenolicgroup was selected for caging due its relevance
for biological activity as well as its chemical accessibility. The sniMWas subsequently synthesized
following a characterized -dtep synthesis routeand consequently caged to obtaits DMNB caged
prodrug20in decent yields® From this pointdue to its light sensitivitylight exposure had to heltb a
minimum, rendering the purificatiorparticularlyelaborate.Subsequent photochemical characterization

demonstrateda quantitative, fasind clean activation upon UV irradiation.

An extensive biological evaluation followed to assess the utility@fXRINB caged prodrug for biological
applications. Severabiological assays have beesuccessfullyadapted for the purpose omainly
addressing two objectives: biological inactivity of the caged prodrug as well as its recovery of biological
activity upon light irradiation. First of all,attachment of the DMNB protecting group to the terminal
phenolic group clearly diminished biological activity. Examining tubulin polymerization, cell viability,
microtubuleinterference and induction of apoptosis, only miaxg residual activity of the caged prodrug
could be determined. Importantly, biological activity in cell viability assays was reduced by factor 55
using U251 cellgespectively factor 185 working with primary tumor cellsRN1 Secondly,the
photoactivatia in vitro using UV lightvorked perfectly Even d@o 30 sreducedirradiation time working

with the primary cancer cells RN1 led to an almost complet&amation of biological activityHence,

providing anotable proof of concepin vitro.



Conclusin

In conclision, the DMNB caged prodrug0 representsthe first photoactivatable smMTAvith a high
utility for biological application® the best of my knowledgeSpecifically20 could serve aan attractive

tool compoundfor studying of microtubule dynamics or ldimg kinetics of smMTAs$mportantly, the
required irradiation dosef UV lightdoes not affect cell viability dhe primary brain tumor cells RN1,
enabling an exciting option for novel therapeutic approaches regarding brain tusaaluable starting
point for the development of an advanced photoactivatable smMTA for the treatment of brain tumors
was therefore characterized targeted irradiation would allow high local drug concentrations in cancer

afflicted tissuswhile reducingsystemic side effects.

Although, br future applications several barriers have to be broken doRenetration ofthe blood
brain-barrier isindispensable for artbrain tumor drugs rendering smatiolecule MTAs particularly
attractive. Addition of a PPG egessarily increasethe molecular weight of a smMTA potentially
decreasing the penetration ability of a photoactivatable prodrug. However, pharmacokinetic properties
such as solubility and the ability to penetrate membranes such as the {t@dbarrier of
photoactivatable prodrugsan be governed by specistbstitution of the PPG-or instance, lte water
solubility of the DMNB protecting group can significantlyimproved bythe introduction of acarboxylic

acid substituents'®>*#! Importantly, theability of a photoactivatable smMTA to cross the blobdhin-

barrier has to be assessed prmpotentialmedicinal application.

Furthermore, dueto the limited penetration depth of UV light, surgery mandatory for a targeted
irradiation of brain tumos with UV lightEven an advanced visidight absorbing PPG such as BODIPY
two-photon uncagingmight not overcome this restriction, since the irradiation has to penetrate the
skull. However, utilization of Cherenkov radiation induced by high energyclpabeams of linear
particle accelerators could be highly beneficial although the question whether its intensitpighto

activate the prodrugn sufficient quantitiesemains to be answered.



Conclusion

4.2 Photoactivatable CDK inhibitor

This poject compised the successfalpplicationof the caging technique to CDK inhibit8. It included
the design, synthesis, photochemical characterization and biological evaluation of a DMNB caged CDK

inhibitor.

Having proven stability towards Ukadiation, mdecular modelling studies wengerformed to reveal
the binding mode ofl6to its target kinase, CDK2. Byrhing a critical Fbond towards the hinge region
of the kinaseits free amino function was identified as crucial fiigand affinity andbiologicalactivity.
Hence,caging aimed for thaspecificamino function. Again, dummy experiments were implemented
utilizing the pharmacophoric scaffol@4 prior approachingthe caging ofthe actual inhibitor.As an
importantinsight in both projectsthe implemenation of dummy experimentaitilizing only the relevant
substructures or pharmacophoreaespectively turned out to be highly useful in order to satime and
valuable drug materiaMWorking with the pharmacophoric scaffoR# an efficient synthetic stratggto
attach a PPG to the amino function of tNephenylpyrimidine2-amine scaffold in terms of nucleophilic
substitution reactiorwas identified using sodium hydride @0°C. These optimized reaction conditions
were not only successfully appliefbr the actual CDK inhibitot6 but for both the scaffold project as
well as the BODIPY project. Subsequent photochemical characterization highlighapal and clean
photoactivation upon UV irradiation of the DMNB caged prod28gSince tle project aimedto develop
photoactivatable prdrugs for biological applicatios) photoexperiments were designed as close to
biological assayconditions as possible.This strategy turned ouparticularly helpful regarding the
evaluation of the required irradiation dose fdn vitro photoactivation, although true biological
conditions could not be simulated due to limits of quantificateswell as poor water solubility of the

caged prodrug

Seeing the exceptional fast photoactivation2¥ under experimental coritions, the qiestion whether
that prompt photoactivation is generally valid for amino cagdephenylpyrimidine2-amine scaffolds
arose Hence, the hypothesi was addressed by investigatiribe photoactivation of differently
substituted DMNB cagel-phenylpyrimidine2-amine scaffoldsSpecifically, the electredonating and
withdrawing effects of paraubstituents to the caged amino function on the rate of photoactivation
were assessed.Importantly, dectron-donating substituents significantly reduced the rate of
photoeactivation. In contrast, electromwithdrawing substituents did noturther increase the rate of
photoactivation compared to the unsubstituted DMNB cagephenylpyrimidine2-amine scaffold. This

result is of major interest since thi-phenylpyrimidine2-amine scaffold is part of the hinge binding
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motifs of a variety of CDK and other kinase inhibit6r§**>* Thus, designingurther photoactivatable
CDK or kinase inhibiterexhibiting tre N-phenylpyrimidine2-amine scaffold strong electrordonating

substituents should be minded in term§afast photoactivation.

Having studied the rate of photoactivation under experimental conditidhe demonstration ofn vitro
photoactivation upon UV irradiation represented one central role of the biological evaluation.
Additionally, residual biological activity of the DMNB caged pro@2ig/as to beassessedFirstly, the
ability of 23 to inhibit the kinase activity of CDK2 was determined. Compared to inhilidprthe
inhibitory efficacy decreased by more than factofQ@endering the DMNB caged prodr@@§ inactive in
CDK2 kinase assay®econdly, cell proliferation assays using Panc89 cells were performed. The DMNB
caged prodru@3 exhibited a significantly higher g€ompared to the uncaged inhibitdr6, although a
considerably lower factor in difference &f 24 was achievedOff-target effects might contribute to
residual cytotoxic activity in particulasince CDK2 kinase activity was not inhihitédwever, the caged
prodrug didnot affect cell proliferation up tchigh micromolar concentrationg (17.3 uM), which still
would allowa decent therapeutic window, since potent kinase inhibitors sucli&are applied at

considerably lower concentrations (&€ 0.70 pM).

