uOttawa

L'Université canadicnne
Canada’s university



"

—
FACULTE DES ETUDES SUPERIEURES o FACULTY OF GRADUATE AND
uOttawa POSDOCTORAL STUDIES

ET POSTOCTORALES

L’Universit¢ canadienne
Canada’s university

Matthew Yorke
AUTEUR DE LA THESE / AUTHOR OF THESIS

M.Sc. (Chemistry)
GRADE / DEGREE

Department of Chemistry
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Photochemistry of Amido Xanthonate Photocages:
Potential Candidates for Polymer-Tethered Photorelease of Drugs

TITRE DE LA THESE / TITLE OF THESIS

J.C. Scaiano
BIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

M. Berezovski

A. Beauchemin

Gary W. Slater

Le Doyen de fa Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies



PHOTOCHEMISTRY OF AMIDO XANTHONATE PHOTOCAGES:
POTENTIAL CANDIDATES FOR POLYMER-TETHERED
PHOTORELEASE OF DRUGS

Matthew Yorke -

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements of
Master of Science

Specialization in Chemistry

o

[111

uOttawa

In the Ottawa-Carleton Chemistry Institute
Department of Chemistry, University of Ottawa

© Matthew Yorke, Ottawa, Canada, 2010



Library and Archives
Canada

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4
Canada

NOTICE:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’s permission.

Bibliothéque et
Archives Canada

Direction du
Patrimoine de I'édition

395, rue Wellington
Ottawa ON K1A ON4

Canada
Your file Votre référence
ISBN: 978-0-494-73843-6
Our file Notre référence
ISBN: 978-0-494-73843-6
AVIS:

L’auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L’auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cefte these.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.



“l like the tone of your trumpet
Come on let’s spill some paint
Let’s raise a glass of milk

To the end of another day”

- Gordon Downie




Abstract

Recently, photocages capable of releasing biologically relevant
molecules have been reported, which utilize the rapid and efficient
photodecarboxylation of 2-xanthone acetic acid (XAA) with UVA irradiation.
This thesis focuses on the development of functionalized xanthonate
photocages to be used for surface-tethering applications.

Firstly, the preparation of amine and acetamide functionalized
xanthonate (and thioxanthonate) photocage precursors will be described.
Investigation into the photochemistry of the prepared derivatives led to the
discovery of a solvent composition dependence on the photodecarboxylation
quantum yield of acetamide derivatives. The photodecarboxylation of these
derivatives occurs cleanly in the same way as XAA, but with lower efficiency.

The preparation and photochemical study of acetamide functionalized
photocages will then be described. Photorelease of acetate and
phenylalanine demonstrated the capability of amide functionalized
photocages to release biologically relevant molecules.

Lastly, initial investigations into polymer tethering will be described.
Attempted amide coupling through the aromatic amine led to the attachment

of a short chain carboxylic acid terminated linker to modify the linking site.
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Introduction

1.1. Photocages

Photocages, or photolabile protecting groups are, in the most general
sense, molecules that are capable of releasing a desired activity following
irradiation from a light source. Photocages are generally composed of two
components, a chromophore and a leaving group. The chromophore is that
part of the molecule that is capable of absorbing light and the leaving group
is that which is released following absorption of a photon. The general

concept of a photocage is depicted in Figure 1 - 1.

Caged
Leaving
. Group Light (hv) Released
——— + Leaving
Chromophore Chromophore Group

Figure 1 - 1: Cartoon representation of a general photocage. Following electronic
excitation via absorption of a photon (hv) by the chromophore, the caged leaving

group is released.

Photocages are commonly used for time-resolved studies of fast
biological processes requiring rapid, clean and efficient release of signaling
molecules. They have also been demonstrated useful for other applications

such as photolithography and DNA synthesis.’
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1.1.1. Excited State Processes

Before discussing the organic photochemistry of photocages it is first
important to understand the principal pathways that are possible in a
photochemical event. The excited state processes of an organic molecule are
well summarized in the Jablonski diagram shown in Figure 1 - 2.2 3 In this
diagram radiative transitions are represented as solid lines and non-radiative
transitions are represented as dashed lines. After absorbing a photon the
molecule is excited into the singlet manifold producing an electronic excited
state (S,). Through vibrational relaxation (VR) and internal conversion (IC),
the lowest singlet excited state (Si) is populated. From the singlet excited
state, there are four main processes that can occur: 1) relaxation to the
ground state (So) via the emission of a photon of lower energy, known as
fluorescence, 2) non-radiative relaxation via vibrational relaxation, 3)
intersystem crossing (ISC) to generate a triplet excited state (T1) and 4)
chemistry from the singlet excited state. Singlet excited states are generally
very short lived (on the order of nanoseconds), thus any of the above

processes must occur within that short time frame.
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Figure 1 - 2: Jablonski diagram summarizing excited state process. Solid lines

indicate radiative processes, and dashed lines indicate non-radiative processes.

It is important to note that in the context of photocages, the most
desirable deactivation pathway is chemistry from the excited state
(photochemistry). Radiative pathways, while they reduce the quantum
efficiency of photorelease, are often very useful since they allow for spatial

resolution via fluorescence imaging.
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1.1.2. ortho-Nitrobenzyl Photocages

The most commonly used photocage is that based on ortho-
nitrobenzyl (oNB) photochemistry. In 1970 Patchornik et al.* proposed the
use of the oNB group as a photosensitive protecting group based on the
photochemical isomerization of ortho-nitrobenzyl alcohol derivatives into

ortho-nitrosobenzaldehyde, as shown in Scheme 1 - 1.

ot
0. .
A g
[0}
X

C5

0.

X
Cr - A
+
cHo HO

! ]
0
o X
o]
pH
N\
[o] _—
~°
X

Scheme 1 - 1: Photorelease mechanism from o-nitrobenzyl alcohol derivatives (oNB)

based on the photochemical isomerization into o-nitrosobenzaldehyde.’

This photochemistry was later harnessed to release several
biologically relevant leaving groups, including the classic example of ‘caged
ATP'. The synthesis and release of adenosine triphosphate (ATP) from an
ONB photocage was first reported in 1978 by Kaplan, as shown in Scheme 1
- 2.5 This example clearly demonstrated the bioapplicability of photocages, as
photoreleased ATP was able to reactivate the Na:K pump in vitro, while

caged ATP was unable to do so0.°
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NH, NH,
<, I SN ), N
o o 0 N 4 o} o} ¢ J
B B s_o N hv " 1] T} N N
0° 170" 170%1 _ [o] Pl P .P-0.
O O O o 1,0 + 071707 1N0" 1 o
NO; 2 NO
OH OH OH OH

Scheme 1 - 2: Photorelease of ‘caged ATP’ from ortho-nitrobenzyl (oNB) based

photocage.®’

A number of oNB caged derivatives are commercially available due to
their ease of synthesis and their familiarity within biological researchers.
Though these are commonly used for a variety of applications, they do have
some disadvantages from a biological standpoint. In a 2002 review®
Pellicciolli and Wirz outlined the six main criteria for the design of a good

photolabile protecting group to be used for biological applications. The

criteria listed included:

¢ 1) clean and efficient photochemistry,

* 2) high absorption coefficient (¢) above 300 nm,

* 3) production of inert and non-absorbing reaction byproducts,

* 4) high rate constant of photorelease,

* 5) good aqueous solubility and

* 6) absense of “dark” reactions such as release via thermal

decomposition.

Photocages based on oNB chemistry fell short on a few of these

criteria, namely the formation of reactive nitroso byproducts, slow release
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following excitation (typically on the order of microseconds), and poor
aqueous solubility.* '° These shortcomings encouraged further development
in the field of photocages better suited to biological applications requiring

rapid release with spatial and temporal control.

1.1.3. Ketoprofenate Photocages

Ketoprofen (Kp), a potent nonsteroidal anti-inflammatory drug
(NSAID), has received a lot of attention during the last two decades due to its
reported phototoxicity. Following absorption of a photon via UV irradiation in
basic aqueous solution, Kp undergoes decarboxylation from its singlet
excited state, generating the corresponding benzyl carbanion, which is then
protonated by the surrounding media to produce 3-ethylbenzophenone as

shown in Scheme 1 - 3.'""3

[o} coO (o} (o}

Kp

Scheme 1 - 3: Photodegradation of ketoprofen (Kp) in basic aqueous solution via

protonation of the carbanion intermediate to form 3-ethylbenzophenone.

Shortly after the proposal of the singlet mechanism by Scaiano and
coworkers, efforts were made toward harnessing the carbanion chemistry by

substituting leaving groups on the B position relative to the generated




Introduction

carbanion. Following photodecarboxylation of the ketoprofenate photocage
(1), the generated carbanion eliminates the anionic leaving group (X') as
shown in Scheme 1 - 4. It should be noted that release proceeds by a
mechanism most closely resembling E1cb rather than E2, as evidenced by
the observation of the long-lived carbanion intermediate of Kp under

extremely dry conditions."

o™ |ote] -

1

X = OAc, OCHg, |,
Br, Cl, Ibuprofen

Scheme 1 - 4: Photorelease of anionic leaving groups from ketoprofenate photocages

(1) by elimination via benzyl carbanion following photodecarboxylation.14

The ketoprofenate photocages showed a marked improvement over
the oNB predecessors in several respects including an increase of the
release rate over 1000-fold, excellent aqueous solubility, the formation of
stable and benign photoproducts, and a significant increase in the

photorelease quantum yield."
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1.1.4. Xanthonate Photocages

Further insight into the photodecarboxylation mechanism was gained
through the study of an analogous set of aryl acetic acids based on the
xanthone chromophore which, as opposed to benzophenone, is fluorescent
in agqueous solutions. This property makes detection possible in various
environments via conventional fluorescence microscopy. An additional
advantage of the xanthone chromophore, in terms of biological applicability,

is the longer wavelength absorbance above 300 nm as shown in Figure 1 - 3.

w N wn [e))]
(&) (@] (@) ()
S S S S

N

=

O
E

—_

—_

(@)
.

Molar Absorptivity (M" cm™)

Semagl ol—m-o- la.

0 mo—
200 250 300 350 400 450 500
Wavelength (nm)

Figure 1 - 3: UV/Vis Absorptivity spectra for ketoprofen (Kp, B) and 2-xanthone acetic
acid (XAA, @) in PBS.

In basic aqueous media 2-xanthone acetic acid (XAA) undergoes

rapid and efficient photodecarboxylation upon irradiation (&p = 0.67 in PBS)
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generating a benzylic carbanion which is then protonated by the surrounding
media to produce 2-methylxanthone as the sole photoproduct as shown in
Scheme 1 - 5, consistent with the singlet mechanism proposed for
ketoprofen.'” Interestingly, unlike ketoprofen, which forms oxidation products
following aerobic photolysis, XAA produced no photoproducts aside from 2-

methylxanthone under the same conditions.

[0} o o

XAA

Scheme 1 - 5: Photodecarboxylation of 2-xanthone acetic acid (XAA) in basic aqueous

media from the singlet excited state.”’

Utilizing the clean and efficient photodecarboxylation chemistry of
XAA, photolabile protecting groups were synthesized with anionic leaving
groups B to the carbanion, as shown in Scheme 1 - 6 for acetate (2).'® UV
irradiation of 2 in PBS gave only acetate (observed as acetic acid following
protonation) and 2-propenylxanthone (3), resulting from elimination of the

benzyl carbanion.

10
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2 3

Scheme 1 - 6: Photorelease of acetate leaving group from xanthonate photocage (2) in

basic aqueous media."®

The clean photorelease of acetate from 2 encouraged development of
a wider range of leaving groups to improve biological applicability of the
xanthonate photocage. By connecting through a carbamate linker, as shown
for (4) in Scheme 1 - 7, the range was extended to aniline, a general model
for primary amines. When releasing through a carbamate,
photodecarboxylation generates the carbanion, which undergoes elimination
to generate 3 and the aniline carbamate anion. Thermal elimination of a
second molecule of carbon dioxide and subsequent protonation affords the

aniline leaving group.®

oMY O L e 4 O

Scheme 1 - 7: Photorelease of aniline leaving group via its carbamate from xanthonate

photocage in basic aqueous media.'®

Aside from those based on XAA, the fluorescent nature of the

xanthone (or thioxanthone) core has been taken advantage of by others, by

11
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using the fluorescence as a reporting function to signal photorelease.' To do
this, a dithiane leaving group is attached at the ketone position in such a way
as to disrupt the conjugation of the thioxanthone chromophore. Electronic
excitation of the resulting photocage, 5, by absorption of a photon leads to
homolytic cleavage, generating two radicals, which then undergo
disproportionation to produce the dithiane leaving group and the substituted
thioxanthone as shown in Scheme 1 - 8. The fluorescent thioxanthone is
easily seen by conventional fluorescence microscopy, thus has potential to

be used as a “release and report” photocage. '

' 7 :
&0 edo —odo

5

Scheme 1 - 8: Photorelease of dithiane feaving group from 5 via homolytic bond

cleavage and subsequent disproportionation of the generated radicals.'® %

While the reporting nature of photoreleasing thioxanthone from 5 is
advantageous, some major drawbacks accompany this release strategy as
compared to those based on XAA, namely the requirement of shorter
wavelength excitation and the limited scope of leaving groups available.
These points make photocages based on XAA much more appealing for

biological applications.

12
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1.2. The Cornea Project

1.2.1. HSV-1 Problem

The herpes simplex virus 1 (HSV-1) is the most common cause of
corneal blindness in North America.?! Primary infection by exposure
generally leads to several damaging symptoms, which eventually leads to
loss of corneal transparency and thus total loss of vision.??

An antiviral, acyclovir (ACV), is used to control symptoms of HSV-1,
but the current drug delivery methods are quite inefficient. Oral dosage leads
to only a small fraction of ACV reaching the infected area, and eye drops are
washed away too rapidly for the antiviral to be absorbed into the cornea. The
only widely accepted treatment to date is transplantation with human donors;

however, in many countries the demand for donor corneas far outweighs the

supply.??

1.2.2. Replacement Corneas

Recently, efforts have been made toward developing synthetic
replacement comeas to aid the HSV-1 problem.?>** The material developed
by the Griffith group is an interpenetrating network (IPN), combining
recombinant human collagen and 2-methacryloyloxyethyl phosphoryicholine

(MPC).?? Collagen, the main component of the extracellular matrix of the

13
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cornea, is incorporated into the synthetic material in order to promote corneal
regeneration, which has been reported following transplantation in human
subjects.?* Polymeric MPC is used to mimic phospholipids found in cell
plasma membranes, and has the added advantage of increasing the
mechanical strength of the hydrogel, as well as increasing resistance to
enzymatic degradation by collagenase.? It is also important to note here that
the absorption properties of the synthetic cornea should be comparable to
that of the human cornea if it is to be considered for implementation into
human beings.

The collagen-MPC IPN hydrogels prepared showed encouraging
results in many areas of interest including in vitro biodegradation, in vivo
biocompatibility and UV/sunlight irradiation effects.??> The resistance of the
hydrogel to collagenase digestion was demonstrated by lower mass lost than
that the human cornea when placed in concentrated collagenase for 26 days.
In vivo pig implantation of the hydrogel into the cornea demonstrated a
comparable re-epithelialization rate to that of normal wound healing in a
human cornea. Exposure to solar irradiation for 20 hours showed minimai
change in the absorption spectrum, as shown in Figure 1 - 4, suggesting that
the hydrogels are stable and the patient’s vision will not be affected by

sunlight irradiation.

14
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Figure 1 - 4: Absorption spectrum before (thick) and after (thin) solar exposure for 20

hours. a) human cornea, b) collagen-MPC hydrogel.22

The collagen-MPC IPN hydrogel demonstrated encouraging results
when compared to natural human corneas, making it a potential candidate for
use as future corneal substitutes.?” However, an inherent problem still
remains with HSV related transplants: the virus often remains latent in the

ocular nerve,?' leading to eventual reactivation of the virus following corneal

transplant.
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1.3. Photocages for Antiviral Release

Our research group is currently involved in a collaborative project with
Dr. May Griffith at the Ottawa Eye Institute and Dr. James Harden the
University of Ottawa Physics Department to develop a potential solution to
the previously described HSV-1 problem.

One possible route is to tether xanthonate photocages equipped with
an antiviral to the collagen-MPC hydrogel, as represented in Scheme 1 - 9.
This would allow for controlled delivery of an antiviral (such as ACV) directly
into the transplanted cornea following surgery.?® This modification of the
replacement corneas is expected to prevent reactivation of the virus, and

thus improve the success rate of transplantation.

COOH o) COOH o
RN COOH — N
COOH O O O O COOH
o X 0 o X

COOH COOH

Scheme 1 - 9: A potential way to attach xanthonate photocages to surfaces, such as
collagen-MPC hydrogel (X = leaving group). Coupling of the aromatic amine to
carboxylic acid terminated surfaces could ideally be achieved through the use of

standard amide coupling chemistry.