Tofinalizethe proof of conceptjn vitro photoactivation upon irradiation with UV light worked perfectly
in both kinase and cell proliferation assays. Upon 2 minutes of UV irradiati@nconsiderably low
power of 37.5 mW the biological activity of the caged prodrug3 was restored completely.
Furthermore, the used Panc89 cell tolerated the applied irradiation dase Hence, to the best of my
knowledge the first photoactivatable CDK inhibitor is present€te biological activity thus CDK
inhibition can be activatedpon irradiation with a high spatiotemporal control, making the DMNB caged
prodrug23 an attractive tool compound to study biological processesd@iksignal transduction within

a cell orwith regard tobinding kinetics.

Despite this notable proof of caept in vitro, the water solubility of the caged prodrug has to be
significantly increaserkgarding a medicinal applicatioifhe utilization of a hydrophilic PPG represents a
promising approach®®*® However, thelittle penetration depth of UV light to biological tissues
restricts studies utilizing the DMNB caged prod2ido thin cell layers or superficial tissues. Considering
23 as a tool compound to study biological processesitro, this penetration depth mighbe sufficient,
whereas a medal application appears difficulln order to overcome this limitation, two promising
strategies were approached. Firstly, the utilization of a vidiglet absorbing PPG was obvious. The
BODIPY group was chosen dueatsostability in varios media, sharpl@sorption peaks antbw in vitro

toxicity.’> Furthermore, readily substitution of the ringystems enables custotailored BAIPY
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protecting groups>**"'"*This isparticularly interestiy in terms of water solubilityAlthoughBODIPY
derivatives are widely used as laser dy&¥, photosensitizer® and fluorescenttags> A 1 Q& dziAf A (@&
for biological applications remained unclebdence, caging of inhibitdré with a BODIPY PPG was aimed
for with the intension of studying its @itoactivation upon irradiation with visible light. As an important
result, a universal strategy of synthesis was characterized exploiting chemical accessibility8ef the
chloro-substituted BODIPY derivatvewith a subsequent conversion to theid-iodo-substituted
derivativesby a Finkelstein reactionTheseB-iodo-substituted BODIPY derivatives can serve as valuable
precursors in order to attach the BODIPY P&@atious nucleophilic nitrogesuch as amine functions of
kinase inhibitors. Following photoemicalcharacterizatiorutilizingmoderately tissue penetratingreen

light proved its utility for biological applicationdn almost complete photoactivationpon irradation

was achieved within a time of irradiatiomhich only slightly impaired cell pifdration of Panc89 cells.
Having proven utility,ite proof of concept utilizing the BODIPY RiP@trois part of present projects in

our work group.The preparation of a water soluble BODIPY group, the investigation of the mechanism
of photorelease andassessment of a possible cellular toxicity of the cleaved protecting gnollip

represent further milestones within this project

In a second approach to overcome the limited penetration depth of UV lightpdissibilityto activate a
DMNB caged prodrug by the use of Cherenkov radiation induced by either a beta radiation emitting
radionuclide or external particle beams from linear particle accelerators was investigatethating the
DMNB caged prodrug3 with the positron emitting radionuclid&F did na leadto a cleavage of the PPG
considerably due td®Cc Qa RSOl & BappdndHodbe pdadod@Khe threshold condition for
induction of Cherenkov radiation. Henc&Ga was chosen as theositron emitting radionuclide for
further experiments because of its significantly higher decay energy. Inifizcbation with®®Ga as the

beta radiation emitterin 1 M HCI resulted in a 26% activation of the DMNB caged pro@aigrhis
experiment represents an impontd proof of concept. However, the ability of beta radiation emitting
radionuclides to activate a DMNB caged compound remains to be proven at a neutral pHinaduger

to validate the observed effecFurthermore, cleavage of the PPG was assessed usieghaixbeam
radiation from a linear particle acceleratdrherefore, compound solutions of the DMNB caged prodrug
23with a maximum total volume of 4 ml were placed in the particle beam of a linear particle accelerator.
Both photon as well as electron radiion could not cleave the PPG from the DMNB caged prog8ug
However, thecritical total volume of the compound solutions might not have been sufficient since the
particles from the particle beam might need to travel a certain distance within the soleesfficiently

induce Cherenkov radiation. Thestallation of a water tank surrounding the probes might be a
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promising approach to induce Cherenkov radiatwithin the water tankandto subsequently activate

the prodrug.

In summary the utilization ofCherenkov radiation wouldffer unparalleled opportunities regardinmght
deliveryinto difficult accessibldreatment sites, since the required UV irradiation would be generated
deepin place.An activationby a beta emitting radionuclideas firstly demonstrated by the use 8Ga.

To further validate and study the observed effect remainscfarent projectswithin our workgroup

In conclusion, both a photoactivatable sralblecule MTA as well as a photoactivatable CDK inhibitor
with high utility in vitro were developed. Since the DMNB group was chosen as thedeB3yrodrugs

are highly valuable as tool compounds to study biological processegitro due to a precise
spatiotemporal control of their biological activity upon irradaatiwith UV light. Furthermore, thbasis

of two promising strategies to enhance their medicinal appliitgbivas laid: installation of the@ovel
visiblelight absorbing BODIPY PR&well aghe utilization of Cherenkovadiation for photoactivation.
Both strategies would increase the value of photoactivatable prodrugs tremendously. In particular
utilization of Cherenkov radiatioim combination with clinically usedimor targeting vectorgor delivery

of radiation to specific tumor sitei® vivowould enable a precise control of biological activity in nearly
every spotwithin the human bodyand could lead to a novel therapeutic approach combining caged

prodrugs with existing radiotherapeutic applications.
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5 Experimental

5.1 Molecular nodeling

Molecular moddéing was performed on a DELL 8 core system. For visualization Maestro, version 10.4,
Schrddinger, LLC, New York, NY, 2014 was used. Protein crystal structures were prepared prior to
docking by the Protein Preparation Wizard135 utilizing the following progr Epik136, version 2.7,
2013; Impact, version 6.2, 2014; Primel37,138, version 3.4, 2014. Thus;réyecKstal structure
refinement process included addition of hydrogen atoms, optimization of hydrogen bonds, and removal
of atomic clashes. Default $imgs were used. Missing side chains and loops were filled in with Prime.

Furthermore, selenomethionines were converted to methionines and water molecules were deleted.

Additionally, ligands were prepared in order to create energetically minimized 3Deaides and assign

proper bond orders (MacroModel, version 10.3, 2014). Accessible tautomer and ionization states were
calculated prior to screening (LigPrep, version 2.9, 2014). To generate bioactive conformers a
conformational search method was used (€den139, version 2.7, 2014). Receptor grid generation was
performed by Glide140,141, version 6.2, 2014. For ligand docking and screening the Glide SP workflow
was used. Energetically minimized ligand conformations were docked into the active site obtaia;pr
possible binding poses were determined and subsequently ranked based on their calculated binding

affinities.

Furthermore, caged ligands were investigated regarding their interactions within the ATP binding pocket.
The structures were therefore supmposed with crystallized or modeled inhibitors by the flexible ligand
alignment function. Afterwards, steric hindrance was determined by calculation of Hgeantelin
contacts. Ugly contacts with a contact cutoff ratio < 0.5 were indicated by red ddistesd The cutoff

ratio was calculated by Maestro based on the following formula: C = D1,2 / (R1+R2) where D1,2 is the
distance between the two atomic centers and where R1 resp. R2 are the radii of the atomic centers. C

increases monotonically for each dant type, that is C(ugly) < C(bad) < C(good).
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5.2 Photoexperiments

5.2.1 Inhibitor stability uponirradiation

Compoundl7 and 21 were dissolved in DMSO (1M). 5 mLwere irradiated in alass flaslat 365 nm
(LED sourcel2x Nichia NCSU033B, Sahhn Photochemical Solution$p0%,5.4 W) up to B min.
Aliquotswere diluted with HPLC grade methanol (1:1) andlyzed by HPLC.

Compoundl16 and 26 were dissolved in DMSO (1 M) resp. in PBS buffer with 10% DMSO (R%.u
100puL of each solution wereradiated in awell of a 96well plate at 365 nm (LED source: 8x Nichia
NCSUO033B, Sahimanhd®chemical Solutions, 10%, #9WV) up to 10 minContent determination was
performedby HPL@nalysis

Compoundl6 was dissolved in PBS buffer with 20% DMSO k26 100 uL each were irradiated imell
of a 96well plate at 530 nm (LED source: 8x Nichia NCS®21%ahimann Photochemical Solutions,
100%, 4.6 W) up to 25 mi@ontent determination was performed by HPLC analysis

5.2.2 UV/Vis absorptions pectra

Spectra were recorded on UV/Vis spectrophotometer Varian Cary® 50 Scan, Agilent Technologies. UV/Vis
absorbance was measured in DMSCP&S buffer with 10% DMSO. Concentration is either indicated or
the compounds were dissolved and diluted until peak abance was in a range of 0.6 to 0.8.

Absorbance was subsequently normalized to the uncaged compdi6ds and 24.
5.2.3 Photoactivation

Photoactivatable smatmolecule microtubuletargeting agent

Compound20 was dissolved in DMSO (1M). 5 mlwere irradiated m a glass flask at 365 nm (LED
source: 12 Nichia NCSU033B, Sahimann Photochemical Solufi6f%o, 5.4 W). After 0, 20, 40, 60, 90,
120, 180, 240, 300 and 6G&&conds samples were takediluted with HPLC grade methanol (1akd
analyzel by HPLC at a welength of 254 nmEach sample was injected to HPLC twice. Additional to

HPLC analysisIMS was used to confirm compound identity.
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Photoactivatable CDKnhibitor

Compounds23 and 25 were dissolved in DMSO (1M resp. in PBS buffer with 10% DMSO (RH.u
100pL of each solution were irradiatdd a well of a 9évell plate at 365 nn(LED sourcet6x Nichia
NCSU276A U36%ahlmann Photochemical Solutipn$he light intensity in mW is indicated for each
experiment. After 0, 10, 20, 30, 45, 60, 90, 120 480 seconds samples were taken and analyzed by
HPLC at a wavelength of 296 nm without further dilution. Each sample was injected to HPLC twice.

Additional to HPLC analysisMS was usetb confirm compound identity.
Scaffold project

Compound25,35-45 were dissolved in DMSO (500 resp. in PBS buffer with 20% DMSO (500).u

100 pL of each solution were irradiated imall of a 96well plate at 365 nn{LED sourcet6x Nichia
NCSU276A U36Sahimann Photochemical Solutipmsth 7.5mW. After 0, 5, 10, 15, 20, 25, 30, 45, 60

and 120 seconds samples were taken and analyzed by HPLC at a wavelength of 296 nm without further

dilution. Each sample was injected to HPLC twice.
Visiblelight absorbing PPG

Compound£19,53 and 54 were dissoled in DMSO (25M). 100 uL of each solution were irradiated in a
well of a 96well plate at 530 nm (LED source: 8x Nichia NCS®@21%ahlmann Photochemical
Solutions). The light intensity in mW is indicated for each experiment. After 0, 1, 2.5, 5,,71.5,df 20
minutes samples were taken and analyzed by HPLC at a wavelength of 296 nm without further dilution.
Each sample was injected to HPLC twiadditional to HPLC analysis-MS was used to confirm

compound identity.
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5.3 Chemical Synthesis and Chatarization

5.3.1 Reagents anddvents

All reagents and solvents that have been applied in synthetic and analytic approaches were, if not
specified otherwise, obtained from the commercial companies abcr GmbH (Karlsruhe, Germany), Sigma
Aldrich Chemie GmbHW erck Group (Munich, Germany), Merck Millipore (Darmstadt, Germany), Acros
Organics, Thermo Fisher Scientific (Geel, Belgium), and VWR International GmbH (Hannover, Germany).

They were used without further purification.

5.3.2 TLC

Monitoring of reactions progresincluded thin-layer chromatography (TLC) utilizing silica gel

polyester sheets (SIL G/UV254, 0.2 mm, Polygram®, MaeNaggs/).
5.3.3 Flash Chromatography

Flashchromatography was performed using a LaFlash system, VWR International GmbH (Hannover
Germany). Re-packed silica gel columsnPuriFlaste n { L | t XIntezchim)>ant RR8 modified silica

gel coumns (PuriFlasm p / my | t 2nterchim) wefe used for separation. Composition of the mobile
phases ardndicatedwith the appropriate synthéc procedures Flow rates were adjusted toolumn

sizes
5.3.4 HPLC

Highperformance liquid chromatography (HPLC) was performed with a Hewlett Packard 1050 Series
(Agilent Technologies, Waldbronn, Germany) and served for monitoring of reaction propuoeitg

controlandpeé&k area determination ophotochemical characterizatienand stability experiments

¢KS O2ftdzyy o61a SAGKSNI I YAYySGSEt /y3X p >Yordampn i
{¢! Dwha!t /mMyZ p >Y OmMHpPp 1 n YYTIhe fjectioBwEBmMelwas! DI wS
20puL. Depending of the compounds to separaléferent gradients ofacetonitrile and KHPQ, buffer

(10 mM, pH 2.3) were usegb the mobile phasg A 1 K | FAESR T t)2U¥ ddiketiorBva m dp Y
achieved at 254 np296 nm or 35 nm.
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5.3.5 NMR

'H and™CNMR spectra were recorded on a Bruker Avance llli@§ffumentat a temperature 0298 K
NEaLld onn Y gAGK | YdzZ GAydzOf SI NJ LINBH(®0 MH)-aRfCdza A y 3
(75MHz). Spectra were referenced to the respective deuterated solvents signals of-BMS&6 NMR:

Hodpn BCINVR:3952ppm)and CREH bawyY 1 HCNMRIZIOM ppm) as an internal
standard. H,HCOSY, HSQC, HMBC spectra were further ¢dedsiok compound identity. The following
abbreviations have been used to classify the appropriate signals: b (broad), s (singlet), d (doublet), t

(triplet), q (quartet), quint (quintet), m (unresolved multiplet).

NMR spectroscopy was performed by Dr. Bl@irreser and his NMR team.