Prior to attachment of xanthonate photocages to the collagen-MPC

hydrogel, it is first crucial that the photochemistry is investigated to ensure

16
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that the same clean photorelease is achieved for the amide tethered
photocage as is observed for the parent xanthonate photocages.

The following chapters describe the initial investigations toward
surface/polymer-tethered photorelease of antivirals. Firstly, the amine and
acetamide derivatives of XAA are synthesized and their photochemical
properties assessed and compared with the clean photodecarboxylation
chemistry of the parent XAA. Next, the feasibility of photorelease from
amide-tethered photocages is probed by the synthesis and photochemical
study of acetamide functionalized xanthonate photocages equipped with
biologically relevant leaving groups. Lastly, initial work related to polymer

tethering through amide coupling chemistry is investigated.
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2.1. Introduction

As described previously in Chapter 1, rapid and efficient
photodecarboxylation from the singlet excited state following UV irradiation in
basic aqueous media has been reported for both ketoprofen (Kp, ®p = 0.75)’
and 2-xanthone acetic acid (XAA, ®p = 0.67).? Though both systems
demonstrate high photodecarboxylation quantum yields, they differ in their
absorption profiles: XAA has an absorption maximum at 347 nm, whereas
Kp’s absorption tails off at wavelengths above 300 nm. From the perspective
of designing photocages for antiviral release within biological systems,
xanthonate photocages are more suited to the application than their
ketoprofenate analogs since significant absorption above 300 nm is desired

for biological applications.®

Xanthone

To achieve photorelease of antivirals from tethered photocages, a
linker or handle is required to allow for direct attachment of the photocage to
a polymer or surface of choice. Due to relative ease of synthesis, the

proposed route to incorporate a linker into the system was functionalization of
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a xanthonate photocage with a nitro group at the 7 position of the xanthone
moiety. In this way, attachment would be distal to the carboxylate.
Subsequent reduction of the nitro moiety will afford an amine. This added
amino group would potentially allow for direct attachment to carboxylic acid
terminated surfaces via amide coupling chemistry. Similar coupling methods
could also be employed to modify the terminal amine with a variety of end
groups, which has been reported for various common linkers such as thiols

and carboxylic acids shown in Scheme 2 - 1.4

H
0

Coupling H

. N COOH
Acig Li"ke, R W
(o]

p-NH2

Scheme 2 - 1: Conversion of primary amines to thiol and carboxylic acid linkers via

amide coupling chemistry.

Prior to attachment and photorelease of leaving groups, the potential
substituent effect on photodecarboxylation required detailed investigation.
The chosen route of attachment described above would place the
amine/amide directly on the xanthone chromophore without aliphatic spacers.
Such a direct modification of the chromophore could significantly change the
resulting photochemical properties of the photocage, making this initial study

necessary.
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As discussed earlier, longer wavelength absorption is advantageous
for photocages aimed at biological applications. Considering this point, an
analogous series of molecules based on the thioxanthone chromophore
could prove useful by further extending the absorbance band into the visible
region. Replacement of the ether bridge in xanthone with the more electron
rich thioether bridge present in thioxanthone causes a characteristically
longer wavelength absorption.” The same behavior was expected for
derivatives 7, 9 and 11 when compared to their xanthone analogues (6, 8,
and 10).

This chapter deals with the synthesis and photochemical study of 6 -
11 (all shown in Chart 2 - 1). Finally, the studied derivatives will be assessed

with respect to their potential use as precursors for photocages for biological

applications.
0
°2"c00H ‘l‘t‘/\coou \‘\)lj‘/\coou
0
] 10
°2"\‘fﬁ:‘/\coou HaN X COOH \n’n‘?’/\coon
L L 08Y
7 9

Chart 2 - 1: Adopted nomenclature used for nitro, amine, and acetamide derivatives of

xanthone acetic acid and thioxanthone acetic acid.
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This work has been in collaboration with J.A. Blake, a fellow graduate
student in our research group. Further details regarding the in-depth
photochemistry of nitro derivatives 6 and 7 can be found in her Ph.D. thesis.®
My contribution to this work is focused on the synthesis and photochemistry

of amine and amide derivatives 8-11.
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2.2. Synthesis

2.2.1. Synthesis of Nitro Derivatives 6-7

Derivatives 6-11 are not commercially available, thus they had to be
synthesized prior to their photochemical study. The primary building block of
these molecules is 6, which was originally synthesized by J.A. Blake via XAA
nitration.® XAA was synthesized according to a modification of a reported
synthesis,” by using copper (I) catalyzed Ullmann coupling of o-iodobenzoic
acid and p-hydroxyphenylacetic acid followed by acid-catalyzed
intramolecular acylation to close the xanthone ring (Scheme 2 - 1). Literature

xanthone nitration® ® following ring closure afforded 6.

COOH

COOH )
O e

| HO
L “\coou W °2"coori

XAA (30% from start)

Scheme 2 - 2: Original synthesis of 6. i) CuCl, dioxane, tris(2-(2-
methoxyethoxy)ethyl)amine (TDA-1), Cs,COj; ii) H2SOy, A; iii) KNO3;, H2SO,.

[t is important to note here that the Ulimann coupling described above

requires very dry, oxygen free conditions and recrystallization of copper (1)
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chloride prior to use, making the reaction very tedious. On top of the sensitive
nature of the reaction conditions, XAA was produced in relatively low yields
(30%) even before nitration, making further synthesis difficult due to low
quantities of 6 available.

Rather than performing the same Ullmann coupling using o-
iodobenzoic acid and p-hydroxyphenylacetic acid, | took advantage of the
electron withdrawing nature of the desired nitro group. To do this, 2-fluoro-5-
nitrobenzoic acid and p-hydroxyphenylacetic acid were used to perform a
nitro assisted SnAr, as shown in Scheme 2 - 3."% " Stirring the starting
materials in dimethyl sulfoxide (DMSO) with crushed sodium hydroxide
(NaOH) at room temperature overnight afforded the desired product in
signifiéantly higher vyields than the previous method described above.
Following coupling, acid-catalyzed intramolecular ring closure produced 6
with an overall 91% vyield of the crude product. The product was easily
purified by ethanol recrystallization. This procedure provided a significant

improvement in the synthesis of 6.

COOH

OoN COOH i ON
F HX X
X=0,8 0
_, ON O O COOH

X
6, X=0 (91%)
7, X=S (16%)

Scheme 2 - 3: New synthetic route for 6 (X =0) and 7 (X = S).
i) KOH, DMSO; ii) H;SO,, A.
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With the improvement in the synthesis of 6, the procedure was utilized
in the same manner to make the thioxanthone analog, 7, as shown in
Scheme 2 - 3. The procedure afforded 7 as a pure yellow solid following
organic extraction and ethanol recrystallization in 16% yield. With 6 and 7 on
hand, it was possible to press forward with subsequent synthesis of other
nitrogen containing derivatives, which require the nitro group as a building

block starting material.

2.2.2. Synthesis of Amine Derivatives 8-9

The next task to be undertaken was the synthesis of amino derivatives
by reduction of the nitro group. Attempts to reduce the nitro group using tin
and hydrochloric acid following literature procedure'? were successful at
making the desired compound, but added significant difficulty in separation of
the product from the aqueous environment due to their inherent pH sensitivity
brought upon by having both carboxylic acid and amine functional groups
present in the molecule.

After several frustrated attempts at separating 8 from the Sn/HCI
mixture produced from the reaction, attention was turned to the use of
palladium-catalyzed hydrogenation.’® Using ethyl acetate (EtOAc) as the
solvent and solid palladium on activated carbon (Pd/C) as the heterogeneous
catalyst, one atmosphere of hydrogen gas reduced the nitro to the amine in

near quantitative yield in just a few hours, as shown in Scheme 2 - 4. The
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progress of the reaction was observable by thin layer chromatography
showing the product as a yellow spot at lower retention factor (Rr). The
workup required only removal of the catalyst by suction filtration through
celite, followed by removal of the solvent by rotary evaporation. The product
was easily verified by '"H NMR in DMSO-ds, with the appearance of a new
amine singlet at 5.45 ppm as well as greater shielding of the aromatic
protons nearest the amino group. *C NMR and HRMS further verified the

identity of the amine, 8.

0 0
°2Nc00H i HzNcoow
X X
X=0,8 8, X=0 (10%)
9, X=S (82%)

Scheme 2 - 4: Synthesis of 8 (X =0) and 9 (X = 8). i} Pd/C, H,, EtOAc.

To make the thioxanthone analog (9), the same reaction conditions
were used as shown in Scheme 2 - 4. Again the reaction proceeded within 2
hours to afford pure 9 in near quantitative yield following catalyst and solvent

removal. HRMS, 'H and "3C NMR verified the identity of the product.
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2.2.3. Synthesis of Acetamide Derivatives 10-11

Following the successful preparation of 8 and 9 described above, the
next step was to prepare a simple amide functionalized XAA to be able to
study the photochemistry prior to tethering to complex systems such as
polymers or particles. To study the effects caused by direct modification of
the chromophore while keeping the model simple and easy to prepare,
acetamide was chosen (as in 10 and 11) to represent a generic amide.

The first synthetic step was to convert the carboxylic acid to an ethyl
ester via acid catalyzed esterification of 6 (Scheme 2 - 5, i)."* This was done
to enhance the solubility in organic solvents as well as to protect the
carboxylic acid functionality from potential reactions in the nitro reduction or
amide formation steps. Following 2 hours of refluxing ethanol (EtOH) with a
catalytic amount of H,SO4, 6 was converted to 12 quantitatively. The
produced ester was then easily purified by ethanol recrystallization. '"H NMR
analysis in DMSO-ds showed the appearance of the ethyl ester signals (a
quartet at 4.12 ppm and a triplet at 1.21 ppm), thus confirming the success of

the reaction. >*C NMR and HRMS further verified the identity of 12.
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o,Ncoon i °’"cooa

12, X= o 75%)
13, X= S(86%)

0 ” 0
i HoN COOER LU N COOEt
—— L b O
)
X

14, X=0 (99%) =0( 5%)
15, X=S (99%) 7, X=S (30%)

X=0,8

Scheme 2 - 5: Synthetic Route for 10 (X = O) and 11 (X = S): i) EtOH, H;SO,, A; ii) H,,
Pd/C, EtOAc; iii) Ac,0, pyridine, DCM; iv) NaOH, CH;CN.

Following esterification, the nitro group was reduced to an amine using
palladium catalyzed hydrogenation (Scheme 2 - 5, ii)."® Stirring 12 in EtOAc
with Pd/C under one atmosphere of hydrogen gas, the reaction proceeded at
room temperature within a few hours as observed by TLC. The product was
isolated by filtration of the solid catalyst through celite followed by removal of
the solvent by rotary evaporation. '"H NMR in DMSO-ds verified the identity of
14 with the observable characteristic shift of the aromatic protons near the
amino group along with the new amino singlet at 5.45 ppm. *C and HRMS
were in agreement, confirming the structure of 14.

Following nitro reduction, the acetamide was formed by conversion of
the amine. 14 was stirred under nitrogen in dry dichloromethane (DCM) with
excess acetic anhydride (Ac20) and pyridine for 2.5 hours to produce 16

(Scheme 2 - 5, iii)."* The progress of the reaction was monitored by TLC in
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1:1 EtOAc:hexanes, with the product appearing as a blue fluorescent spot at
lower Rf than the starting material. 16 was isolated by organic extraction and
purified by column chromatography (in 1:1 EtOAc:hexanes). The change in
structure is easily observed using 'H NMR in DMSO-ds by the appearance of
the amide singlet at 10.3 ppm accompanied by the disappearance of the
amine singlet at 5.45 ppm. >C NMR and HRMS further verified the identity of
16.

Finally the carboxylic acid needed to be deprotected by ester
hydrolysis in base to produce 10. Stirring 16 in 1:1 viv 01 M
NaOH:acetonitrile (ACN) overnight gave 10 following organic extraction
(Scheme 2 —-5, iv)."® Recrystallization from boiling ethanol gave pure 10 as
pale yellow solid. The disappearance of the ethyl ester peaks in the 'H NMR
spectrum verified the successful conversion to 10, along with *C NMR and
HRMS agreement.

Once the synthetic scheme was outlined for the production of 10, the
same route was utilized to synthesize the thioxanthone analog, 11. Though
the method afforded 11, the synthetic yields were lower than that obtained for
10. The quantities produced, however, were sufficient to perform the desired

photochemical studies discussed later.
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2.3. Photochemistry of Nitro Derivatives 6-7

As clearly seen in Figure 2 - 1, the absorbance profile of nitro
derivative 6 is red-shifted with respect to the parent XAA. The thioxanthone
analog, 7, shows a further spectral shift into the red. The photochemistry of
the nitro precursors, 6 and 7, described in this section was carried out by J.A.
Blake and are presented here to allow for complete comparison of

photochemical reactivity.
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Figure 2 - 1: Molar absorptivity of 6 (solid blue), 7 (solid red) and XAA (dashed black)
in PBS. Spectra were measured by J.A. Blake.

UVB irradiation of 6 and 7 in PBS under air gave a mixture of

products, which were separated by preparative TLC and analyzed by H
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NMR and GC-MS. The expected photoproduct resulting from decarboxylation
and subsequent protonation of the carbanion was observed as the main
product, but was among a mixture of other photoproducts as shown in
Scheme 2 - 6. Among these products were the aldehyde and alcohol
resulting from reaction of the generated carbanion with oxygen. This is
supported by reduced aldehyde and alcohol production when 6 is irradiated
after purging with nitrogen. It should be noted the irradiation of 7 under the
same conditions gave the same product distribution as observed for 6. The
photochemical behavior of 6 and 7 is not surprising, as the electron
withdrawing nitro group further stabilizes the negative charge of the benzyl
carbanion, causing the lifetime of the carbanion intermediate to increase.
This lengthening of the carbanion lifetime brings about a competition
between solvent protonation and other reactions, accounting for the variety of

products formed from nitrobenzyl-like carbanions.'®

0

[o]
O,N COoO" hv Main Product
02N H
6 (x=0) (LI
7(X=9) X

+ Other Products

Scheme 2 - 6: Photoreaction of 6 and 7 in basic aqueous media (pH 7.4).
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2.4. Photochemistry of Amine Derivatives 8-9

After having successfully prepared the amine functionalized xanthone
acetic acid (8), the photochemistry was probed to test our assumption that
the free amine would quench the singlet excited state. This assumption is
based on reports in the literature that show aromatic amines undergo charge
transfer quenching of a variety of singlet and triplet excited states.'” ' It has
also been recently reported that the presence of an amine moiety
significantly reduces the fluorescence quantum yield in water from ®¢f = 0.17
for xanthone to @ = 0.009 for 2-aminoxanthone.®

As can be seen from the UV/Vis absorbance spectra shown for 8 and
9 in Figure 2 - 2, the absorption is shifted to longer wavelengths (or red-
shifted) compared to the parent XAA. The first absorption red-shift arises
from the addition of the electron rich amino group, which raises the level of
HOMO, and thus shortens the HOMO-LUMO gap of 8 with respect to XAA.
Likewise, when modifying the ether hetero-atom from oxygen (in 8) to the

more electron rich sulfur (in 9), the absorption band is further red-shifted.
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Figure 2 - 2: Molar absorptivity of 8 (solid blue), 9 (solid red) and XAA (dashed black)
in 80:20 v/iv PBS:ACN.

Product studies were used to determine the potential photoproducts
produced upon irradiation. Following one hour of UVB irradiation, several
solutions of 8 (56 mM in 90:10 v/v PBS:ACN) were analyzed by HPLC-UV.
The irradiated samples showed the same single peak in the chromatograph
indicating no change in the starting material. Samples acidified and extracted
with ethyl acetate showed no change in the '"H NMR spectrum, further
verifying the lack of photochemical activity. These results are consistent with
the assumption that the amine moiety would quench the generated excited
states, thus turning off photodecarboxylation.

To assess the photochemical behavior of the thioxanthone analog, 9,
steady state photochemistry was used in the same manner as described

above. HPLC-UV and "H NMR analysis following extensive UVB irradiation of
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9 (5 mM in 90:10 v/v PBS:ACN) yielded only starting material. This shows
that 9, much like 8, is photochemically inert under basic aqueous conditions,
as expected.'

The singlet photochemistry of 8 and 9 was further investigated using
fluorescence spectroscopy. Figure 2 - 3 shows that the fluorescence intensity
of 8 is very low, owing to a low fluorescent quantum yield. It should be noted
here that the sharp peak observed at 400 nm arises from the Raman
scattering of water, its observation is indicative of weak fluorescence
emission. The quantum yield of fluorescence of 8 was determined to be 0.03
in PBS, as measured against quinine bisulfate (@ = 0.58 in 1 N H2S0,).%°
This result is not surprising, as it was clearly demonstrated above that the
amine effectively quenches all photochemical product formation for 8.
Likewise, it would be expected that the fluorescence would be quenched
significantly, if not completely. Consistent with amine quenching, 9 showed

no observable fluorescence signal under the same experimental conditions.
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Figure 2 - 3: Fluorescence spectrum of 8 in PBS. Absorbance of 0.1 at the excitation

wavelength (350 nm).