5.3.6 LCMS

Liquid chromatographic (LC) separation was performed with an Agilent 1100 HPLC system (Agilent
Technologies, Waldbronn, Germany) over aters Xterra MS C& n 1 n3pc  >GMIn
tempered at 20°Cusing a 0.1 % adetacidin double distilled watdacetonitrile gradient for mobile
LIKFasS o6Ft2g¢ NG4S I m Y i YAy

Mass spectra were recorded on a Bruker Esquire ~LC ion trap mass spectrometer (Bruker Daltonics,
Bremen, Germany) with electron spray ionization (ESthénpositive ion mode (dry gas 65 1™, YA Y

nebulizer 25 psi, drying temperatur®@ °C).

LCMS analyses were performed by Dr. Ulrich Girreser and Sven Wichmann.

5.3.7 HRMS

High resolution mass spectra were recorded either on a Thermo Fisher Q Exative Plus mass spectrometer
(Hybrid Quadrupol Orbitrap) with electron spray ionization (ESI) in the positive ion mode, a Joel Accu
(TOF 4G) with electron impact ionization (El) &ifax 11l mass spectrometer (Fa. Brukaltonics) with
matrix-assisted laser desorption/ionization (MALDI, applied matrix:cHoroh -cyanocinnamic acid,
wavelength ionization laser: 337 nm, acceleration voltage: 19 kV) and time of flight detector ThOF).

method used is indicated for each compound respectively
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5.3.8 X-ray Crystallography

X-ray ligand crystal structure analysis was performed by Dr. Dieter Schollmeyer at the Institute of
Organic Chemistry, Johannes Gutenberg University (Mainz, Germany}amI®8S 2T with Cu and Mo

X ray tubes and Oxford Cryostream.
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5.3.9 Synthetic procedures

General procedure for caging ®-phenylpyrimidin-2-amines with benzyl bromides (23, 25, 26,-32)

Sodium hydrid€1.2 equiv) was dissolved in 5 ml of dry DMRder a nitrogen atmospheréfter cooling
to 0°C,the respectiveN-phenypyrimidin-2-amine (1.0 equiv), dissolved in 3 ml of dry DMF, was added
dropwise to the reaction. After 1 tihe reaction was cooled teB5°C and the respective benzyl bromide
(1.1 egyuiv.), dissolved in 3 ml of dry DMF, was added to the reaction dropwise. After statri3%°C for
1 h the reaction was quenched bslow addition of HO. After 1 h the reaction was filtrated. The
precipitate was purified by flash chromatography (stationphase and eluent given for each compound,

respectively) to afford the particular compound.

General procedure for caging ofN-phenylpyrimidin-2-amines with BODIPY protecting groups

(49,53,59

Sodium hydridg1.2 equiv) was dissolved in 5 ml of dry DMinder an argon atmospheréfter cooling

to 0°C,the respectiveN-phenypyrimidin-2-amine (1.0 equiv), dissolved in 3 ml of dry DMF, was added
dropwise to the reaction. After 1 tine reaction was cooled te85°C and the respective BODIPY iodide or
chloride (2.5 equiy, dissolved in 10 ml of dry DMF, was added to the reaction dropwiser. #tirring at
-35°C for 1 h thereaction was quenched bsddition of 2 drops HD. The solvent was removed by
reduced pressure. The raw product was purified bgrflahromatography (stationary phase and eluent

given for each compound, respectively) to afford the particular compound.
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4-(4-(2-Fluoropyridin-3-yl)phenyl)}N-(4-hydroxyphenyl)butanamidg17)

alexraj

GiHioFNO, (M, 350.14)
Synthesis was performed by Ddohammed Abadleh

4-(4-(2-Fluoropyridin3-yl)phenyl}N-(4-hydroxyphenyl)butanamide was synthesized according to
literature ** (99% HPLC purity).

'H NMR(300 MHz, DMS@g): + =1.92 (quint,®}y, = 7.5 Hz, &), 2.30 (t,°1 = 7.4 Hz, &), 2.68 (t,
%1u=7.5 Hz, B)), 6.68 (d,%}y = 8.9 Hz, B), 7.36 (m, 4H), 7.45 (m, LH7.54 (dd,'} = 1.7 Hz
31,1=8.3Hz, H),8.09 (m, 1H), 8.22 (m, }}9.13 (s1H), 9.63 (bs, 1Hppm.

¥%C NMR(75 MHz, DMS@): + = 26.6, 34.3, 35.7, 114.9, 120.922.6 (d,"kr= 4.3 Hy, 122.8 (d,
?kr=29.2 H}, 128.7 (d}%e= 3.0Hz), 128.8130.9 (d’%r= 5.1 Hy, 131.Q 141.2 (d’kr= 4.4 Hz), 142,2
146.1 (d2kr= 14.9 Hz), 153,1159.6 (d'Jr= 236.9Hz), 170.1 ppm.

HRMS(H): m/z =35014281M" (calc.m/z = 35014306

7.36 2.68 2.30 7.36
6.68

7.36

OH

9.13

6.68

128.7

141.2 130.9
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N-(4-((4,5dimethoxy-2-nitrobenzyl)oxy)pheny4-(4-(2-fluoropyridin-3-yl)phenyl)butanamide (20)

alex3.8

GaoHasFNGs (M, 545.20)

4-(4-(2-Auoropyridin-3-yl)phenyl}N-(4-hydroxyphenyl)butanamidel7 (100 mg, 0.29 mmol) and
potassium carbonate @ mg, 0.71 mmol) were dissolved in DMF (10 ml) and stirred at room
temperature for 30 min, followed by drewise addition of 4,5limethoxy2-nitrobenzyl bromide (86 mg,
0.31 mmol in DMF). The reaction mixture was stirred at RT for 12 h and demineraliezdwaa added
drop-wise until complete precipitation of the product. The solvent was removed by filtration and the
product was purified by reverse phase flash silica gel chromatognajihya gradient of methanol and
water to yield N-(4-((4,5dimethoxy-2-nitrobenzyl)oxy)phenyii-(4-(2-fluoropyridin-3-yl)phenyl)
butanamideas a yellow solidlQ0% HPLC purity).

Yield:93 mg (0.17 mmol, 60%)

'H NMR(300 MHz, DMS@g): + =1.93 (quint %3y, = 7.4 Hz 2H),2.32 (t,°14 = 7.4 Hz 2H) 2.68 (t,
%1w=7.5 Hz 2H), 3.86(s, 3H, 3.87 (s, 3 5.46 (s, B), 6.97(d °}yu= 9.0 Hz2H), 7.32 (s, 1H), 7.36,(d
311=8.1 Hz 2H), 7.46 (m, 1H), 7.54 (m, $H.71 (s, 1H), 8.09 (m, 18.22 (m, 1} 9.78 (bs, 1H)pm.

¥%C NMR(75 MHz, DMS@): 1 =26.6, 34.3, 35.656.0, 56.2, 66.8108.2, 111.1114.9, 120.6122.6 (d,
“ke= 4.3 HY, 122.8 (d2ke= 28.0 Hz), 127,8.28.7 (d*ke= 3.3 Hz), 128,8130.9 (d3%r= 5.0 Hz), 133.1,
139.6 141.2 (d,*ke = 4.4 Hz), 142,2146.1 (d,°kr = 15.4 Hz), 147.7, 153.1, 153.659.6 (d,
1}ke=237.1Hz), 170.4 ppm.

HRMS(EI):m/z =54519486M" (calc.m/z = 54519621
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. 3.87
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N-(4-(benzybxy)phenyl}4-(4-(2-fluoropyridin-3-yl)phenyl)butanamide(21)

alex3.18

GgHasFNO, (M, 440.19)

4-(4-(2-Auoropyridin-3-yl)phenyl}N-(4-hydroxyphenyl)butanamidel7 (100 mg, 0.285 mmol) and
sodium carbonate (38 mg, 0.570 mmol) were dissolved in DMF (10 ml) and left stirring at room
temperature. After 30 minutes benzyl bromide (63 mg, 0.371 mmoluldié DMF) was added to the
reaction dropwise. The reaction mixture was left stirring abm temperature. After 12 hours the
reaction mixture was extracted with ethyl acetate three times. The combined ethyl acetate phases were
dried over sodium sulfate and the solvent was removed under reduced pressure. The product was
purified by flash chrontagraphy with a gradient of ethyl acetate and petroleum ether to yiki4-
(benzyloxy)phenyd-(4-(2-fluoropyridin-3-yl)phenyl)butanamideas a light yellow solid100% HPLC

purity).

Yield:69 mg (0.16 mmol, 55%)

'H NMR(300 MHz, DMS@g): + = 1.93 (quint, 33y, = 7.7Hz, 2B, 2.32 (t,°1 = 7.3Hz, 2H, 2.68 (t,
314=7.5 Hz, 2§ 5.05 (s, B), 6.94(d, *}y= 9.2 Hz2H) 7.287.58 (m, 18), 8.09 (m, 1H), 8.22 (m, LH
7.32 (bs, 1H) ppm.

¥%C NMR(75 MHz, DMS@): + =26.6, 34.3, 35.6, 69.3114.7, 120.5, 122.6 (8kr= 4.2 Hy, 122.8 (d,
2ke= 28.2 Hy, 127.6, 127.7, 128.3, 128.7 (&= 2.9 Hy, 128.8, 130.9 (k= 5.1 Hy, 132.7, 137.2,
141.2 (d3Xe= 4.4 Hz)142.2, 146.1 (d1e= 14.9 Hy, 154.0, 159.6 (dke= 236.6 Hy, 170.3 ppm.

HRMS(H): m/z =44018996M" (calc.m/z = 44019001
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4-(1-1sopropyk2-methyl-1H-imidazol5-yl)-N-(4-(methylsulfonyl)phenyl) pyrimidin2-amine (16)

AZD5438
CigHa1NsO.S(M, 371.46)
AZD5438 was obtained frofraizhou Crene Biotechnology Co., (GHina).

Before usage,hite compound was purified and fully characterized. Purification was achieved by RP flash

chromatography with a gradient of water and methanolteld awhite powder (100% HPLC purity).

'H NMR (300 MHz, DMS@): + = 1.49 (d 314=7.1Hz 6H), 2.52 (s, 3H), 3.17 (s, 3H), 5.68
(sept,*dy=7.1Hz 1H), 7.19 (d31,4=5.3Hz 1H), 7.48 (s, 1H), 7.83 (H,,=8.9Hz 2H), 7.98 (d,
31,4=8.9Hz 2H), 8.49 (f1,,=5.3Hz 1H), 10.0 (s, 1H) ppm.

%C NMR(75 MHz, DMS@): 4 =16.2, 21.544.0, 47.1, 110.8, 118.4, 128.0, 129.2, 1323.5, 145.1,
148.7, 158.0, 158.1, 159.0 ppm.

HRMSESI)m/z = 372.14873 [M+H]calc.m/z = 372.14887)




Experimental

N-(4-(methylsulfonyl)phenyl)pyrimidin2-amine (24)

Molecular structure determined by-bay crystallography.

alex1.2
Gi1HiiN3O,S (M, 24906)

24 was synthesized according to literatufé’. 2-Chloropyrimidine (2341 mg, 20.44 mmol) add
aminophenylmethylsulfonat€4200 mg, 24.53 mmol) were dissolved in 100 ml prepah. Four drops

of conc. HCI were added and theaction was left stirring at 85 °C for 24h. The solvent was removed
under reduced pressure. The crude product was recrystallized from MeOHAd yield N-(4-

(methylsulfonyl)phenyl)pyrimidi#2-amineas brightyellow needles (100% HPLC purity).

Yield:3100 mg (12.45 mmol, 6%).

'H NMR(300 MHz, DMS@): ¢ =3.14 (s, 3} 6.97 (t,°1,,=4.8Hz 1H), 7.81(d%1,,=8.9Hz 2H), 8.02
(d, *334=9.0Hz 2H),8.57 (d *J4y=4.8Hz 2H), 10.2 (s, 1H) ppm.

*C NMR(75 MHz, DMS@;): + = 44.Q 113.7, 117.9, 128.0, 132.2, 145.2, 158.2, 159.5 ppm.

HRMS(ESI)m/z =272.04619 [M+N4] 250.06434 [M+H](calc.m/z = 250.06447)

10.2

8.02 117.9 H

: 1595 N
8.57 128.0 N 158.2
145.2
3.14 440 133
\S 8.02 697 ~ 117.9 1137

/7 \\ 7.81 8.57 7\ 128.0 158.2
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N-(4,5-dimethoxy-2-nitrobenzyl)-N-(4-(methylsulfonyl)phenyl)pyrimidir2-amine (25)

alex1.3
GooH20N4OsS (M, 444.11)

25 was synthesized according to the general procedorecaging ofN-phenylpyrimidin2-amines with
benzyl bromidesrom 24 (122 mg, 0.44 mmoknd 4,5dimethoxy-2-nitrobenzylbromide(137 mg, 0.484
mmol). Purification was achieveay RP flash chromatography with a gradient of methanol and water to
afford N-(4,5-dimethoxy-2-nitrobenzyl}N-(4-(methylsulfonyl) phenyl)pyrimidin2-amine as a bright
yellow solid (980 HPLC purity).

Yield:117 mg (0.26 mmol, 68).

'H NMR(300 MHz, DMS@):1 ' o®PHH 04X ol 00X odcH O0&X ol U0I odyn
3144=4.8Hz, 1H), 7.70 (m, 3H), 7.88 {@l;= 8.8 Hz, 2H), 8.47 (d,,y=4.8Hz, 2H) ppm.

%C NMR(75 MHz, DMS@,): + = 43.6, 51.0, 56.0, 56.0, 108.5, 109.8, 133.6, 126.0, 127.8, 128.7, 136.5,
140.0, 147.3, 148.2, 153.2, 158.2, 160pm.