The low quantum yields of fluorescence and photodecarboxylation
measured for 8 and 9 are consistent with the proposed mechanism whereby
the excited state is quenched by the amine moiety. This quenching competes
favorably with both the photoreaction and fluorescence deactivation

pathways.
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2.5. Photochemistry of Acetamide Derivative 10

2.5.1. Steady State Photochemistry

Following the preparation of 10, the photochemistry was probed to
assess its behavior and efficiency with respect to the parent XAA. This
section describes the steady state techniques employed to probe the
photochemical behavior of 10. As shown in Figure 2 - 4, the absorption
spectrum of 10 is red-shifted with respect to XAA, but to a lesser degree than
that of 8. The difference in 10 absorbance is caused by the electron rich
acetamide moiety, which causes the red-shift by lowering the HOMO-LUMO

energy gap.”’!
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Figure 2 - 4: Molar absorptivity of 10 (solid blue) and XAA (dashed black) in 80:20 v/v
PBS:ACN.

To identify the products resulting from irradiation of 10, solutions (5
mM in 80:20 v/iv PBS:ACN) were irradiated in quartz test tubes. Following
acidification and extraction, the samples were analyzed by MS, 'H and "*C
NMR. UVB Irradiation of 10 for 30 minutes gave 18 as the exclusive
photoproduct (Scheme 2 - 7). This clean photochemistry is consistent with
that of the parent XAA. Extensive irradiation (several hours UVB) of 10 led to
precipitation of 18, and gave no other photoproducts as confirmed by HPLC-
UV and 'H NMR. The same photoproduct was observed both under aerobic

and anaerobic (nitrogen purged) conditions.
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Scheme 2 - 7: Clean photodecarboxylation of 10 in basic aqueous media (pH 7.4) to
afford 18.

The photochemical reaction was also studied by UV/Vis absorption
spectroscopy. UV/Vis spectra of 10 following UVB irradiation are shown in
Figure 2 - 5. As can be seen from this figure, the (m,%*) band at 256 nm
drastically decreases with irradiation. Consistent with the clean
photochemistry, there were several clean isospestic points at 230, 274, 342,
and 372 nm. It is not certain, however, why such a decrease in absorbance
would occur, as the chromophore remains unchanged following
photodecarboxylation. This result is in contrast to the resuits for XAA whose
absorbance spectrum remains largely unchanged with photochemical

conversion to 2-methylxanthone.?
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Figure 2 - 5: UV/Vis Absorbance of 10 with UVB Irradiation (in 80:20 v/v PBS:ACN).

To measure the efficiency of photodecarboxylation, several solutions
of 10 and Kp (both 4 mM in PBS) were irradiated simultaneously in a merry-
go-round apparatus. Surprisingly, the quantum yield of photodecarboxylation
was determined to be quite low (®p = 0.01 in PBS against Kp: ®p = 0.75 in
PBS)."#

Upon further investigation, an interesting solvent effect on the
photodecarboxylation quantum yield was discovered. When several solutions
of 10 (4 mM in 80:20 v/v PBS:ACN) and Kp (4 mM in PBS) were irradiated
simultaneously in a merry-go-round apparatus, the quantum yield of
photodecarboxylation was determined to be 0.05 for 10, five times higher

than in pure PBS.
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This promising result led to a more in-depth exploration of the solvent
composition effect on the decarboxylation of 10. Several 3 mM solutions in
solvent systems ranging from 90:10 to 30:70 v/v PBS:ACN were irradiated
simultaneously using a merry-go-round apparatus. The extent of
photochemical conversion was obtained by HPLC-UV analysis, which is
summarized in Table 2 - 1 and represented graphically in Figure 2 - 6 for the
irradiated samples. It should be noted here that in solvents containing greater
than 70% ACN, 10 was mostly insoluble, thus measurements of

decarboxylation at higher acetonitrile proportions could not be obtained.

Solvent Composition Conversion (%) @ pecarboxyiation

(v/iv PBS:ACN)

100:0 - 0.01

90:10 2 0.023°
80:20 5 0.055
70:30 8 0.086 °
60:40 11 0.12°
50:50 16 0.17°
40:60 19 0.19°
30:70 23 0.24°

Table 2 - 1: 10 photodecarboxylation dependence on solvent composition. a)

estimated quantum yields based on that measured in 80:20 v/v acetonitrile:PBS.
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Figure 2 - 6: 10 Photodecarboxylation quantum yield dependence on acetonitrile

concentration, using the decarboxylation of Kp as an actinometer.

The trend observed in Figure 2 - 6 shows that the quantum yield of
decarboxylation of 10 is strongly dependent on solvent composition,
increasing drastically with increasing acetonitrile proportions. This result is in
contrast to that of Kp, in which the quantum yield of photodecarboxylation
decreases from 0.75 to 0.65 in changing from pure PBS to 1:1 viv
PBS:ACN.?® Recent results within our group show that, within experimental
error, this trend is not observed for the photodecarboxylation of the parent
XAA.°

This effect is easily rationalized in terms of the energy barrier
associated with decarboxylation. For photodecarboxylation to occur the
starting carboxylate of 10 is first promoted into the singlet excited state by

absorption of a photon. In order to form the carbanion intermediate from the
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excited carboxylate an energy barrier must be crossed. The trend in
photodecarboxylation quantum vyield suggests that the energy barrier itself
may be strongly dependent on the solvent composition, as generally
represented in Figure 2 - 7. In water (or PBS), a polar protic medium, the
starting carboxylate may be stabilized by hydrogen bonding interactions,
making the energy barrier higher. Likewise, as acetonitrile proportions are
increased hydrogen bonding interactions are minimized, thus lowering the
energy barrier of reaction. It should be mentioned that, while it was not
investigated specifically, the pKa value of the carboxylic acid is subject to
such solvent composition effects, thus may also provide an additional

explanation for the observed behavior.

Figure 2 - 7: Cartoon representation of the energy barrier dependence on water
concentration. This dependence can be used to explain the trend in which the
photodecarboxylation quantum yield of 10 increases with acetonitrile concentration.
The energy levels for reactant and product may also be subject to such solvent

effects, this has been omitted for clarity.

As is observed in their absorbance spectra (Figure 2 - 4), 10 is red-

shifted with respect to XAA, suggesting that the singlet excited state of 10 is
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lower in energy. Due to XAA'’s higher energy singlet excited state, transition
to the carbanion intermediate from the excited carboxylate is more
energetically favorable than its acetamide analog (10), thus such a solvent

dependence is not observed.

2.5.2. Fluorescence Spectroscopy

To further investigate the singlet photochemistry of 10, fluorescence
spectroscopy was employed. Figure 2 - 8 shows the excitation (dashed) and

emission (solid) spectra of 10 (20 uM in PBS solution).
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Figure 2 - 8: Fluorescence excitation (dashed) and emission (solid) spectra of 10 (0.01
mM in 80:20 v/v PBS:ACN). Spectra are shown non-normaiized. Excitation spectrum
was recorded by monitoring emission at 450 nm. Emission spectrum was recorded by

exciting at 358 nm.
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In PBS, the quantum yield of fluorescence of 10 was determined to be
0.31 as compared to quinine bisulfate (@ = 0.58 in 0.1 N H2S04).%° This
quantum yield is very high with respect to the parent XAA (®r = 0.0077 in
PBS).? This fluorescence enhancement is brought upon by the addition of
electron donating substituents, which causes a separation of the nz* and nn*
excited states.?*

To test the potential solvent composition effect on the fluorescence
emission maximum and quantum yield, several samples were prepared in
solvents ranging from 100:0 to 40:60 v/v PBS:ACN. Each sample was
absorbance matched (A = 0.1 at 350 nm) and all spectra were recorded

under the same operating conditions, as shown in Figure 2 - 9.
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Figure 2 - 9: Absorbance matched fluorescence spectra of 10, varying solvent
composition from 100:0 (black trace) to 40:60 (purple trace) v/iv PBS:ACN.
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It is clear from Figure 2 - 9 and Table 2 - 2 that solvent compositions

containing higher proportions of acetonitrile cause a red-shift in the maximum

emission of 10. It is interesting to note that there is minimal difference in the

fluorescent quantum yields measured in solvents containing PBS; all

guantum yields from 100:0 to 40:60 v/v PBS:ACN are in the range of 0.31 to

0.38.

Solvent Composition ) ., (nm)

(viv PBS:ACN)

(I’ Fluorescence

100:0 459 0.31
90:10 456 0.34
80:20 453 0.37
70:30 451 0.38
60:40 450 0.37
50:50 450 0.36
40:60 450 0.34

Table 2 - 2: Fluorescence data of 10 with varying solvent composition.

To further investigate the singlet excited state, the lifetimes of

fluorescence were measured on a PTI Easylife with 350 nm diode excitation

in various solvent compositions. All of the samples were absorbance

matched at the excitation wavelength. A representative trace is shown for 10

(20 uM in PBS) in Figure 2 - 10, and the data is summarized in Table 2 - 3.
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Figure 2 - 10: Representative fluorescence decay trace of 10 (black, 20 uM in PBS:ACN

mixtures). The instrument response function is shown in red.

Solvent Composition  Tpyerescence (NS)
(v/iv PBS:ACN)

100:0 9.9
90:10 10.5
80:20 10.7
70:30 10.2
60:40 9.8
50:50 9.6
40:60 8.7

Table 2 - 3: Summary of fluorescence lifetimes of 10 in varying solvent compositions.
All lifetimes were recorded using a PTI Easylife with 350 nm diode excitation. The data

was fit to first order kinetics using the PTI software.

All fluorescence lifetimes measured for 10 in PBS:ACN mixtures

(Table 2 - 3) were in the range of 8-10 ns. These measurements show
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negligible solvent composition effect on the fluorescence lifetime. Since both
fluorescence quantum yield and lifetime are mostly unchanged with varying
solvent compositions, it follows that the combined quantum yields of
photochemical and radiationless decay pathways must remain constant. This
is consistent with the energy barrier explanation proposed earlier regarding
the solvent composition dependence on the photodecarboxylation quantum
yield, as the energy barrier is raised with higher water concentrations,
radiationless deactivation competes more favorably with

photodecarboxylation.

2.5.4. Laser Flash Photolysis Studies

The photochemistry of 10 was further investigated with laser flash
photolysis to characterize potential transients or carbanion intermediates
produced from the photodecarboxylation.

The xanthone triplet transient is one of the most well characterized
signals in laser flash photolysis.?> % The triplet-triplet absorption band is
observed around 600 nm and is generally quite intense due to xanthone’s
high quantum vyield of intersystem crossing. The triplet signal has been
observed in the laser flash photolysis of XAA at 580 nm in basic aqueous
media;? it is important to note here that although the triplet has been

observed for XAA, the photodecarboxylation proceeds via a singlet-mediated
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mechanism as it still occurs in the presence of high concentrations of triplet
quenchers such as sorbate.?

Figure 2 - 11 shows a representative spectrum recorded for 10. This
particular experiment was performed using Nd/YAG laser (355 nm excitation)
in PBS, with absorbance of 0.3 at the excitation wavelength. Interestingly, the
recorded spectrum lacked the expected xanthone triplet signal. It is
noteworthy that the absorbance does not exceed 0.0025, very low for an LFP

signal.
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Figure 2 - 11: Representative laser flash photolysis spectrum for 10 in PBS under
nitrogen. Spectra were recorded at 5.2 us (®), 9.2 us (#), 26.8 us (®), and 93.6 us (A)
(A355 = 03)

To verify that the system was working properly, a sample of 2-

methylxanthone (absorbance matched at 355 nm) was used as a
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comparison. Using the same experimental conditions as 10 described above,
the spectrum shown in Figure 2 - 12 was recorded. This spectrum clearly
shows the xanthone triplet-triplet absorbance centered at 600 nm. Again it is
important to note here that the signal observed is two orders of magnitude

greater than that shown in Figure 2 - 11.
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Figure 2 - 12: Laser flash photolysis spectrum of 2-methylxanthone in 80:20 PBS:ACN
under nitrogen. Spectra were recorded at 2.4 us (@), 8.0 us (M), 16.8 us (@), and 40.8
ns (A) (A355 = 03)

Several laser flash photolysis experiments were carried out with the
intention to characterize a potential transient signal. Using a flow system (ca.
1 drop/second) under nitrogen atmosphere, several solvent compositions

ranging from 100:0 to 40:60 v/iv PBS:ACN were prepared. Using the same
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conditions described above yielded spectra that were comparable to that
shown in Figure 2 - 11, with no significant observable signal.

Triplet energy transfer was used in a final attempt to observe a
potential triplet signal from 10. Naphthalene is a commonly used triplet
quencher for aromatic ketones such as benzophenone and xanthone due to
its lower triplet energy.?’ 1-Naphthalenemethanol (NpOH), a water soluble
analog of naphthalene, is often used In the case of studies performed in
aqueous media.?’ The triplet signal of NpOH has been reported at 420 nm in
water/ACN mixtures.?® To ensure that all, if any, potential 10 triplets formed
undergo energy transfer to produce the NpOH triplet, it is important to use a
high concentration of the quencher (NpOH).2' One other consideration that
must be made is that when studying triplet energy transfer processes, the
excitation source must be chosen such that it does not directly excite the
quencher. Conveniently, my previous laser flash photolysis experiments were
carried out using an Nd/YAG laser, exciting at 355 nm where NpOH does not
absorb.

A solution of 10 (60 uM) and NpOH (3 mM) was prepared in 80:20 v/v
PBS:ACN. Using the 355 nm excitation source as before and under the same
conditions as the experiments described above produced spectra that were
comparable to that shown in Figure 2 - 11, with no observable NpOH triplet
signal at 420 nm. The lack of NpOH triplet suggests either that the triplet
energy is lower for 10 than for NpOH (which is unlikely) or that intersystem

crossing is so inefficient for 10 that the triplet is not formed. The latter
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explanation would not be entirely surprising as the 10 singlet state is both

reactive and fluorescent.
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2.6. Photochemistry of Acetamide Derivative 11

As is observed from the UV/Vis spectrum shown in Figure 2 - 13, 11 is
significantly red-shifted with respect to XAA. This shift is caused by the

added electron rich thioether and acetamide moieties.
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Figure 2 - 13: Molar absorptivity of 11 (blue solid) and XAA (black dashed) in 80:20 v/v
PBS:ACN.

To test the photoreactivity of 11, samples were prepared in 80:20 v/v
PBS:ACN and irradiated in quartz cuvettes with 8 UVB lamps. Following
acidification and extraction the samples were analyzed by HPLC-UV, HRMS,
'H and *C NMR in the same manner as was done for 10. The

photochemistry proceeded cleanly, giving only the photoproduct resulting

55



Photochemistry of Nitro, Amine and Amide Functionalized Xanthone Acetic Acids

from decarboxylation and subsequent protonation of the benzylic carbanion
as shown in Scheme 2 - 8. It should be noted that extensive irradiation (48

hours under 8 UVB lamps) in basic aqueous media afforded only 19.

11 19

Scheme 2 - 8: Photodecarboxylation of 11 in basic aqueous media.

Like 10, the photoreaction of 11 is easily monitored by UV/Vis
spectroscopy, as shown in Figure 2 - 14. As was the case for 10, the (x, x*)
band at 274 nm decreases significantly with UVB irradiation, showing a
distinct change in the extinction coefficient from starting material to
photoproduct. Consistent with the clean photochemistry observed, there is

the appearance of clean isospestic points at 297, 380, and 419 nm.
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Figure 2 - 14: UV/Vis Absorbance spectra of 11 with UVB Irradiation (in 80:20 v/v
PBS:ACN).

To measure the efficiency of photodecarboxylation, several solutions
of 11 (0.8 mM in 50:50 v/iv PBS:ACN, under air) and Kp (8 mM in PBS,
nitrogen purged) were simultaneously irradiated with 8 UVB lamps for 5
minutes in a merry-go-round apparatus. Surprisingly, the quantum yield of
decarboxylation was determined to be 4 x 10° in 1:1 PBS:ACN against Kp,
significantly lower than that of XAA or even 10.

Due to the results described above, there was interest in probing a
potential solvent composition dependence on the photodecarboxylation of 11.
Several 0.8 mM solutions in solvent compositions ranging from 90:10 to
40:60 v/v PBS:ACN were irradiated with 8 UVB lamps simultaneously for 10
minutes in a merry-go-round apparatus. Following irradiation, each sample

was diluted to match that of the HPLC eluent (20:80 v/v water:ACN) and
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analyzed by HPLC-UV. The results of the experiment are summarized in

Table 2 - 4, and are represented graphically in Figure 2 - 15. It should be

noted here that the quantum yields marked with an ‘a’ superscript are

estimated based on the conversion of the sample in 50:50 v/v PBS:ACN, for

which the quantum yield was determined against Kp. Measurements in PBS

and in solvents containing higher concentrations than 40:60 v/v PBS:ACN

could not be obtained due to insolubility of 11.