HRMS (ESI): m/z = 467.09947 [M+N4] (calc. m/z = 467.09958); 445.11744 [M+HJcalc.
m/z =445.11763)

O NO
384" 2
3627 5.64
O o
7.88
N N
270 | 847
3.22
~ 7.88 694
S
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N-(4,5-dimethoxy-2-nitrobenzyl)-4-(1-isopropyt2-methyl-1Himidazol5-yl)-N-(4-(methylsulfonyl)
phenyl)yyrimidin-2-amine (23)

Molecular structure determined by-bay crystallography.

alex1.4
GorHaoNsOsS (M, 566.19)

23 was synthesized according to the general procedorecaging ofN-phenylpyrimidin2-amines with
benzyl bromidedrom 16 (100 mg, 0.27 mmol) and 4,5dimethoxy2-nitrobenzylbromide (82 mg, 0.30
mmol). Purification was achieved by RP flash chromatography with a gradient of methanol and water to
afford N-(4,5-dimethoxy2-nitrobenzyl}4-(1-isopropyt2-methyl1Himidazol5-yl)-N-(4-(methylsulbnyl)
phenyl)pyrimidin2-amine as a bright yellow solid (180HPLC purity).

Yield:84 mg (0.15 mmol, 3a).

'H NMR(300 MHz, DMS@):+ 1105 (d,*};4=7.1Hz, ), 2.39 (s, 3H), 3.21 (s, 3H), 3.84 (s, 3H), 3.66 (s,
3H), 3.85 (s, 3H), 5.32 (sefly=7.0Hz, 1H), 5.65 (s, 2H), 6.93 (s, 1H), {R&l,=5.3Hz, H), 7.52 (s,
1H),7.73 ¢, °1,,=8.8Hz, H), 7.73 (s, 1H), 7.91, °11=8.8Hz, H), 8.38 (d31;,=5.3Hz, H)ppm.

%C NMR(75 MHz, DMS@,): + = 16.1, 20.6, 43.5, 46.9, 51.4, 56.0, 56.0, 108.6, 109.8, 109.8, 126.6,
127.9, 128.6, 128.8, 133.0, 136.9, 139.8, 148.4, 147.4, 148.8, 153.3, 157.816677ppm.

HRMSESI)m/z = 567.20204 [M+H]calc.m/z = 567.20203)
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4,5-Dimethoxy-2-nitrobenzyl (tert-butoxycarbonyl)alaninate(22)

alex1.6
CiH4N2Og (M, 384.15)

22was synthesized according to literatufé A solution of BOC protecteddlanine g24) in toluene was
treated with 4,5dimethoxy2-nitrobenzyl bromide in the presence of DBU and stirred at 80 °C for one
hour. The crude product was filtered, washed with brine, dried over sodium carbonate and purified by
flash silica gel chromatography yield 4,5-dimethoxy-2-nitrobenzyl (tertbutoxycarbonyl)alaninatas a

white solid(100% HPLC purity).

Yield:3100 mg (12.45 mmol, 64).

'H NMR(300 MHz, DMS@): + 128 (d,3}y=7.3Hz, 3H), 1.36 (s, 9H), 3.87 (s, 3H), 3.94 (5, B4
(quint, 33 =7.2Hz, 1H), 5.43 (s, 2H), 7.20 (s),TH41 (d3Ln="7.2Hz,1H), 7.70 (s, 1H) ppm.

%C NMR(75 MHz, DMS@): + =16.7, 28.1, 49.1, 56.1, 56.2, 62.9, 78.2, 108.2, 110.8, 126.4, 139.4,
147.9, 153.3, 155,372.8 ppm.

HRMSB): m/z =384.15347 M(calc.m/z = 384.15326)

7.41
O H
720 543
414 N o) 136
3.87 7 j@(\(} \’<
136
3.94 ~_ NO 158 O L3
7.70 2
O
1108 629 H
49.1 1553 O _78.2~281
5617 1475 T6a Q1728
153.3 139.4 28.1
202 16.7 O 28.1
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N-benzyt4-(1-isopropyt2-methyl-1Himidazol5-yl)-N-(4-(methylsulfonyl)phenyl)pyrimidin-2-amine
(26)

alex1.7
GosHx7NsO,S (M, 461.19)

26 was synthesized according to the general procedorecaging ofN-phenylpyrimidin2-amines with
benzyl bromidegrom 16 (100 mg, 0.27 mmol) and bentylomide (51mg, 0.30 mmol). Purification was
achieved by RP flash chromatography with a gradient of methanol and water to &fbethzyt4-(1-
isopropyt2-methyt1Himidazot5-yl)-N-(4-(methylsulfonyl)phenyl)pyrimidi2-amine as a bright yellow
solid (1086 HPLC puyij.

Yield:81 mg (0.18 mmol, 64).

'H NMR(300 MHz, DMS@g):+ ' m®yg=.1HzRBH)?2.40 (s, 3H), 3.20 (s, 319)295.37 (m, 1H),
5.37 (s, 2H), 7.15 (d}4=5.3Hz, 1H)7.197.33 (m, 5H)7.52 (s, 1H), 7.62 (8},=8.7Hz, 2H), 7.89 (d,
31,1=8.7Hz, 2H), 8.38 (d};,=5.3Hz, 1H) ppm.

¥%C NMR(75 MHz, DMS@): ¢ = 16.1, 20.7, 43.5, 46.9, 52.7, 109.4, 126.5, 126.8, 126.8, 127.8, 128.4,
128.7, 132.5, 136.8, 138.148.7, 148.7157.7, 157.9, 160.8pm.

HRMSESI)m/z = 462.19573[M+H]calc.m/z = 462.19582)

7.19-7.33 128.4
1.06

7.19-7.33
2.40
5.29-5.j<
\

3.20 1.06
7.19-7.33 N

7.89 N

/7 A\ 7.62 8.38 77\ 126.8 157.9
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N-phenylpyrimidin-2-amine

alex1.1
CioHoN; (M, 171.20)

N-phenylpyrimidine2-amine was synthesized according to literatd¥e The reaction was carried out in

a microwave for synthesig&is(dibenzylideneacetone)palladium(0) (30 mg, 0,03 mmdBIN&P (40 mg,

0,06 mmol) and potassiutert-butoxide (505 mg, 4.5 mmolvere dissolved i1.5 ml of anhyd. dioxane

in a microwavevessel. The reaction was heated to 80°C and stirred for 10 min. After addition of 2
chloropyrimidine (370 mg, 3.22 mmol), aniline (300 mg, 3.22 mmol) and 3.5 ml of anhyd. dioxane the
reaction was heated to 100°C. After stirring for 2 hours the reaction filaated. The filtrate was
concentrated under reduced pressure. The residus wigsolved in 20 ml of ethgtetate, washed with

brine and dried over sodium sulfate. The solvent was removed under reduced pressure. The crude
product was purified by flasbhromatogaphy with a gradient of ethydcetate and petroleum ether to

afford N-phenylpyrimidire-2-amine as a white solid (100 HPLC purity).

Yield:320 mg (1.87 mmol, 38).

'H NMR (300 MHz,DMSGde): + I ¢ dIyyw4.8z(i BH), 7.06 (t21y=7.4Hz, 1H), 7.35 (t,
31u=7.4Hz, 2H), 7.62 (d}1=7.5Hz, 2H)7.67 (bs, 1H), 8.4@1,%1;,=4.9Hz,2H) ppm.

%C NMR(75 MHz, DMS@): 4+ = 112.5, 119.8, 123.0, 129.1, 139.3, 158.1, 160.1 ppm.