Solvent Composition
(viv PBS:Acetonitrile)

Conversion (%)

(I) Decarboxylation

80:20 2.5 7.6x10° 2
70:30 4.8 1.5x107?2
60:40 7.9 24x10°°
50:50 11.9 36x10°
40:60 18.6 55x 10”2

Table 2 - 4: 11 decarboxylation dependence on solvent composition. a) estimated

quantum yields based on that measured in 50:50 v/iv PBS:ACN.
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Figure 2 - 15: Photodecarboxylation quantum yield dependence of 11 on acetonitrile

concentration.

The photodecarboxylation quantum yield dependence on the solvent
composition for 11 follows the same trend as that measured for 10 but with
overall lower efficiencies, by approximately two orders of magnitude.

To gain more insight into the deactivation pathways of 11,
fluorescence spectroscopy was used. The non-normalized excitation and
emission spectra in 80:20 v/iv PBS:ACN are shown in Figure 2 - 16. It should
be noted that the excitation spectrum measured matches the absorbance
spectrum shown in Figure 2 - 13, which indicates that the species emitting
from the singlet excited state is 11. In this solvent mixture the quantum yield
of fluorescence of 11 was determined to be 0.25 as compared to quinine
bisulfate (®r = 0.58 in 0.1 N HS04).%° This quantum is slightly lower than

that measured for 10, but still very high when compared to XAA (®¢ = 0.0077
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in PBS)? or thioxanthone (®f = 0.006).* This fluorescence enhancement has

been previously reported, owing to a separation of the nn* and nn* excited

states introduced with the addition of electron donating substituents at the 2

or 7 positions of the ring.?*
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Figure 2 - 16: Fluorescence excitation (dashed) and emission (solid) spectra of 11 in
80:20 viv PBS:ACN. Spectra are shown non-normalized. Excitation spectrum was
recorded by monitoring emission at 440 nm. Emission spectrum was recorded by

exciting at 400 nm.

Though the photochemistry of 11 is very interesting it was not pursued

further due to its low photodecarboxylation quantum yield. To suit the current

photocaging application described previously, this quantum yield needs to be

significantly higher.
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2.7. Summary

Given the results described above, it is clear that the nitro, amine, and
acetamide substituents on the xanthone ring have a significant contribution to
the photochemistry of xanthone acetic acids and thioxanthone acetic acids.
Some of the photochemical properties are summarized in Tabie 2 - 5 for Kp,

XAA, along with derivatives 8-11.

(I) Decarboxylation )\-Absorption (I)F|uorescence )\vEmission

(nm) (nm)
0.75 259 -
XAA 0.67 241, 268, 345 0.0077 410
8 0 256, 316, 384 0.03 448
9 0 261, 421 0 -
10 0.055 259, 309, 360 0.37 453
+0.02
11 7.6x10™ 274, 404 0.25 471
+5x10°

Table 2 - 5: Photochemical comparison of ketoprofen (Kp) in PBS, 2-xanthone acetic
acid (XAA) in PBS, and new derivatives 8-11 in 80:20 v/v PBS:ACN.

It was Initially expected that the nitro derivatives would maintain
efficient decarboxylation to produce the benzylic carbanion intermediate,
though this intermediate may be longer-lived due to carbanion stabilization
brought upon by the electron withdrawing nature of the aromatic nitro group.
In nitro substituted xanthone acetic acids 6 and 7, the electron withdrawing

nature of the nitro group proved disadvantageous for a photocaging
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application. The stabilization of the generated carbanion caused a
lengthening of the lifetime, allowing other reactions, such as oxidation or
dimerization, to occur follow following decarboxylation. To be a useful
photocage for biological applications the release photochemistry needs to
proceed without producing reactive byproducts,® thus making nitro derivatives
6 and 7 far less than ideal.

As was initially predicted, the primary amine was an efficient quencher
of the photochemistry. Both 8 and 9 showed no change with extensive UVB
irradiation. Likewise, both of these derivatives have zero or negligible
quantum yields of fluorescence. These results are not at all surprising, as
amine quenching has been frequently reported in the literature.'” It is clear
from these studies that amine derivatives 8 and 9 are not useful from a
biological standpoint as they are photoinert, thus do not provide the desired
carbanion chemistry needed to undergo photorelease.

Although the amino derivatives suffer from quenching, transformation
into an amide through coupling restores some of the desired photochemistry
found in XAA. Acetamide derivative 10 behaves similarly to XAA in that it
undergoes clean decarboxylation following UVB irradiation, yielding only the
protonated product, but a key difference arises in the effect of solvent
composition on its photochemistry. As discussed previously, acetamide
derivatives 10 and 11 show strong photodecarboxylation dependence on the
acetonitrile proportion in the solvent system.

Of the acetamide derivatives, 10 showed greater promise than 11 in

terms of photodecarboxylation quantum vyield. From the perspective of
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photocaging for biological applications 11 is simply too inefficient (p = 7.6 x
10 in 80:20 v/v PBS:ACN). 10, on the other hand, photodecarboxylates with
significantly higher quantum yield (®p = 0.055 in 80:20 v/v PBS:ACN).

This investigation into the substituent effect on the photochemistry of
xanthone acetic acid decarboxylation verified the hypothesis that the same
clean photochemistry occurs with the acetamide linker in place. Though the
photodecarboxylation quantum yield is lower in 10, owing to a higher
fluorescence quantum yield, it is still within a reasonable range to be

potentially useful as a photocage for biological applications.
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2.8. Experimental Details

All chemicals and solvents were purchased from Aldrich unless
otherwise specified. Water was purified through a Millipore MilliQ system. 2-
Fluoro-5-nitrobenzoic acid was purchased from Oakwood Laboratories and
used without prior purification. "H and *C NMR spectra were recorded on a
Bruker-Avance-400 at 400 and 100 MHz, respectively. All NMR shifts are
reported relative to internal TMS. HR-MS (El) spectra were recorded on a
Kratos Concept 1S. All column chromatography used Merck silica gel 230-

400 mesh.

2.8.1. Synthetic Procedures

°2"coon(6)

(7-nitro-9-oxo-9H-xanthen-2-yl)acetic acid

To a clean, flame dried, 2-neck 100 mL round bottom flask was added 1.92 g
of crushed potassium hydride (KOH) and 50 mL dimethy! sulfoxide (DMSQ).
The solution was purged with nitrogen gas for ~20 minutes. To this solution
was added 1.00 g (5.4 mmol) of 2-fluoro-5-nitrobenzoic acid and 0.82 g (5.5
mmol) 4-hydroxylphenylacetic acid. The solution was ailowed to stir for 4
hours under nitrogen. Following this, the mixture was acidified with 10% HCI

and extracted with 200 mL ethyl acetate, washing thoroughly with 1% HCI to
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remove the remaining DMSO. The organics were dried over MgSOs., filtered,
and the solvent was removed by rotary evaporation yielding an orange-brown
solid. The solid was then dissolved in 20 mL concentrated sulfuric acid and fit
with a reflux condenser. The mixture was heated to 85°C in a controlled
temperature oil bath and stirred for 2 hours. The mixture was then cooled to
room temperature. Once at room temperature, the mixture was poured over
ice, and the round bottom flask was rinsed with cold water. The solid product,
6, (1.47 g, 4.9 mmol, 91%) was then collected by suction filtration and
purified by recrystailization from boiling ethanol. Ry = 0.66 in 1:1:0.02 viviv
DCM:diethyl ether:acetic acid. "H NMR (400 MHz, DMSO-d¢) & 8.86 (d, 1H, J
= 2.8 Hz), 8.62 (dd, 1H, J; = 2.8 Hz, J; = 9.4 Hz), 8.11 (d, 1H, J = 2.1 Hz),
7.90 (d, 1H, J = 9.2 Hz), 7.84 (dd, 1H, J; = 2.5 Hz, J, = 8.6 Hz) 7.69 (d, 1H, J
= 8.6 Hz), 3.81 (s, 2H). '*C NMR (100 MHz, DMSO-dg) 8 175.1, 172.3, 158.7,
154.2, 143.3, 137.8, 132.6, 129.3, 126.3, 122.0, 120.9, 120.3, 118.2, 39.5
(CHz is under DMSO peak). HRMS (El). Exact mass calculated for

C15HgNO6[M]": 299.0430. Found: 299.04135.

H’Ncoou ®

(7-amino-9-oxo0-9H-xanthen-2-yl)acetic acid

In a clean dry 500 mL round bottom flask, 6 (0.38 g, 1.5 mmol) was dissolved
in 200 mL ethyl acetate. 10% Pd/C (0.10 g, catalytic) was added and the
solution was nitrogen purged while stirring for 15 minutes. Using hydrogen

filled balloons, the solution was then purged for 20 minutes and left stirring

65



Photochemistry of Nitro, Amine and Amide Functionalized Xanthone Acetic Acids

under hydrogen atmosphere. After 2 hours of stirring, celite was added to aid
filtration of the Pd/C. After suction filtration, the organic solution was dried
over MgSOQ4 and the solvent was removed by rotary evaporation, yielding a
yellow solid. Recrystallization from boiling ethanol gave pure yellow solid 8
(0.04 g, 0.15 mmol, 10%). Rs = 0.27 in 1:1:0.02 v/v/v DCM:diethyl ether:acetic
acid. "H NMR (400 MHz, DMSO-dg) 8 8.04 (d, 1H, J = 2.1 Hz), 7.70 (dd, 1H,
J1 =25 Hz, J; =8.8 Hz), 7.55 (d, 1H, J = 8.6 Hz), 7.41 (d, 1H, J = 8.9 Hz),
7.27 (d, 1H, J = 2.8 Hz), 7.13 (dd, 1H, J; = 3.0 Hz, J, = 8.8 Hz), 5.44 (s, 2H),
3.73 (s, 2H). ®*C NMR (100 MHZ, DMSO-dg) 5 176.4, 173.1, 154.9, 148.2,
146.2, 136.8, 131.2, 126.6, 123.8, 122.1, 120.6, 119.1, 118.4, 106.6, 39.5
(CHy is under DMSO peak). HRMS (El): Exact mass calculated for

C15H11NO4[M]": 269.0688. Found: 269.0694.

o}
0N Et
coo (12)

ethyl (7-nitro-9-oxo0-9H-xanthen-2-yl)acetate

To a solution of 99% ethanol (200 mL) and concentrated sulphuric acid (2
mLi) in a 300 mL round bottom flask was added 6 (1.74 g, 5.8 mmol). The
solution was refluxed for 2 hours and cooled to room temperature. The
solution was then cooled in an ice-water bath, causing the product to crash
out. Suction filtration followed by cold ethanol washes, to remove any
residual H2SO,, afforded the fluffy pale yellow solid 12 (1.43 g, 4.4 mmol,
75%). Ry = 0.71 in 1:1 v/v EtOAc:hexanes. '"H NMR (400 MHz, DMSO dg) 8

8.86 (d, 1H, J = 2.8 Hz), 8.63 (dd, 1H, J; = 2.8 Hz, J> = 9.4 Hz), 8.12 (d, 1H, J
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= 2.0 Hz), 7.90 (d, 1H, J = 9.3 Hz), 7.84 (dd, 1H, J; = 2.2 Hz, J, = 8.6 Hz)
7.71(d, 1H, J = 8.6 Hz), 4.12 (q, 2H, J = 7.1 Hz), 3.91 (s, 2H), 1.21 (t, 3H, J =
7.1 Hz). *C NMR (100 MHZ, DMSO dg) 6 175.1, 170.8, 158.8, 154.4, 143.3,
137.7, 131.9, 1294, 126.4, 122.0, 120.9, 120.4, 120.3, 118.4, 60.4, 39.5
(CH; is under DMSO peak), 14.0. HRMS (El): Exact mass calculated for

C17H13NOg[M]": 327.0743. Found: 327.07249.

0
2 cooe:(14:)

ethyl (7-amino-9-oxo0-9H-xanthen-2-yl)acetate

In a clean dry 500 mL round bottom flask, 12 (0.50 g, 1.5 mmol) was
dissolved in 300 mL ethyl acetate. 10% Pd/C (0.10 g, catalytic) was added
and the solution was nitrogen purged while stirring for 15 minutes. Using
hydrogen filled balloons, the solution was then purged for 20 minutes and left
stirring under hydrogen atmosphere. After 2 hours of stirring, celite was
added to aid filtration of the Pd/C, after suction filtration, the organic solution
was dried over MgS0O,4 and the solvent was removed by rotary evaporation,
yielding a yellow solid (14) (0.44 g, 99%). Rf = 0.38 in 1:1 v/v EtOAc:hexanes.
"H NMR (400 MHz, DMSO de) 8 8.06 (d, 1H, J = 2.1 Hz), 7.70 (dd, 1H, J; =
2.5 Hz, J, = 8.8 Hz), 7.56 (d, 1H, J = 8.6 Hz), 7.41 (d, 1H, J = 8.9 Hz), 7.27
(d, 1H, J = 2.8 Hz), 7.15 (dd, 1H, J1 = 3.0 Hz, J, = 8.8 Hz), 5.45 (s, 2H), 4.06
(9, 2H, J = 7.1 Hz), 3.84 (s, 2H), 1.20 (t, 3H, J = 7.1 Hz). "*C NMR (100 MHZ,
DMSO dg) & 175.8, 171.0, 154.4, 147.6, 145.6, 136.0, 129.8, 126.2, 123.3,

121.6, 120.1, 118.5, 118.0, 105.9, 60.4, 39.5 (CH, is under DMSO peak),
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14.0. HRMS (El): Exact mass calculated for Ci7H1sNO4[M]*: 297.1001.

Found: 297.09863.

\g«“cooa -

ethyl [7-(acetylamino)-9-0x0-9H-xanthen-2-yl]Jacetate

To a flame-dried 300 mL round-bottomed flask was added 14 (0.50 g, 1.7
mmol) and dissolved in extra dry dichloromethane (100 mL). To this mixture
was added excess acetic anhydride (1.8 mL, 19 mmol) and excess pyridine
(1.6 mL, 20 mmol). This reaction mixture was stirred under nitrogen for 2.5
hrs. This was then transferred into a separatory funnel and washed with 3 x
100 mL 1% HCI. The organics were then dried on MgSQ,, filtered, and the
solvent was removed by rotary evaporation, yielding a pale yellow solid. The
product was then recrystallized from boiling ethanol, giving the pure product
(16) (0.43 g, 75%). R = 0.27 in 1:1 viv EtOAc:hexanes. '"H NMR (400 MHz,
DMSO ds) 6 10.3 (s, 1H), 8.49 (s, 1H), 8.10 (d, 1H, J = 2.2 Hz), 8.00 (dd, 1H,
Ji = 3.0 Hz, J, = 9.4 Hz), 7.78 (dd, 1H, J; = 2.5 Hz, J, = 8.6 Hz), 7.64 (2 ds,
2H, J = 9.4 Hz, 8.6 Hz), 4.11 (g, 2H, J = 7.2 Hz), 3.87 (s, 2H), 2.10 (s, 3H),
1.20 (t, 3H, J = 6.9 Hz). *C NMR (100 MHZ, DMSO dg) d 175.7, 170.9,
168.4, 154.4, 151.3, 136.6, 135.6, 130.5, 126.9, 126.2, 120.9, 120.3, 118.5,
118.0, 114.1, 60.3, 39.5 (CH; is under DMSO peak), 23.9, 14.0. HRMS (EI):

Exact mass calculated for C1gH17NOs[M]": 339.1107. Found: 339.1116.
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ﬁg coou (10

ethyl [7-(acetylamino)-9-ox0-9H-xanthen-2-yl]acetic acid

To a 1:1 (v/v) solution of 0.1 M sodium hydroxide and acetonitrile (200 mL) in
a 250 mL round bottom flask was added 16 (0.43 g, 1.3 mmol) and stirred
under air for 18 hrs. The mixture was then acidified using 10% HCI,
producing a precipitate. The resulting solid was suction filtered, washing with
1% HCI, water, and ethyl acetate, giving the product 10 (0.38 g, 96%). R¢ =
0.03 in 1:1 v/v EtOAc:hexanes. '"H NMR (400 MHz, DMSO dg) & 12.5 (s
broad, COOH), 10.3 (s, 1H), 8.49 (d, 1H, J = 2.8 Hz), 8.09 (d, 1H, J = 2.5
Hz), 8.00 (dd, 1H, J; = 2.8 Hz, J, = 9.4 Hz), 7.76 (dd, 1H, J1 = 2.8 Hz, J; =
8.6 Hz), 7.65 (d, 1H, J = 8.8 Hz), 7.61 (d, 1H, J = 8.6 Hz), 3.78 (s, 2H), 2.10
(s, 3H). *C NMR (100 MHZ, DMSO d6) & 175.8, 172.4, 168.4, 154.4, 151.3,
136.8, 135.7, 131.2, 126.9, 120.9, 120.3, 118.6, 117.9, 114.2, 39.5 (CH; is
under DMSO peak), 23.9. HRMS (El): Exact mass calculated for

C17H13aNOs[M]": 311.0794. Found: 311.07908.

N-(7-methyl-9-o0x0-9H-xanthen-2-yl)acetamide

10 (30 mg) was dissolved in 25 mL of 80:20 v/v PBS:ACN in a 50 mL Pyrex
round bottomed flask. The sample was then irradiated with 6 UVB lamps (3
per side) in a Luzchem photoreactor for 3 hours. Following irradiation, the

pale yellow solid precipitate (18) was removed by suction filtration. 'H NMR
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(400 MHz, DMSO dg) 6 10.29 (s, 1H), 8.47 (d, 1H, J = 2.8 Hz), 7.97 (d, 2H, J
= 2.5 Hz), 7.68 (d, 1H, J = 2.8 Hz), 7.63 (d, 1H, J = 8.8 Hz), 7.54 (d, 1H, J =
8.6 Hz), 2.44 (s, 3H), 2.10 (s, 3H). ®*C NMR (100 MHZ, DMSO dg) 6 176.3,
169.0, 154.2, 151.9, 137.0, 136.1, 134.1, 127.4, 125.6, 121.5, 120.8, 119.1,
1184, 114.7, 244, 20.8. HRMS (El): Exact mass calculated for

C16H13NO3[M]": 267.0895. Found: 267.08925.

o)
coou(g)

(7-amino-9-oxo-9H-thioxanthen-2-yl)acetic acid

In a clean dry 500 mL round bottom flask, 7 (0.10 g, 0.30 mmol) was
dissolved in 400 mL ethyl acetate. 10% Pd/C (0.03 g) was added and the
solution was nitrogen purged while stirring for 25 minutes. Using hydrogen
filled balloons, the solution was then purged for 20 minutes and left stirring
under hydrogen atmosphere. After 2 hours of stirring, celite was added to aid
filtration of the Pd/C, after suction filtration, the solvent was removed by
rotary evaporation. Following recrystallization from boiling ethanol, the pure
solid yellow product 9 was obtained (0.070 g, 0.25 mmol, 82%). R; = 0.26 in
1:1:0.02 v/iviv DCM:diethyl ether:acetic acid. '"H NMR (400 MHz, DMSO de) &

8.33 (d, 1H, J = 2.0 Hz), 7.71 (d, 1H, J = 8.2 Hz), 7.66 (d, 1H, J = 2.6 Hz),

7.61 (dd, 1H, J1 = 2.0 Hz, J, = 8.3 Hz), 7.50 (d, 1H, J = 8.7 Hz), 7.08 (dd, 1H,

Ji = 2.6 Hz, J, = 8.7 Hz), 5.66 (s, 2H), 3.73 (s, 2H). *C NMR (100 MHZ,

DMSO dg) 6 178.6, 172.5, 148.1, 135.4, 133.7, 133.1, 129.6, 127.7, 126 .4,
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122.0, 121.2, 110.9, 39.5 (CH;2 is under DMSO). HRMS (El): Exact mass

calculated for C15H1{NO3S[M]": 285.0460. Found: 285.04387.

°2Ncoost(1 3

ethyl (7-nitro-9-oxo-9H-thioxanthen-2-yl)acetate

To a solution of 95% ethanol (200 mL) and concentrated sulphuric acid (2
mL) in a 250 mL round bottom flask was added 7 (0.30 g, 0.95 mmol). The
solution was refluxed for 2 hours then cooled to room temperature. The
volume was reduced to ~50 mL by rotary evaporation then was cooled in an
ice water bath, causing the yellow solid crash out. The solid was removed by
suction filtration, followed by washing with cold ethanol, giving 13 as a yellow
solid (0.28 g, 0.82 mmol, 86%). Ry = 0.70 in 1:1 v/v EtOAc:hexanes. 'H NMR
(400 MHz, DMSO dg) 6 9.08 (d, 1H, J = 2.3 Hz), 8.48 (dd, 1H, J1 = 2.6 Hz, J,
= 8.9 Hz), 8.39 (d, 1H, J = 1.6 Hz), 8.13 (d, 1H, J = 8.7 Hz), 7.88 (d, 1H, J =
8.3 Hz), 7.75 (dd, 1H, J; = 2.0 Hz, J, = 8.3 Hz), 4.12 (q, 2H, J = 7.1 Hz), 3.91
(s, 2H), 1.21 (t, 3H, J = 7.1 Hz). *C NMR (100 MHZ, DMSO ds) 5 177.8,
170.8, 145.6, 143.8, 135.1, 134.5, 134.1, 129.8, 128.6, 128.4, 127.5, 126.9,
126.1, 123.9, 60.5, 39.5 (CH; is under DMSO), 14.0. HRMS (El): Exact mass

calculated for C17H13NOsS[M]": 343.0514. Found: 343.05004.
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" )
ﬁg COOEt(1 -

ethyl [7-(acetylamino)-9-ox0-9H-thioxanthen-2-yl]acetate

In a clean dry 250 mL round bottom flask, 13 (0.28 g, 0.82 mmol) was
dissolved in 200 mL ethyl acetate. 10% Pd/C (0.08 g) was added and the
solution was nitrogen purged while stirring for 25 minutes. Using hydrogen
filled balloons, the solution was then purged for 20 minutes and left stirring
under hydrogen atmosphere. After 3 hours of stirring the Pd/C catalyst was
filtered using suction filtration, using celite to aid the filtration. Following
filtration the solvent was removed by rotary evaporation, yielding a yellow
solid. The solid was then directly added to a flame-dried 250 mL round-
bottomed flask and dissolved in anhydrous dichloromethane (150 mL). To
this mixture was added acetic anhydride (1.0 mL, 11 mmol, excess) and
anhydrous pyridine (0.90 mL, 11 mmol, excess). The reaction mixture was
stirred under nitrogen for 3.5 hrs. The contents of the flask were then
transferred into a separatory funnel and extracted with dichloromethane,
washing with 3 x 50 mL 1% HCI. The organics were then dried on MgSO.,
filtered, and the solvent was removed by rotary evaporation. Normal phase
column chromatography using 1:1 v/v ethyl acetate:hexanes as the eluent
yielded the pure yellow solid 17 (0.09 g, 0.25 mmol, 30% isolated yield). R¢ =
0.26 in 1:1 v/v EtOAc:hexanes. 'H NMR (400 MHz, DMSO-ds) 8 10.36 (s,
1H), 8.71 (d, 1H, J = 2.4 Hz), 8.38 (d, 1H, J = 1.8 Hz), 8.03 (dd, 1H, J1 = 2.4
Hz, J, = 9.1 Hz), 7.80 (m, 2H), 7.67 (dd, 1H, J1 = 2.1 Hz, J; = 8.3 Hz), 4.01

(q, 2H, J = 7.1 Hz), 3.88 (s, 2H), 2.10 (s, 3H), 1.20 (t, 3H, J = 7.1 Hz). "°C
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NMR (100 MHZ, DMSO-dg) 6 178.5, 170.9, 168.7, 138.2, 135.1, 134.2,
133.2, 130.2, 129.7, 128.7, 127.8, 127.0, 126.6, 124.4, 117.8, 60.4, 39.5
(CH, under DMSO), 24.0, 14.1. HRMS (El): Exact mass calculated for

C19H17NO,S[M]": 355.0878. Found: 355.08825.

\gfncoou(")

[7-(acetylamino)-9-0x0-9H-thioxanthen-2-yljacetic acid

To a 1:1 (v/v) solution of 0.1 M sodium hydroxide and ACN (40 mL) in a 50
mL Erlenmeyer flask was added 17 (0.090 g, 0.25 mmol) and stirred under
air for 18 hrs. The mixture was then acidified using 10% HCI, producing a
precipitate. Suction filtration followed by recrystallization from boiling ethanol
yielded the pure yellow solid 11 (0.040 g, 0.13 mmol, 51%). R; = 0.03 in 1:1
viv EtOAc:hexanes. '"H NMR (400 MHz, DMSO-ds) 8 10.35 (s, 1H), 8.71 (d,
1H, J = 2.3 Hz), 8.37 (d, 1H, J = 1.5 HZz), 8.04 (dd, 1H, J1 = 2.3 Hz, J, = 8.7
Hz), 7.80 (d, 2H, J = 9.0 Hz), 7.67 (dd, 1H, J1 = 1.6 Hz, J> = 8.4 Hz), 3.78 (s,
2H), 2.10 (s, 3H). *C NMR (100 MHZ, DMSO-dg) 8 178.6, 172.4, 168.8,
138.2, 134.9, 134.4, 130.3, 129.7, 128.8, 127.8, 127.2, 126.5, 126.4, 124.6,
117.9, 39.5 (CH2 under DMSO), 24.0. HRMS (El): Exact mass calculated for

C17H13NO4S[M]": 327.0565. Found: 327.05726.
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N-(7-methyl-9-ox0-9H-thioxanthen-2-yl)acetamide

To 10 mL of 1:1 v/v 0.1 M NaOH:ACN was added 20 mg of 11 and placed
into quartz test tubes. The samples were irradiated with 8 UVB lamps (4 per
side) under air for 48 hours in a merry-go-round apparatus. Following
irradiation, the samples were acidified with 10% HCI and extracted with 3 x
20 mL EtOAc. The combined organics were then washed with 3 x 20 mL 1%
HCI, dried with MgSO,, filtered, and the solvent was removed by rotary
evaporation, giving a yellow solid mixture of starting material (11) and
photoproduct (19). 'H NMR (400 MHz, DMSO-ds) & 10.66 (s, 1H), 8.49 (d,
1H, J = 2.0 Hz), 8.29 (d, 1H, J = 1.7 Hz), 8.18 (d, 1H, J = 2.0 Hz), 8.02 (dd,
1H, J1 = 2.6 Hz, J> = 8.9 Hz), 7.80 (d, 1H, J = 9.1 Hz), 7.61 (dd, 1H, J; = 2.0
Hz, J2 = 8.6 Hz), 2.46 (s, 3H), 2.14 (s, 3H). *C NMR (100 MHZ, DMSO-dg) 3
167.0, 163.3, 144.4, 137.7, 135.8, 134.1, 131.5, 131.1, 128.7, 128.6, 126.4,
1245, 123.3, 117.6, 29.0, 22.3. HRMS (El): Exact mass calculated for

C16H13NO,S[M]": 283.0667. Found: 283.06701.

2.8.2. Photodecarboxylation Quantum Yield

For quantum yield measurements, 3 mM solutions of one of 10 or 11
in 0.1 M phosphate buffer (PBS) adjusted to pH 7.4 was irradiated under 8

UVB lamps in a Luzchem photoreactor simultaneously with solutions of Kp.

74



Photochemistry of Nitro, Amine and Amide Functionalized Xanthone Acetic Acids

All solutions absorbed greater than 3 in the excitation region, ensuring that
essentially all photons were absorbed. Following irradiation, all samples were
diluted with acetonitrile (ACN) to match the HPLC eluent (80:20 viv
water:ACN). Comparing peak areas recorded by HPLC-UV at an isospestic
points for each sample gave the percent photoconversion, which was used to
calculate the number of moles converted. Using Equation 1, the quantum
yield of decarboxylation was calculated. ®x and ®st are the quantum yields
of conversion, respectively. Xx and Xst are the number of moles converted of
the sample and the actinometer. Errors are reported as one standard

deviation.

X
D, = q)ST(XX )
sT
Equation 1

2.8.2. Fluorescence

All spectra were recorded on a luminescence spectrometer from
Photon Technology International. All samples were measured under air, and
adjusted such that absorbance was 0.1 or less at the excitation wavelength
of 350 nm. All spectrometer slits were opened to 2 nm.

Quantum yields of fluorescence were determined by comparison to an

actinometer, quinine bisulfate (®r = 0.58 in 0.05 M H,S0,).° By comparison
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of the slopes obtained by plotting emission peak area versus absorbance for
5 samples of each according to Equation 2, the fluorescent quantum yields
can be obtained. In Equation 2, the symbols ®x and ®st represent the
quantum vyields of fluorescence of the sample and the actinometer,
respectively. Slopex and Slopesr are the slopes of peak area vs absorption at
the excitation wavelength for th‘e sample and the actinometer, respectively. It
should be noted here that an additional correction must be made when the
actinometer and sample are measured in solvents with different refractive

indices.

Slope, )

o, =D
X ST(SlopeST

Equation 2

2.8.2. Nanosecond Laser Flash Photolysis

The laser flash setup used in all experiments is a custom system using
Luzchem software. Kinetics and spectra were recorded using the third
harmonic of an Nd/YAG laser, generating pulses at 355 nm of 8 ns in
duration and at an average power of 10 mJ/shot. All experiments were done
under nitrogen atmosphere unless otherwise specified. Experiments were
performed in 7 x 7 mm? quartz cuvettes in static or flowed cells. When using
flow cells, nitrogen was bubbling through the system at a high rate, and the

sample was flowing at an approximate rate of 1 drop/s.
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3.1. Introduction

After having demonstrated that 10 undergoes clean
photodecarboxylation upon UV irradiation, the capability of the acetamide
functionalized xanthonate photocages to release biologically relevant
molecules will be tested. To do this, photocages will be synthesized with
leaving groups attached B to the carboxylic acid group. Following synthesis
their basic photochemistry will be assessed with respect to their ability to
release leaving groups. Once the capability of photorelease is confirmed,
polymer tethering through amide coupling chemistry will be attempted
through the amine linker.

This chapter describes the progress made toward polymer-tethered
photorelease from xanthonate photocages. Firstly, the synthesis and
photochemistry of acetamide functionalized xanthonate photocages will be
studied. Next, attempts made at coupling to carboxylic acid terminated
polymers through the amine will be described, followed by the proposal of a

new alternative route to polymer tethering through a short chain linker.
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3.2. Release from Acetamide Functionalized

Xanthonate Photocages

Prior to integration of xanthonate photocages into polymers via amide
coupling, it was important to assess the photochemical behavior of the
acetamide derivatives equipped with relatively simple leaving groups, chosen
as representative models for more complex systems. Using 12, the synthesis
of which has been described earlier (Section 2.2.3.), as a starting precursor,
acetamide xanthonate photocages equipped with a variety of leaving groups
can be prepared with relative ease. This section describes the synthesis and
basic photochemistry of acetamide functionalized xanthonate photocages
containing acetate and phenylalanine leaving groups (20 and 21,

respectively).

ﬂ - i COOH n i coon
R 0*0( T o),xc:o@

20 21

The model leaving groups were chosen to demonstrate the versatility
of acetamide functionalized xanthonate photocages. Acetate was chosen to
represent direct photorelease of a carboxylate via elimination of the
carbanion. The phenylalanine leaving group, on the other hand, was chosen

as a representative example for release of an amino acid from the amine
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through a carbamate linkage via elimination of the leaving group followed by

thermal elimination of a second molecule of carbon dioxide.

3.2.1. Synthesis of 20

The synthesis of 20 was carried out starting with 12. Firstly, the benzyl
position was methylated using lithium diisopropylamine (LDA) and
iodomethane in dry tetrahydrofuran (THF) at -78°C in a dry ice/acetone bath
(Scheme 3 - 1, i). The product was isolated by organic extraction followed by
column chromatography. The product, 22, was easily characterized using 'H
NMR in DMSO-ds by the loss of the methylene singlet at 3.91 ppm, along
with the appearance of the methyl doublet at 1.47 ppm and methine quartet

at 4.09 ppm. The product was further verified by '*C NMR and HR-MS.
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Scheme 3 - 1: Synthetic route for 20: i) LDA, CH;l, THF, -78°C; ii) K,COj;, (CH;0),,
DMSO; iii) Pd/C, H,, EtOAc; iv) Ac,0, pyridine, DCM, v) 0.1 M NaOH, ACN; vi) Ac.0,
pyridine, DCM.

Following methylation, the terminal alcohol was added using
paraformaldehyde under basic conditions in DMSO (Scheme 3 - 1, ii). The
product, 23, was verified by 'H NMR in DMSO-ds, with the disappearance of
the benzylic methine proton at 4.09 ppm and with the appearance of two
doublets of doublets (dd) at 3.76 and 3.91 ppm, shown in Figure 3 - 1. These
diastereotopic protons, adjacent to the chiral centre, are not magnetically
equivalent and thus are observed as two separate signals,1 each of which is
split by the geminal proton and then split once again by the geminal alcohol.
The identity of 23 was further verified by *C NMR and HR-MS. It should be
noted that the reaction conditions used for formaldehyde addition provided

significant improvement in the ease of reaction setup over that utilized to
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make ketoprofenate analogs, as well as an increase in percent yield (38% for

23 compared to 27% for the ketoprofenate analogue).