HRMSESI)m/z = 172.08699 [M+H]calc.m/z = 172.08692)

7.67

7.62 H 119.8 H
N N 8.43 129.1 NisoL N 158.1

7.35
W N 139.3T ~
7.06 7620 N~ 672 123.0 1198 N~ 1125
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N-(p-tolyl)pyrimidin-2-amine

TDO0O1
CiHuNs (M, 185.10)

The synthesis oN-(p-tolyl)pyrimidin2-amine was adapted from literature'®’. 2-Chloropyrimidine
(1602mg, 14.0 mmol) angb-toluidine (1000 mg, 9.3 mmol) were dissolved in 20 ml dioxane. 14 ml of
acetic acid were added and the reaction was left stirring at 85 °C for 24h. The reaction was neutralized by
addition of an ageous solution of NaHG@nd extracted with ethyhcetate three times. The organic
phase was dried over MaQ and the solvent was removed under reduced pressure. The crude product
was recrystallized from MeOH$8 to yield N-(p-tolyl)pyrimidin-2-amine as light yellow needles (100%
HPLC purity).

Yield:1463mg (7.9 mmol, 85%)

'H NMR(300 MHz, CDgi+ 2124 (s, 3H), 6.7@, *1,4=4.8 Hz, 1H)7.08(d, %1,,=8.6 Hz, 2H)7.62(d,
31,1=8.6Hz, 2H)8.44(d, *},y=4.8Hz, 2H)9.48 (s, 1H) ppm.

¥%C NMR(75 MHzCDG): ¢ = 20.3, 112.0, 118.9, 128.8, 130.1, 131%7.9, 160.1 ppm.

HRMS(ESI)m/z = 18610260 [M+H] (calc.m/z = 18610257

7.62 H 118.9 H

N N N 1601 N
7.08 T J 844 128.8 137.9T ) 157.9
130.1
262 N~ 679 118.9 1120
2.24 ’ 20.3
7.08 8.44 128.8 157.9
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N-(4-bromophenyl)pyrimidin-2-amine

TDO002
CiHsBIN; (M, 250.00)

Synthesis oilN-(4-bromophenyl)pyrimidir2-amine was adapted from literaturé®. The reaction was
carried out in a microwave for synthesis. Bis(dibdideneacetone)palladium(0) (Ig, 0.013 mmol),
Xantphos (15 mg, 0.02hmol) and potassiuntert-butoxide (200 mg, 1.78 mmol) were dissolved im2

of anhyd. dioxane in a microwave vebksThe reaction was heated to 110°C and stirred fbnin. After
addtion of 2-aminopyrimidine (169ng, 1.78 mmol), 1,4-dibromobenzeng300 mg, 1.2mmol)and 3ml

of anhyd. dioxane the reaicn was heated to 1@°C. After stirring for 2 hours the reaction was filtrated.
The filtrate was concentrated under reduced pressure. The residue dissolved in 20 ml of ethyl
acetate, washed with brine and dried over sodium sulfate. The solvent was removed under reduced
pressure. The crude product was purified by flash chromatography wgttadient of ethylacetate and
petroleum ether to affordN-(4-bromophenyl)pyrimidiri2-amine as a white solid (98 HPLC purity).

Yield:119mg 0.48mmol, 37%)

'H NMR(300 MHz, CD@i+ I c*Rg=4.8 Hz[i1H), 7.46 (8},,=9.0Hz 2H), 7.56d, %},1=9.0Hz
2H), 7.68 (bs, 1H), 8.45 {d,,=4.8 Hz, &)ppm.

¥%C NMR(75 MHzCDG): ¢ = 112.8, 115.2, 121.1, 131.9, 138.3, 15738.5pm.

HRMSESI)m/z = 249.9973gM+HJ (calc.m/z "°Br=24999744)

7.56 H 1211 H
N.__N N5 N
7.46 T J 845 131.9 138'3W  157.9
115.2
s N~ 678 121.1 1128
Br ' Br
7.46 8.45 131.9 157.9
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N-(4-nitril ephenyl)pyrimidin-2-amine

TD008
CiaHeN; (M, 196.08)

Synthesis oN-(4-nitrilphenyl)pyrimidin-2-aminewas adapted from literaturé® The reaction was carried

out in a microwave for synthesis. Bis(dibgikeneacetone)palladium(0) (&g, 0.017 mmol), Xd&phos

(19 mg, 0.033nmol) and potassiuntert-butoxide (259 mg, 2.31 mmol) were dissolved imBof anhyd.
dioxane in a microwave vess The reaction was heated to 110°C and stirred fbonn. After addion

of 2-aminopyrimidine (188mg, 1.98 mmol), 4-bromobenzonitrile (300 mg, 1.6Bhmol) and 2 ml of
anhyd. dioxane the reaitin was heated to 13°C. After stirring for 2 hours the reaction was filtrated.
The filtrate was concentrated under reduced pressure. The residuedigasived in 20 ml of ethyl
acetate, washed with brine and dried over sodium sulfate. The solvent was removed under reduced
pressure. The crude product was purified by flash chromatoigy with a gradient of ethydcetate and

petroleum ether to affordN-(4-nitrilphenyl)pyrimidin-2-amine as abright yellow solid (9% HPLC purity).

Yield:113mg 0.58mmol, 35%)

'H NMR (300 MHz,DMSQdq): + = 6.98 (t,%1,,=4.8 Hz, 1H), 7.72d( %1,4,=8.9 Hz, 2H),7.98 (d,
31,1=8.9Hz, 2H)8.57(d, %}y =4.8Hz, 2H)10.21 (s, 1H) ppm.

*C NMR(75 MHz, DMS@): + =102.3, 113.8, 118.2, 119.5, 133.0, 144.9, 158.2, 1j59%.

HRMSESI)m/z = 19708221[M+HJ (calc.m/z =19708217)

10.21

7.72 118.2 H

H
N N N 1594 N
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N-(4-(trifluoromethyl)phenyl)pyrimidin-2-amine

SK006
Ci1HsRN; (M, 239.07)

The synthesis ofN-(4-(trifluoromethyl)phenyl)pyrimidir2-amine was adapted from literature™’. 2-
Chloropyrimidine (1940 mg, 17.0 mmol) adeltrifluoromethyl)aniline (2100 mg, 13.0 mmol) were
dissolved in 50 ml propag-ol. Three drops of conc. HCI were added and the reaction was left stirring at
85 °C for 24h. The solvent was removatier reduced pressure. The crude product was recrystallized
from MeOH/HO to yieldN-(4-(trifluoromethyl)phenyl)pyrimidir2-amine as light yellow needles (100%
HPLC purity).

Yield:3034mg (L2.7mmol, 98%)

'H NMR (300 MHz,DMSGQde): + ' ¢ dghp4.8 izl AH), 7.63 (d1n=8.7 Hz, 2H),7.99 (d,
314=8.6Hz, 2H)8.55(d, *},y=4.8Hz, 2H)10.07 (s, 1H) ppm.

%C NMR(75 MHz, DMS@): + = 113.4, 118.1, 120.9, 1231125.7, 144.1, 158.1, 159.6 ppm.

HRMS(ESI)m/z = 24007422 [M+H](calc.m/z =24007431)

10.07

7.99 H N 118.1 H N
159.6
7.63 8.55 125.7 158.1
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Ethyl 4(pyrimidin-2-ylamino)benzoate

SK007
CigHiaNzO0, (M, 243.11)

The synthesis ofEthyl 4(pyrimidin2-ylamino)benzoate was adapted from literature **’. 2-
Chloropyrimidine (1000 mg, 8.73 mmol) amthyl 4-aminobenzoate(2164 mg, 13.1 mmol) were
dissolved in 50 ml dioxane. Subsequent, 14 ml of acetic acid were added and the reaction was left
stirring at 110 °C for 24h. The solvent was removed under reduced pressure. The crude product was
recrystallized from MeOHA®D to yieldethyl 4-(pyrimidin-2-ylamino)benzoateas abright yellow solid
(100%HPLC purity).

Yield:1804mg (7.42mmol, 85%)

'H NMR (300 MHz, DMS@): * = 1.30 (t,%1w= 7.1 Hz, 3H), 4.27 (dlw= 7.1 Hz, 2H), 6.94 (t,
31m=4.8Hz, H),7.867.94 (m, 4H), 8.56 (Aliy=4.8Hz, 2H), 10.08 (s, 1H) ppm.

%C NMR(75 MHz, DMS@): ¢+ = 14.3,60.2, 113.5, 117.6, 122.0, 130.1, 145.1, 158.1, 159.6, 165.5 ppm.

HRMSESI)m/z =244 10812[M+HJ (calc.m/z = 24410805

117.6 H
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N-(4-methoxyphenyl)pyrimidin2-amine

alex1.11
CiHuN:O (M 201.09)

Synthesis oN-(4-methoxyphenyl)pyrimidir2-amine was adapted from literaturé®. The reaction was
carried out in a microwave for synthesis. Bis(diydideneacetone)palladium(0) (I6g, 0.018 mmol)S

BINAP (22 mg, 0.036mol) and potassiuntert-butoxide (274 mg, 2.45 mmolyere dissolved in 1.5 ml

of anhyd. dioxane in a microwave vessel. The reaction was heated to 80°C and stirred for 10 min. After
addtion of 2-chloropyrimidine (200ng, 1.75mmol), 4-methoxyaniline(258 mg, 2.16nmol) and 3.5 ml

of anhyd. dioxane the reaicn was heated to 1&C. After stirring for 2 hours the reaction was filtrated.

The filtrate was concentrated under reduced pressure. The residue dissolved in 20 ml of ethyl
acdate, washed with brine and dried over sodium sulfate. The solvent was removed under reduced
pressure. The crude product was purified by flash chromatoigy with a gradient of ethydcetate and

petroleum ether to afford\-(4-methoxyphenyl)pyrimidis2-amine as a white solid (98 HPLC purity).

Yield:123 mg (0.62 mmol, 35%)

'H NMR(300 MHzDMSGdp):t I o ® 1675 (@ H,.3=4.8 Hz) TH), 6.86 (d},,=9.1 Hz, 2H), 7.61
(d,334=9.1 Hz, 2H), 8.41 (&l,,=4.7 Hz, 2H), 9.38 (s, 1H) ppm.

13C NMR(75 MHz, DMS@g): 4 =55.1, 111.7, 113.6, 120.7, 133.5, 154.2, 157.9, 160.2 ppm.

HRMS(ESI)m/z =20209766[M+H] (calc.m/z = 20209749

9.38
7.61 120.7 H
N 1602 N
6.86 8.41 113.6 157.9
133.5
154.2
3.72 \O 7.61 = 675 >>1 \O 120.7 17
6.86 8.41 113.6 157.9
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N*,N'-dimethyl-N*-(pyrimidin-2-yl)benzenel,4-diamine

alex1.10
CioHiaNg (M, 114.12)

The synthesis di*,N'-dimethykN-(pyrimidin-2-yl)benzenel,4-diaminewas adapted from literaturé®.

The reaction was carried out in a microwave for synthesis. Bis(dib@ezeacetone)palladium(0)
(24mg, 0.026 mmol)SBINAP (33 mg, 0.058mol) and potassiuntert-butoxide (412 mg, 3.67 mmol)

were dissolved in 1.5 ml of anhyd. dioxane in a microwave vessel. The reaction was heated to 80°C and
stirred for 10 min. After adtion of 2-chloropyrimidine (300ng, 2.62mmol), N,N-dimethylbenzenel ,4-

diamine (428 mg, 3.14mmol) and 3.5 ml of anhyd. dioxane the rdact was heated to 1&C. After

stirring for 2 hours the reaction was filtrated. The filtrate was concentrated under reduced pressare. Th
residue was dissolved in 20L of ethylacetate, washed with brine and dried over sodium sulfate. The
solvent was removed under reduced pressure. The crude product was purified by flash chr@phyogr

with a gradient of ethylacetate and petroleum ether to affordN',N'-dimethykN*(pyrimidin-2-

yl)benzenel,4-diamineas a yellow solid (36 HPLC purity).

Yield:72 mg (0.63 mmol, 24)

'H NMR(300 MHz,DMSQds): ¢+ 283 (s, 6H), 6.68.71 (m, 3H), 7.50(d, %3,4=9.1Hz, 2H)8.37 (d,
31n=4.8Hz, 2H), 9.19 (s, 1H) ppm.

%C NMR(75 MHz, DMS@): + = 40.7,111.2, 112.9, 120.9, 130.3, 146.2, 157.8, 160.3 ppm

HRMSESI)m/z =21512911 [M+H](calc.m/z =21512912)

9.19

1200 H
750 H N N 1603 N
6.68-6.71 Y X 837 112.9 130_3T X\ 157.8
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N-(4,5-dimethoxy-2-nitrobenzyl)}N-phenylpyrimidin-2-amine (39

alex1.0
Q9H18N4O4 (Mr 36614)

38 was synthesized according to the genegpabcedurefor caging ofN-phenylpyrimidin2-amines with
benzyl bromide$rom N-phenypyrimidin-2-amine (200mg, 1.16mmol) and 4,5dimethoxy-2-nitrobenzyl
bromide (352 mg, 1.28 mmol). Purification was achieved by RP flash chromatography with a gradient of
methanol and water to afford\N-(4,5-dimethoxy-2-nitrobenzyl}N-phenylpyrimidin2-amine as a bright
yellow solid (996 HPL @urity).

Yield:170 mg (0.46 mmol, 40%).

'H NMR(300 MHzDMSGde): +  3[66 (s, 3H), 3.83 (s, 3H), 5.53 (s, 2H), 6,80, =4.7Hz, 1H)p.95 (s,
1H), 7.167.22 (m, 1H), 7.33.40 (m, 4H), 7.64 (s, 1H), 8.97 %1 =4.7Hz, 2H) ppm.

%C NMR(75 MHz, DMS@e): + = 51.2, 55.9, 56.0, 108.3, 110.4, 112.2, 125.6, 126.8, 128.9, 128.9, 140.2,
143.7, 147.2, 153.9, 157.9, 16 p@gm.

HRMS(ESI)m/z = 367.13991 [M+H]calc.m/z = 3671408)
















































































































