Q COOEt
O O H H
O |IRRAREEEREERREARAREARE R

23 3.9 ppm

Figure 3 - 1: '"H NMR splitting pattern of diastereotopic protons (indicated in red) for
23. The signal for each proton is observed as a doublet of doublets split first by the
geminal proton (J; = 10.6 Hz) and again by the geminal alcohol (J; = 5.2 Hz).

The next step, reduction of the nitro to an amine, was carried out as
before using palladium catalyzed hydrogenation (Scheme 3 - 1, iii).> The pure
product, 24, was obtained after 4 hours, as easily verified by '"H NMR (in
DMSO-ds) with the appearance of the amino singiet at 5.46 ppm, along with a
greater shielding effect in the aromatic protons due to the presence of the
electron rich amine moiety." The identity of the product was further confirmed
by *C NMR and HR-MS.

Following reduction, the produced amine was converted to acetamide
derivative 25 through reaction with acetic anhydride (Ac;O) in dry
dichloromethane (DCM), using pyridine as a base (Scheme 3 - 1, iv).* The
reaction was complete after stirring for 24 hours under nitrogen, as observed
by TLC. 'H NMR showed the disappearance of the amino singlet at 5.46

ppm, along with appearance of amide singlet at 10.29 ppm, confirming
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successful conversion to 25. The product was further identified by *C NMR
and HR-MS.

The ethyl ester was then hydrolyzed by stirring overnight in 1:1 v/v 0.1
M NaOH:ACN (Scheme 3 - 1, v).®> The product was isolated by acidification
and extraction with ethyl acetate. The loss of the ethyl ester peaks at 4.12
and 1.59 ppm in the '"H NMR spectrum confirmed the identity of 26. The
product was further characterized by *C NMR and HR-MS.

Finally, the acetate leaving group was added by reaction of the benzyl
alcohol of 26 with acetic anhydride in dry dichloromethane (Scheme 3 - 1, vi).
Stirring overnight under nitrogen gave 20, which was isolated by organic
extraction. The product was then purified by reverse phase column
chromatography using 1:1 v/v EtOAc:hexanes as the eluent. '"H NMR
spectroscopy confirmed the product, showing the appearance of the acetate
singlet at 2.10 ppm. The identity of 20 was further confirmed by *C NMR and

HR-MS.

3.2.2. Photochemistry of 20

Following the synthesis of 20, the basic photochemistry was probed to
assess the ability of the acetamide functionalized xanthonate photocages to
photorelease leaving groups in the same manner as the parent xanthonate

photocage.®
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20 (1.6 mM in 80:20 v/v PBS:ACN) was irradiated for 30 minutes in a
quartz test tube under air in a Luzchem photoreactor using 8 UVB lamps.
Following acidification and organic extraction, the contents of the test tube
were analyzed by 'H NMR. It should be noted that the sample was acidified
to ensure that both starting material and photoproduct were analyzed. The 'H
NMR spectrum showed the appearance of two new singlet peaks at 5.23 and
5.59 ppm, arising from the formation of the alkene photoproduct, 27 (30% by
NMR). The production of 27 is consistent with the photorelease mechanism
of 2,° whereby photodecarboxylation of 20 generates a benzylic carbanion
which subsequently undergoes elimination of the acetate leaving group,
forming the alkene photoproduct (27), as shown in Scheme 3 - 2. The identity
of the photoproduct, 27, was further confirmed by **C NMR and HR-MS. The
successful release of acetate from 20 demonstrated the ability of acetamide

functionalized xanthonate photocage derivatives to release leaving groups.

Yodote s renoth oy 5

20 ° o 27

Scheme 3 - 2: Photorelease of acetate leaving group from 20 in basic aqueous media

via photodecarboxylation followed by elimination of the generated carbanion.
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3.2.3. Synthesis of 21

The synthesis of 21 was carried out beginning with 23, whose
synthesis has been described previously (Section 3.2.1.). The first step was
to form a chloroformate group from the primary alcohol of 23 using
triphosgene and pyridine in dry DCM (Scheme 3 - 3, i).” The formation of the
chloroformate (28) was easily observed by "H NMR in CDCls, showing a shift
in the diastereotopic proton signals from 3.80 and 4.03 ppm in 23 to 4.65 and
4.84 ppm in 28, owing to a stronger deshielding of the methylene protons by
the electron withdrawing chloroformate.! The carbamate was formed by
reaction of the produced chloroformate, 28, with phenylalanine methyl ester
hydrochloride in anhydrous pyridine (Scheme 3 - 3, ii).® Stirring overnight
under nitrogen atmosphere lead to complete conversion, as observed by
TLC. Column chromatography afforded the pure product, 29. The product
was identified by 'H NMR in DMSO-d¢ with the appearance of the
phenylalanine methyl ester peaks, along with an additional carbamate proton
signal at 4.22 ppm. *C NMR and ESI-MS further confirmed the identity of the

product, 29.
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Scheme 3 - 3: Synthetic route for 21: i) triphosgene, pyridine, DCM; ii) Phe-Me,
pyridine, iii) Pd/C, H,, EtOAc, iv) Ac.0, pyridine, DCM; v) 0.1 M NaOH, ACN.

Following carbamate formation, the nitro was reduced to an amine
using palladium catalyzed hydrogenation under one atmosphere of hydrogen
in ethyl acetate (Scheme 3 - 3, iii). Removal of the catalyst by filtration
through celite followed by removal of the solvent by rotary evaporation
afforded the yellow solid 30. The product was identified by '"H NMR in DMSO-
de with the appearance of the amino singlet at 5.48 ppm. *C NMR and ESI-
MS further confirmed the identity of the product.

The acetamide was formed by reaction of 30 with excess acetic
anhydride and pyridine in anhydrous DCM (Scheme 3 - 3, iv). The reaction
was complete following stirring under nitrogen overnight, as observed by
TLC. Organic extraction with multiple acidic water washes afforded the pure
yellow solid 31 upon removal of the solvent by rotary evaporation. The loss of

the amino singlet at 5.48 ppm in the '"H NMR spectrum (in DMSO-ds), along
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with the appearance of the acetamide singlet peaks at 10.32 and 2.10 ppm
confirmed the identity of the product. 31 was further characterized by *C
NMR and ESI-MS.

Finally, the esters were hydrolyzed by stirring for 48 hours in 2:1 v/v
0.1 M NaOH:ACN (Scheme 3 - 3, v). Organic extraction following acidification
afforded the solid product, 21, following removal of the solvent by rotary
evaporation. The product was identified by the loss of the ester peaks in the
'"H NMR spectrum in DMSO-ds. The product was further confirmed by *C

NMR and ESI-MS.

3.2.4. Photochemistry of 21

To identify the photoproducts, a solution of 21 was prepared (1.6 mM
in 80:20 v/iv PBS:ACN) and placed in a quartz test tube. The solution was
irradiated for 30 minutes under air using 8 UVB lamps in a Luzchem
photoreactor. During this time, the white solid product (27) was observed as
a precipitate crashing out of solution, owing to its low solubility in aqueous
media. Upon acidification and organic extraction, the contents were analyzed
by NMR spectroscopy. '"H NMR in DMSO-ds showed the disappearance of
phenylalanine and diastereotopic methylene peaks, along with the
appearance of the alkene singlets at 5.59 and 5.23 ppm, confirming the
identity of 27 as the only photoproduct (78% yield by NMR). The product was

further characterized by *C NMR and HR-MS. it should be noted that the
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photoreleased phenylalanine was removed by repeated aqueous washings,
therefore was not observed in the NMR spectra.

The appearance of product 27 arising from the photolysis of 21 is
consistent with the mechanism whereby photodecarboxylation affords a
benzylic carbanion, which then undergoes elimination of the phenylalanine
leaving group, as shown in Scheme 3 - 4. The successful photorelease of
phenylalanine showed the versatility of acetamide functionalized xanthonate
photocages, demonstrating the capability to release amine-containing

compounds such as amino acids or drugs through a carbamate.

PO O 5 YO 1 O
21

COOH

H o o
- H
— " e pel
o o (o} COOH -CO, COOH

27

Scheme 3 - 4: Photorelease of phenylalanine leaving group from 21 in basic aqueous
media via photodecarboxylation followed by elimination of the generated carbanion to
produce the photoproduct 27. Thermal decarboxylation from the released carbamate

then affords phenylalanine.
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3.3. Toward Tethered Photorelease

3.3.1. Attempted Coupling via Amine Linker

Once demonstrated that acetamide functionalized xanthonate
photocages (20 and 21) undergo the same photodecarboxylation and
elimination of leaving groups as parent xanthonate photocages, attention was
turned toward tethering amino functionalized photocage precursors to
carboxylic acid terminated polymers.

Several atiempts were made using conventional coupling chemistry of
amine terminated precursors (14 or 30) with acrylic acid containing polymers,
poly(acrylic acid) and poly(ethylene-co-acrylic acid). These polymers were
chosen as general models for carboxylic acid containing scaffolds to be
tested prior to coupling to the collagen-MPC interpenetrating network
described in Section 1.2.2. Following literature procedures® routinely carried
out for peptide synthesis and amide coupling chemistry using either
dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) as coupling agents, no reaction was observed. Several
modifications were made to the procedure, varying temperature, solvent and
base, all to no avail. Other methods were attempted to perform amide
coupling using 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) as a
coupling reagent,’® " or using acyl chioride formation.™ All conditions tried

gave no reaction, as observed by TLC, thus were not pursued further.
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Attachment through the amine proved very difficult by conventional
amide coupling chemistry, likely owing to a combined effect of steric
hindrance within the polymer matrix along with the weak nucleophilicity of the

aromatic amine.

3.3.2. A New Direction for Polymer Tethering

After several failed attempts at direct attachment of the amino
functionalized photocage precursors to polymers via common amide coupling
methods, attention was turned toward using a short chain linker to remove
the point of attachment from the aromatic amine.

It is important to note that the collagen-MPC interpenetrating network®
described in Section 1.2.2. contains both carboxylic acid and amine moieties,
which could be used to tether via amide coupling amines or carboxylic acids,
respectively. Taking advantage of the variety of terminal moieties present in
the collagen-MPC IPN, a short chain linker could be easily synthesized such
that the site of attachment is removed from the aromatic ring, as in 33 in
Scheme 3 - 5. This added linker would provide a new route to polymer
tethering through amide coupling chemistry while maintaining the same

photochemistry demonstrated for 21.
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NH, H g

HOOC COOH
NH, + o O o O X
NH, 33 (X = CO,NHPhe)

—
H NHCOOH
X
NH, o

Scheme 3 - 5: Proposed alternative coupling strategy through a short chain alkyl

linker (Phe = phenylalanine).

Following literature procedure,'® 32 was obtained by refluxing 30 with
glutaric anhydride in DMF overnight, followed by organic extraction and
column chromatography (Scheme 3 - 6, i). The identity of 32 was confirmed
by '"H NMR in DMSO-ds by the disappearance of the amino singlet at 5.48
ppm, along with the appearance of the amide singlet (at 10.28 ppm) and new
alkyl peaks (at 2.30, 240 and 1.84 ppm). The product was further

characterized by *C NMR and ESI-MS.

(o]
HoN COOEt . n Q COOEt
i
SO O e
0 »—N (o] o »—N
(o) COOMe o COOMe
30

32 (21%)

COOH

L Hooc/\/\(r)rN O ] O }_n_(‘@

COOH
33 (29%)

Scheme 3 - 6: Synthetic route for the preparation of 33. i) glutaric anhydride, DMF, A;
ii) NaOH, ACN.
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The esters of 32 were then hydrolyzed by refluxing for 48 hours in 2:1
viv 0.1 M NaOH:ACN (Scheme 3 - 6, ii). Following acidification and organic
extraction using EtOAc, the hydrolysis product (33) was obtained as a pale
yellow solid. 'H NMR in DMSO-ds confirmed the identity of 33 by the loss of
ester peaks. The product was further characterized by '*C NMR and ESI-MS.

To identify photoproducts resulting from UVB irradiation, 33 (1.6 mM in
80:20 v/v PBS:ACN) was irradiated under air using 8 UVB lamps in a quartz
test tube. Following irradiation, the sample was acidified, extracted with
EtOAc, and analyzed by 'H NMR in DMSO-dg. The 'H NMR spectrum
showed the appearance of two new singlet peaks at 5.23 and 5.59 ppm,
arising from the formation of the alkene photoproduct, 34 (71% by NMR). The

product was further characterized HR-MS.

COOH

33

" 0
e oY ()
° o . COOH

-2C0,, H*
34

Scheme 3 - 7: Photorelease of phenylalanine leaving group from 33 in basic aqueous
media to form the photoproduct 34. The reaction proceeds by a mechanism analogous

to that shown Scheme 3 - 4,

This added linker demonstrated a new potential route for polymer

tethering by amide coupling chemistry. The formation of 34 from UVB
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irradiation of 33 showed that the photochemistry is consistent with that of 21,

thus is not affected by the added linking moiety.
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3.4. Summary

The photochemistry of 20 and 21 successfully demonstrated the
capability of acetamide functionalized xanthonate photocages to release
biologically relevant leaving groups. These encouraging results showed that
the same photorelease as reported for parent xanthonate photocages® still
occurs with the amide moiety in place, albeit with a lower
photodecarboxylation quantum yield as was discussed in Chapter 2. The
release of acetate and phenylalanine were representative of a broader
variety of carboxylate or amine containing leaving groups such as other
amino acids or drugs.

Due to the low reactivity of the aromatic amine, polymer tethering of
photocages proved very difficult by the methods initially proposed.
Considering this, a short chain linker (as in 33) was utilized that has no effect
on the photochemistry. This added linker should assist with amide coupling,
as well as reduce steric hindrance within polymer matrices. This reduced
steric hindrance will be advantageous both for tethering applications as well

as photorelease from polymers.
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3.5. Experimental Details

All chemicals and solvents were purchased from Aldrich unless
otherwise specified. Phenylalanine methyl ester hydrochloride was
purchased from Nova Biochem and used directly without prior purification.
Water was purified through a Millipore MilliQ system. 'H and *C NMR
spectra were recorded on a Bruker-Avance-400 at 400 and 100 MHz,
respectively. All NMR shifts are reported relative to internal TMS. HR-MS (EI)
spectra were recorded on a Kratos Concept 1S. HR-MS (ESI) spectra were
recorded on a Micromass Q-Tof. All normal phase column chromatography
was carried out using Merck silica gel 230-400 mesh. All reverse phase
column chromatography was carried out using Merck silica gel 60 RP-18

200-400 mesh.

3.4.1. Synthetic Procedures

ON Et
T ==,

ethyl 2-(7-nitro-9-oxo-9H-xanthen-2-yl)propanoate

To a clean, flame dried 2-neck 250 mL round bottom flask was added 12
(1.51 g, 4.6 mmol). The starting material was dissolved in 200 mL dry THF
under nitfogen and the solution was cooled to -78°C in a dry ice/acetone

bath. After 20 minutes of stirring, LDA was added (3 mL of 1.8 M solution, 5.4
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mmol) and the solution was stirred an additional 20 minutes before adding
CHsl (2 mL, excess). The solution was stirred for 20 hours under nitrogen
during which time the temperature was raised to 20°C. The solution was
acidified with 10 % HCI and extracted with 3 x 50 mL EtOAc. The combined
organics were washed with 3 x 100 mL 1% HCI, dried with MgSOy, filtered,
and the solvent removed by rotary evaporation. The product was isolated by
column chromatography using 1:4 v/v EtOAc:hexanes. Recrystallization from
hot ethanol gave the pure pale yellow solid, 22 (0.70 g, 2.0 mmol, 43%). R; =
0.40 in 1:3 v/v EtOAc:hexanes. '"H NMR (400 MHz, DMSO-d¢) 5 8.88 (d, 1H,
J = 2.6 Hz), 8.63 (dd, 1H, J = 2.9 Hz, J = 9.2 Hz), 8.13 (d, 1H, J = 2.6 Hz),
7.92 (d, 1H, J = 9.5 Hz), 7.89 (dd, 1H, J = 2.3 Hz, J = 8.9 Hz), 7.75 (d, 1H, J
= 8.6 Hz), 4.09 (m, 3H), 1.47 (d, 3H, J = 7.5 Hz), 1.16 (t, 3H, J = 7.2 Hz). 13C
NMR (100 MHZ, DMSO-d6) 6 175.2, 173.4, 158.9, 154.6, 143.5, 138.1,
135.9, 129.5, 126.5, 124.4, 122.1, 121.1, 120.4, 118.8, 60.5, 43.7, 18.5, 13.9.
HR-MS (El): Exact mass calculated for C1gH1sNOg[M]+: 341.0899. Found:

341.08833.

O=N COOE?
0“ (23)

ethyl 3-hydroxy-2-methyl-2-(7-nitro-9-oxo0-9H-xanthen-2-yl)propanoate

To a clean, dry 500 mL round bottom flask was added 22 (1.5 g, 4.5 mmol).
The starting material was dissolved in 250 mL DMSO and purged with
nitrogen for 20 minutes. To the solution was added K,COs3 (2 g, excess) and

paraformaldehyde (2 g, excess), and the mixture was stirred under nitrogen
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for 4 hours. Excess paraformaldehyde was removed by suction filtration, and
the remaining liquid was acidified with 10% HCI and transferred into a
separatory funnel. The mixture was extracted with 3 x 100 mL EtOAc, and
the combined organics were washed thoroughly with 1% HCI to remove any
remaining DMSO. The organic layer was dried with MgSO, filtered, and the
solvent was removed by rotary evaporation. Isolation by column
chromatography in 1:1 v/v EtOAc:hexanes afforded the pure pale yellow solid
23 (0.63 g, 1.7 mmol, 38 %). R; = 0.56 in 2:1 v/v EtOAc:hexanes. '"H NMR
(400 MHz, CDCl3) 8 9.23 (d, 1H, J = 2.6 Hz), 8.57 (dd, 1H, J1 = 2.6 Hz, J, =
9.3 Hz), 8.31 (d, 1H, J =2.4 Hz), 7.78 (dd, 1H, J1 = 2.6 Hz, J> = 8.9 Hz), 7.65
(d, 1H, J = 9.1 Hz), 7.55 (d, 1H, J = 8.9 Hz), 4.24 (q, 2H, J = 7.1 Hz), 4.03
(dd, 1H, J1 = 6.9 Hz, J, = 11.7 Hz), 3.80 (dd, 1H, J1 = 6.9 Hz, J; = 11.7 Hz),
2.63 (t, 1H, J = 6.9 Hz), 1.74 (s, 3H), 1.25 (t, 3H, J = 7.5 Hz). '"H NMR (400
MHz, DMSO-ds) 6 8.88 (d, 1H, J = 2.9 Hz), 8.63 (dd, 1H, J =29 Hz, J=9.5
Hz), 8.11 (d, 1H, J = 2.6 Hz), 7.90 (m, 2H), 7.73 (d, 1H, J = 8.9 Hz), 5.15 {t,
1H, 5.0 Hz), 4.12 (m, 2H), 3.96 (dd, 1H, J = 5.2 Hz, J = 10.6 Hz), 3.82 (dd,
1H, J = 5.2 Hz, J = 10.6 Hz), 1.59 (s, 3H), 1.15 (t, 3H, J = 7.2 Hz). 13C NMR
(100 MHZ, DMSO-d6) & 175.2, 173.8, 158.8, 154.3, 143.4, 139.1, 134.9,
129.5, 123.3, 122.0, 121.0, 120.4, 120.2, 118.4, 66.9, 60.5, 52.0, 20.9, 13.9.
HR-MS (El): Exact mass calculated for C49H7NO;[M]": 371.1005. Found:

371.09622.

83051(24)
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ethyl 2-(7-amino-9-ox0-9H-xanthen-2-yl)-3-hydroxy-2-methylpropanoate
To a clean, dry 250 mL round bottom flask was added 23 (0.10 g, 0.27 mmol)
and dissolved in 50 mL EtOAc. To this was added the solid catalyst Pd/C
(0.038 g, 5% Pd loading). The mixture was purged with nitrogen for 10
minutes, then with hydrogen gas for 20 minutes. The reaction was stirred
under one atmosphere of hydrogen for 4 hours, at which point the reaction
was complete, as verified by TLC. The heterogeneous catalyst was removed
by suction filtration through celite and the solvent was removed by rotary
evaporation, yielding the solid yellow product, 24 (0.083 g, 0.24 mmol, 89%).
R¢ = 0.32 in 1:1 v/v EtOAc:hexanes. '"H NMR (400 MHz, DMSO-dg) & 8.06 (d,
1H, J = 2.8 Hz), 7.74 (dd, 1H, J = 2.6 Hz, J = 9.1 Hz), 7.57 (d, 1H, J = 8.8
Hz), 7.41 (d, 1H, J = 9.1 Hz), 7.28 (d, 1H, J = 3.1 Hz), 7.15 (dd, 1H, J = 2.8
Hz, J = 8.8 Hz), 5.46 (s, 2H), 5.10 (t, 1H, J = 5.1 Hz), 4.11 (m, 2H), 3.98 (dd,
1H, J = 3.4 Hz, J = 6.9 Hz), 3.78 (dd, 1H, J = 5.7 Hz, J = 10.1 Hz), 1.58 (s,
3H), 1.15 (t, 3H, J = 6.8 Hz). 3C NMR (100 MHZ, DMSO-dg) d 175.9, 174.0,
154.3, 147.6, 145.6, 137.0, 133.2, 123.3, 121.6, 120.0, 118.5, 118.0, 106.0,
67.1, 60.5, 51.9, 20.9, 13.9. HR-MS (El): Exact mass calculated for

C19H19NOs[M]": 341.1263. Found: 341.12829.

YU,

ethyl 2-[7-(acetylamino)-9-ox0-9H-xanthen-2-yl}-3-hydroxy-2-methyl

propanoate
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To a clean, dry 250 mL round bottom flask was added 24 (82.5 mg, 0.24
mmol) and dissolved in 100 mL dry DCM under nitrogen. To the mixture was
added pyridine (0.7 mL, 8.7 mmol), and Ac;O (0.7 mL, 7.4 mmol) and the
solution was stirred under nitrogen for 24 hours. The reaction was worked up
by acidification with 10% HCI and extracted using an additional 50 mL of
DCM. The organics were washed with 3 x 50 mL of 1% HCI, dried over
MgSQ., and the solvent was removed by rotary evaporation. The product
was isolated using column chromatography in 1:1 v/v EtOAc:hexanes, giving
the pure pale yellow solid 25 (26.9 mg, 0.07 mmol, 29 %). 'H NMR (400
MHz, DMSO-ds) & 10.29 (s, 1H), 8.47 (d, 1H, J =2.9 Hz), 8.09 (d, 1H, J = 2.7
Hz), 8.02 (dd, 1H, J1 = 2.9 Hz, J, = 9.3 Hz), 7.81 (dd, 1H, J; = 2.7 Hz, J; =
9.0 Hz), 7.66 (d, 1H, J = 3.5 Hz), 7.64 (d, 1H, J = 3.7 Hz), 5.12 (t, 1H, J = 5.1
Hz), 4.10-4.13 (m, 2H), 3.97 (dd, 1H, J1 = 5.3 Hz, J> = 10.3 Hz), 3.79 (dd, 1H,
J1=5.1 Hz, J, = 10.3 Hz), 2.10 (s, 3H), 1.58 (s, 3H), 1.16 (t, 3H, J = 6.6 Hz).
3C NMR (100 MHZ, DMSO-ds) 8§ 175.9, 174.0, 168.5, 154.5, 151.5, 137.9,
135.8, 133.9, 127.1, 123.2, 121.1, 120.4, 118.7, 118.3, 114.4, 67.1, 60.6,
52.0, 24.0, 20.9, 14.0. HR-MS (El): Exact mass calculated for C1H21NOg[M]":

383.1369. Found: 383.13505.

H [o]
YL,

2-[7-(acetylamino)-9-ox0-9H-xanthen-2-yl]-3-hydroxy-2-methylpropanoic

acid
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To a clean 250 mL round bottom flask was added 25 (49 mg, 0.13 mmol).
The starting material was then dissolved in 20 mL of 1:1 v/iv ACN:0.1 M
NaOH and allowed to stir under air for 22 hours. The reaction was then
acidified with 10% HCI and extracted with 3 x 50 mL EtOAc. The combined
organics were thoroughly washed with 3 x 50 mL of 1% HCI. The organics
were then dried over MgSOy, filtered, and the solvent was removed by rotary
evaporation to afford the pale yellow solid, 26 (41 mg, 0.12 mmol, 88%). 'H
NMR (400 MHz, DMSO-dg) 6 10.28 (s, 1H), 8.47 (d, 1H, J = 2.8 Hz), 8.13 (d,
1H, J = 2.5 Hz), 8.01 (dd, 1H, J1 = 2.5 Hz, J, = 9.2 Hz), 7.85 (dd, 1H, J1 = 2.5
Hz, J> = 9.1 Hz), 7.65 (d, 1H, J = 7.9 Hz), 7.63 (d, 1H, J = 7.6 Hz), 3.91 (d,
1H, J = 10.2 Hz), 3.76 (d, 1H, J = 10.2 Hz), 2.09 (s, 3H), 1.54 (s, 3H). ©*C
NMR (100 MHZ, DMSO-ds) 6 187.4, 1759, 168.6, 154.4, 151.5, 138.6,
135.8, 134.2, 127.1, 123.4, 1211, 120.2, 118.7, 118.0, 114.4, 67.4, 51.6,
24.0, 21.0. HR-MS (El): Exact mass calculated for C19H17NOg[M]™: 355.1056.

Found: 355.1075.

Yoot

o (20)
2-[7-(acetylamino)-9-o0x0-9H-xanthen-2-yl]-3-(acetyloxy)-2-
methylpropanoic acid
In a clean, dry 250 mL round bottom flask was dissolved 26 (0.10 g, 0.28
mmol) in 80 mL dry DCM under nitrogen. To this was added Ac,O (1.0

mL,10.6 mmol), and anhydrous pyridine (1.0 mL, 12.4 mmol). The solution
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was stirred under nitrogen for 20 hours, at which time 10 mL of water was
added and the solution stirred for 15 minutes under air to hydrolyze
unreacted acetic anhydride. The contents of the flask were the transferred
into a separatory funnel, and extracted with 2 x 40 mL EtOAc. The combined
organics were then washed with 3 x 50 mL dilute HCI| washes. The organics
were then dried with MgSO,, fitered and the solvent removed by rotary
evaporation, affording the pale yellow solid, 20 (0.07 g, 0.18 mmol, 64 %). 'H
NMR (400 MHz, DMSO-ds) 6 10.29 (s, 1H), 8.47 (d, 1H, J = 2.3 Hz), 8.13 (d,
1H, J = 2.9 Hz), 8.02 (dd, 1H, J1 = 2.6 Hz, J, = 9.0 Hz), 7.85 (dd, 1H, J1 = 2.6
Hz, J, = 8.8 Hz), 7.63-7.66 (m, 2H), 3.93 (d, 1H, J = 10.2 Hz), 3.78 (d, 1H, J
= 10.3 Hz), 2.10 (s, 3H), 1.56 (s, 3H), 1.23 (s, 3H). *C NMR (100 MHZ,
DMSO-dg) 8 175.9, 175.8, 169.9, 168.5, 154.4, 151.5, 138.3, 135.9, 134.2,
1271, 123.3, 121.1, 120.2, 118.7, 118.0, 114.3, 67.2, 51.7, 24.0, 20.8, 20.5.
HR-MS (El): Exact mass calculated for Cy1H:gNO7[M]": 397.1162. Found:

397.1163.

I ° I % 28)

3-[(chlorocarbonyl)oxy]-2-methyl-2-(7-nitro-9-oxo0-9H-xanthen-2-
yl)propanoic acid

In a clean, flame dried 100 mL round bottom flask was dissolved 23 (0.20 g,
0.56 mmol) into dry DCM (40 mL). To this mixture was added triphosgene

(0.11 g, 0.36 mmol) and the solution was cooled in an ice water bath for 20
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minutes under nitrogen atmosphere. To this was added anhydrous pyridine
(60 uL, 0.74 mmol) and the solution was stirred for 24 hours at which time the
water bath temperature was raised to room temperature. To remove
undesired pyridine salts and remaining triphosgene, hexanes were added,
the volume reduced by rotary evaporation, and the resulting solid was filtered
and discarded. The solvent from the remaining solution was removed by
rotary evaporation, giving the product as a pale yellow solid. Due to its high
reactivity, the chloroformate (28) was only characterized by 'H NMR and
used directly without further purification. Rs = 0.41 in 1:1 v/v EtOAc:hexanes.
'H NMR (400 MHz, CDCl3) 6 9.23 (d, 1H, J = 2.6 Hz), 8.58 (dd, 1H, J1 = 2.9
Hz, J> = 9.1 Hz), 8.33 (d, 1H, J = 2.6 Hz), 7.79 (dd, 1H, J1 = 2.9 Hz, J, = 9.0
Hz), 7.66 (dd, 1H, J = 9.0 Hz), 7.58 (d, 1H, J = 9.0 Hz), 4.84 (d, 1H, J = 10.7
Hz), 4.65 (d, 1H, J = 10.4 Hz), 4.25 (q, 2H, J = 7.0 Hz), 1.82 (s, 3H), 1.26 (t,

3H, J = 7.0 Hz).

O

P

0 coome (29)
In a clean, dry, 50 mL round bottom flask was prepared a solution of
phenylalanine methyl ester hydrochloride (0.14 g, 0.65 mmol) in anhydrous
pyridine (2 mL) under nitrogen atmosphere. This mixture was stirred for one
hour prior to injecting 28 (in 10 mL dry DCM) isolated above. The mixture
was stirred under nitrogen atmosphere for 18 hours. The solvent was

removed by rotary evaporation, and the product was separated by column
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chromatography using 2:1 v/v hexanes:EtOAc as the eluent, giving the white
solid 29 (0.06 g, 0.10 mmol, 18 % overall starting from 23). Ry = 0.58 in 1:1
viv EtOAc:hexanes. 'H NMR (400 MHz, DMSO-dg) & 8.80 (d, 1H, J = 2.6 Hz),
8.57 (dd, 1H, J1 = 2.8 Hz, J2 = 9.1 Hz), 8.04 (s, 1H), 7.87 (s, 1H), 7.84 (s,
1H), 7.67 (d, 1H, J = 8.8 Hz), 7.12-7.23 (m, 5H), 4.32-4.54 (m, 2H), 4.22
(broad s, 1H), 4.08-4.16 (m, 2H), 3.60 (d, 3H, J = 10.1 Hz), 2.82-3.03 (m,
2H), 1.62 (s, 3H), 1.05-1.17 (m, 3H). *C NMR (100 MHZ, DMSO-ds) & 175.6,
173.2, 172.7, 159.3, 156.1, 155.0, 144.0, 137.9, 135.3, 135.2, 130.1, 129.5,
129.4, 128.7, 127.0, 123.7, 122.5, 121.6, 120.9, 119.3, 68.8, 61.6, 55.9, 52.4,
50.7, 36.8, 21.2, 14.3. ESI-MS: Exact mass calculated for CsoH2sN2010[M]":
576.1744. Not Found. Exact mass calculated for CsoH2sN2010Na[M+Na]™:

599.1642. Found: 599.205.

e :,, ) :cooa_(_Q

ob_n

0 coome (30)
To a clean, dry 250 mL round bottom flask was dissolved 29 (0.27 g, 0.47
mmol) into 125 mL EtOAc. To this was added Pd/C (0.09 g, catalytic) and the
mixture was purged for one hour with nitrogen gas. The mixture was then
purged with hydrogen gas and allowed to stir under one atmosphere of
hydrogen gas for 2 hours, at which point the reaction was complete by TLC.
The heterogeneous catalyst was removed by filtration through celite and the
solvent was removed by rotary evaporation, to afford the solid yellow product,

30 (0.24 g, 0.44 mmol, 94%). R = 0.28 in 1:1 v/v EtOAc:hexanes. 'H NMR
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(400 MHz, DMSO-dg) & 8.05 (s, 1H), 7.77 (s, 1H), 7.58 (d, 1H, J = 9.1 Hz),
7.42 (d, 1H, J = 9.1 Hz), 7.15-7.29 (m, 7H), 5.48 (s, 2H), 4.28-4.53 (m, 2H),
4.21 (broad s, 1H), 4.07-4.13 (m, 2H), 3.59 (d, 3H, J = 9.1 Hz), 2.83-3.02 (m,
2H), 1.59 (s, 3H), 1.07-1.19 (m, 4H). **C NMR (100 MHZ, DMSO-ds) & 175.6,
172.8, 172.0, 155.4, 154.4, 147.5, 145.8, 137.3, 137.2, 135.3, 132.8, 128.8,
126.3, 123.3, 122.9, 121.5, 120.0, 118.5, 118.3, 105.9, 68.2, 60.8, 55.4, 51.7,
50.0, 36.2, 20.5, 13.8. ESI-MS: Exact mass calculated for C3oHzoN20s[M]":
546.2002. Not Found. Exact mass calculated for CzoH3oN20sNa[M+Na]™:

569.1900. Found: 569.251.

Yot 4O

coome (31)
in a clean, dry 100 mL round bottom flask was dissolved 30 (0.12 g, 0.21
mmol) into dry DCM (75 mL) under nitrogen. To the solution was added
anhydrous pyridine (0.17 mL, 2.1 mmol) and acetic anhydride (0.20 mL, 2.1
mmol) and the mixture was stirred under nitrogen for 23 hours. Water (10
mL) and ACN (10 mL) were added and the mixture was stirred for 30 minutes
to hydrolyze the unreacted acetic anhydride. The contents of the flask were
then transferred into a separatory funnel, acidified with 1% v/v HCI, and the
organics extracted, washing with 6 x 50 mL dilute HCI. The organics were
dried with MgSO,, filtered, and the solvent was removed by rotary
evaporation, affording 31 a pale yellow solid (0.12 g, 0.20 mmol, 97 %). Rs =

0.11 in 1:1 v/v EtOAc:hexanes. '"H NMR (400 MHz, DMSO-ds) 8 10.32 (s,
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1H), 8.47 (d, 1H, J = 2.6 Hz), 8.07 (d, 1H, J = 2.6 Hz), 8.03 (dd, 1H, J1 = 2.9
Hz, J, = 8.8 Hz), 7.81 (dd, 1H, J1 = 2.9 Hz, J, = 8.8 Hz), 7.64-7.68 (m, 2H),
7.16-7.27 (m, 5H), 4.30-4.52 (m, 2H), 4.20 (broad s, 1H), 4.06-4.15 (m, 2H),
3.59 (d, 3H, J = 9.2 Hz), 2.81-3.02 (m, 2H), 2.10 (s, 3H), 1.60 (s, 3H), 1.08-
1.16 (m, 4H). "*C NMR (100 MHZ, DMSO-ds) & 175.7, 175.4, 172.8, 172.2,
168.4, 155.6, 154.6, 151.3, 137.4, 136.1, 135.9, 133.7, 129.0, 128.9, 128.2,
127.1, 126.4, 123.1, 121.0, 120.3, 118.7, 118.5, 114.2, 68.3, 60.9, 55.5, 51.9,
50.0, 36.2, 23.9, 20.6, 13.8. ESI-MS: Exact mass calculated for
CaoH33N,Og[M+H]": 589.2186. Found: 589.353. Exact mass calculated for

C32H33N206[M+Na]”: 611.2006. Found: 611.341.

8 \ COOH

S B X\ &
T zfﬁﬁym
In a clean 100 mL round bottom flask was dissolved 31 (0.11 g, 0.19 mmol)
into 20 mL of 2:1 v/v 0.1 M NaOH:ACN, and the solution was stirred under air
for 48 hours. The contents of the flask were then acidified with 10 % HCI and
transferred into a separatory funnel. The product was extracted with 2 x 40
EtOAc, and the organics were washed with 4 x 50 mL 1% HCI. The organics
were then dried with MgSQ,, filtered, and the solvent was removed by rotary
evaporation. The product was then purified by dissolving it in 0.1 M NaOH
then crashing out the solid product by adding 10% HCI dropwise. The

product was then collected by suction filtration, yielding the pale yellow solid

product, 21 (0.07 g, 0.13 mmol, 68 %). Rt = 0.12 in 9:1 v/v EtOAc:MeOH. H
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NMR (400 MHz, DMSO-dg) 8 10.29 (s, 1H), 8.48 (d, 1H, J = 2.6 Hz), 8.11 (t,
1H, J = 2.6 Hz), 8.02 (dd, 1H, J1 = 2.9 Hz, J> = 9.1 Hz), 7.85 (dt, 1H, J1 = 2.9
Hz, J, = 8.9 Hz), 7.67 (d, 1H, J = 9.1 Hz), 7.64 (d, 1H, J = 9.1 Hz), 7.13-7.28
(m, 5H), 4.29-4.43 (m, 2H), 4.10 (broad s, 1H), 2.77-3.04 (m, 2H), 2.09 (s,
3H), 1.56 (s, 3H), 1.06 (t, 1H, J = 6.6 Hz). "*C NMR (100 MHZ, DMSO-d¢) &
175.8, 174.7, 173.2, 168.5, 155.9, 154.5, 151.4, 135.9, 129.1, 129.0, 128.9,
128.2, 128.1, 127.1, 126.3, 126.2, 123.2, 121.1, 120.3, 118.7, 118.4, 114.3,
68.6, 55.9, 49.8, 23.9, 20.5, 18.6. ESI-MS: Exact mass calculated for

C29H27N20g[M+H]": 547.1717. Found: 547.267.

\g (27)

N-[9-ox0-7-(prop-1-en-2-yl)-9H-xanthen-2-ylJacetamide

In a quartz test tube was dissolved 21 (7 mg, 0.013 mmol) in 8 mL 80:20 v/v
PBS:ACN. The solution was irradiated for 30 minutes under air using 8 UVB
lamps in a Luzchem photoreactor. During the course of the photoreaction, a
white precipitate was observed crashing out of the solution. The contents of
the test tube were then acidified with 1% HCI and transferred into a
separatory funnel, extracted with 2 x 20 mL EtOAc. The combined organics
were then washed with 3 x 10 mL 1% HCI, dried using MgSO4, and the
solvent removed by rotary evaporation, giving 27 as a white solid product.
(78% by NMR). '"H NMR (400 MHz, DMSO-ds) 8 10.29 (s, 1H), 8.48 (d, 1H, J
= 2.6 Hz), 8.19 (d, 1H, J = 2.6 Hz), 8.08 (dd, 1H, J1 = 2.6 Hz, J; = 9.0 Hz),

8.02 (dd, 1H, J; = 2.6 Hz, J, = 9.0 Hz), 7.64-7.67 (m, 2H), 5.59 (s, 1H), 5.23
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(s, 1H), 2.21 (s, 3H), 2.10 (s, 3H). *C NMR (100 MHZ, DMSO-ds) & 175.9,
168.6, 155.0, 151.3, 140.9, 136.2, 135.9, 132.5, 127.0, 121.8, 121.0, 120.3,
118.7, 118.3, 114.2, 113.7, 24.0, 21.5. HR-MS (El): Exact mass calculated

for C1gH1sNO3[M]": 293.1052. Found: 293.10400.

P O

0»—“

0 coome (32)
In a clean, dry 100 mL round bottom flask was dissolved 30 (0.15 g, 0.26
mmol) into anhydrous N,N’-dimethylformamide (DMF, 20 mL). To this mixture
was added glutaric anhydride (0.033 g, 0.29 mmol) and the solution was
refluxed under nitrogen for 19 hours. The solution was allowed to cool to
room temperature and the contents of the flask were transferred into a
separatory funnel. The mixture was acidified with 1% v/v HCI and extracted
with 3 x 50 mL EtOAc. The combined organics were then washed with 6 x 25
mL. The organics were dried with MgSQ,, filtered, and the solvent was
removed by rotary evaporation. The product was isolated by flash
chromatography, using EtOAc as the initial eluent to remove the starting
material, followed by 90:10 v/v EtOAc:MeOH to obtain the pale yeliow solid
product, 32 (36 mg, 0.055 mmol, 21%). '"H NMR (400 MHz, DMSO-ds) &
10.28 (s, 1H), 8.50 (d, 1H, J = 2.6 Hz), 8.08 (d, 1H, J = 2.3 Hz), 8.04 (dd, 1H,
J1 = 2.8 Hz, J; = 9.1 Hz), 7.82 (dd, 1H, J; = 2.3 Hz, J, = 8.7 Hz), 7.66 (m,
2H), 7.16-7.28 (m, 5H), 4.30-4.52 (m, 2H), 4.20 (s, 1H), 4.08-4.13 (m, 2H),

3.59 (d, 3H, J = 9.2 Hz), 2.81-3.02 (m, 2H), 2.40 (t, 2H, J = 7.5 Hz), 2.30 (t,
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2H, J = 7.0), 1.84 (p, 2H, 7.5 Hz), 1.60 (s, 3H), 1.08-1.19 (m, 4H). °C NMR
(100 MHZ, DMSO-dg) & 175.8, 174.2, 172.9, 172.2, 171.0, 155.6, 154.6,
151.4, 137.5, 137.4, 136.2, 135.8, 129.0, 128.9, 128.2, 127.2, 126.5, 126.4,
123.1, 121.0, 120.3, 118.7, 118.6, 114.4, 68.4, 61.0, 55.5, 51.9, 50.1, 36.3,
354, 33.0, 20.7, 204, 13.9. ESI-MS: Exact mass calculated for

CasH37N2044[M+H]": 661.2397. Found: 661.362.

coon (33)
In a clean, dry, 100 mL round bottom flask was dissolved 32 (36 mg, 0.055
mmol) in 30 mL of 2:1 v/v 0.1 M NaOH:ACN. The solution was fit with a reflux
condenser and refluxed under air for 48 hours. The solution was then
acidified with 10% HCI and transferred into a separatory funnel. The organics
were extracted with 2 x 40 mL EtOAc, and the combined organics were
washed with 3 x 20 mL 1% HCI. The organics were then dried using MgSO4,
fitered, and the solvent was removed by rotary evaporation, affording the
pale yellow solid, 33 (10 mg, 0.016 mmol, 29%). 'H NMR (400 MHz, DMSO-
de) O 12.46 (broad s, 3H), 10.26 (s, 1H), 8.51 (d, 1H, J = 2.6 Hz), 8.12 (t, 1H,
J =2.8 Hz), 8.03 (dd, 1H, J1 = 2.6 Hz, J> = 9.3 Hz), 7.86 (dt, 1H, J1 = 2.6 Hz,
Jy = 9.1 Hz), 7.63-7.68 (m, 2H), 7.17-7.29 (m, 5H), 4.29-4.44 (m, 2H), 4.11
(broad s, 1H), 2.78-3.04 (m, 2H), 2.41 (t, 1H, J=7.5 Hz), 2.31 (t, 1H,J = 7.3
Hz), 1.85 (p, 1H, J = 7.5 Hz), 1.57 (s, 3H), 1.16-1.19 (m, 1H). *C NMR (100

MHZ, DMSO-dg) 6 175.8, 174.7, 174.2, 173.3, 171.5, 171.0, 154.5, 152.8,
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151.4, 137.9, 137.5, 136.7, 135.8, 129.0, 128.9, 128.2, 128.1, 1264, 1211,
120.3, 118.7, 118.5, 114.4, 111.2, 49.8, 35.5, 33.0, 29.2, 22.6, 22.1, 204,
14.1. ESI-MS: Exact mass calculated for CsyH3iN,O[M+H]": 619.1928.
Found: 619.199. Exact mass calculated for CsoH3N2011Na[M+Na]":

641.1747. Found: 641.158.

HOOC’\/\g’ O o O (34)

In a quartz test tube was dissolved 33 (5 mg, 0.008 mmol) in 5 mL 80:20 v/v
PBS:ACN. The solution was irradiated for 30 minutes under air using 8 UVB
lamps in a Luzchem photoreactor. The contents of the test tube were then
acidified with 1% HCI, transferred into a separatory funnel, and extracted with
2 x 20 mL EtOAc. The combined organics were then washed with 3 x 10 mL
1% HCI, dried using MgSOs, and the solvent removed by rotary evaporation,
giving 34 as a white solid product (71% by NMR). '"H NMR (400 MHz, DMSO-
de) 8 10.26 (s, 1H), 8.51 (d, 1H, J = 2.6 Hz), 8.20 (d, 1H, J = 2.6 Hz), 8.08
(dd, 1H, J1 = 2.6 Hz, J; = 9.1 Hz), 8.03 (dd, 1H, J; = 2.8 Hz, J; = 9.1 Hz),
7.67 (d, 1H, J = 2.4 Hz), 7.65 (d, 1H, J = 2.4 Hz), 5.59 (s, 1H), 5.23 (s, 1H),
241 (t, 2H, J =7.3 Hz), 2.30 (t, 2H, J = 7.5 Hz), 2.21 (s, 3H), 1.84 (p, 2H, J =
7.2 Hz). HR-MS (El): Exact mass calculated for Cy1H1gNOs[M]": 365.1263.

Found: 365.12725.
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4.1. Final Comments

The results described in Chapter 2 indicate that xanthonate photocage
precursors equipped with an amine moiety, as in 8 and 9, are
photochemically inactive in basic aqueous media. For tethering applications
this property is useful, since amine photocage precursors to be used for
attachment will not photodecarboxylate in their free form. It is only once the
amine functionality is removed by formation of an amide that photochemistry
is restored, as demonstrated by the photodecarboxylation of 10 and 11 in
basic aqueous media. While solvent composition does affect the quantum
yield of photodecarboxylation for acetamide derivatives, in complex natural
systems (containing more than water) the quantum yield should be sufficient
for the proposed application.

As discussed in Chapter 3, acetamide derivatives of xanthonate
photocages are capable of photoreleasing leaving groups in the same
manner as parent xanthonate photocages. In agreement with the
photochemistry observed for 2, the photochemical study of 20 showed that
acetamide functionalized xanthonate photocages undergo
photodecarboxylation upon UVB irradiation in basic aqueous media followed
by elimination to form the alkene photoproduct (27) along with free acetate.
The successful photorelease of phenylalanine from 21 expanded the scope
of leaving groups to amine containing compounds such as amino acids or

drugs, which can be readily attached via carbamate chemistry.
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Recently, fellow graduate student J.A. Blake has further expanded the
scope of leaving groups by demonstrating the photorelease of acyclovir from
a xanthonate photocage in basic aqueous media. Due to the low reactivity of
the alcohol and amine moieties of acyclovir, attachment was accomplished
via carbonyl protection. Photorelease of the leaving group then restores the
carbonyl of acyclovir as well as the antiviral activity of the drug.

The attempted coupling reactions discussed in Chapter 3
demonstrated the difficulty of amide formation by conventional methods,
likely due to the low reactivity of a xanthonate amine combined with the steric
hindrance of both the xanthonate precursor and polymer matrix. While this
proved difficult in initial investigations, optimization and variation of coupling
methods or reagents may still allow for such a coupling to take place.

The difficulty brought upon by coupling through the amine led to the
modification of the amine with a short linking alkyl chain terminated by a
carboxylic acid moiety. This modification is advantageous as the linking
group is removed from the xanthonate chromophore, which eliminates the
problem of coupling to an electron deficient nucleophile, as well it should
alleviate steric hindrance about the xanthonate photocage.

With xanthonate photocage precursors containing amine and
carboxylic acid linking groups having been successfully prepared, it is
possible to couple these to the collagen-MPC interpenetrating network
through either the carboxylic acid or amine, respectively. While all attempted

coupling methods focused on the use of amide chemistry for ease of

ey o v WS X wE RO #x e 8 @ e wd ] ey PO ARG WS s wmmmeedn. | W ek
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synthesis, it should be noted that there are other methods that could be
employed to tether to polymer scaffolds (for instance, click chemistry).

For the chemistry described in this thesis to be used for the proposed
application, further synthesis is required to prepare photocage precursors
equipped both with the acyclovir leaving group as well as a linking moiety
(either an amine or carboxylic acid). Once these precursors are prepared,
they can be integrated into the replacement corneal materials by amide
coupling chemistry. Prior to their in vivo installation, in vitro testing will be
required to ensure both that the same photorelease chemistry occurs and
that the tethered photocage and resulting photoproduct are non-toxic to cells.
Provided the tethered photocages are non-toxic, as expected, they could
then be installed into living patients following corneal replacement surgery.

The unique strategy of using tethered xanthonate photocages
equipped with acyclovir to combat corneal HSV-1 is a truly novel drug
delivery method with a high degree of spatial and temporal control. While the
application discussed is focused on tethered drug release, the underlying
chemistry discussed can be applied in many ways beyond this particular

field.
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4.2. Future Directions

1 Attachment of xanthonate photocages to polymer scaffolds via amide
coupling.
2 Photorelease of leaving groups (such as phenylalanine) from test

polymer scaffold.

3 Synthesis of acyclovir loaded xanthonate photocage precursor with
linking moiety.
4 Attachment of acyclovir equipped xanthonate photocage to collagen-

MPC interpenetrating network via amide coupling chemistry.

5 In vitro testing of collagen-MPC tethered xanthonate photocage
equipped with acyclovir.

6 Photorelease of acyclovir from corneal transplant materials using

tethered xanthonate photocages.
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4.3. Claims to Original Research

10

Synthetic procedures to prepare amine and acetamide derivatives of
xanthonate acetic acid and thioxanthone acetic acid.

Photochemical study of amine derivatives 8 and 9 in basic aqueous
media, confirming their photochemical inactivity.

Steady-state photochemical study of acetamide derivatives 10 and 11
in basic aqueous media using UVB irradiation.

Measurement of an unprecedented solvent composition effect on the
quantum yield of photodecarboxylation for acetamide derivatives 10
and 11.

Determination of quantum yields of fluorescence for 8-11.

Laser flash photolysis study of 10 in basic aqueous media.

Synthetic procedures to prepare phenylalanine equipped xanthonate
photocage precursors with amine linker.

Photorelease of phenylalanine from acetamide functionalized
xanthonate photocage (21) in basic aqueous media.

Synthetic procedures to modify linking amine with alkyl chain and
terminal carboxylic acid linker.

Photorelease of phenylalanine from xanthonate photocages equipped

with carboxylic acid linker (33) in basic aqueous media.
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