ETA

European Photochemistry Association
|

NEWSLETTER

No. 85, November 2013



General information about the European
Photochemistry Association
is available at:

www.photochemistry.eu

Newsletter Editor: Prof. Maurizio D'Auria

Dipartimento di Scienze
Universita della Basilicata
85100 Potenza, ITALY



© 2012 Dipartimento di Scienze, Universita della Basilcata

ISSN 1011-4246

Printed in the United Kingdom by Media Services, Loughborough
University, Leicestershire LE11 3TU



EPA Newsletter 4 November 2013

CONTENTS
EPA EXECUTIVE COMMITTEE . ......cccccevvvivininnnnnnnns 7
EDITORIAL .....ccociiiiiiiiiiiiiiiiiiiiiiiieiiiieeieeeieeeeeeeeeeeeeeeeee 10
President’s Letter 10
PUBLICATIONS ....ccciiiiiiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeee 12

Synthetic organic photochemistry - Grown up and applicable
for life SCIENCES c.uuuviiiiiiiiiriieiiiititiee e e 12

SPECIAL REPORTS ON PHOTOCHEMISTRY OF

BIOMOLECULES......ccciiiiiiiiiiiiniiiinis 23
Introduction 23
Computational photochemistry and chemiluminescence of
biomolecules 25
Computational photophysics and photochemistry of the DNA
nucleobases. There's more to it than photostability .........ccccecvcueuence. 31

Studying DNA excited states by Quantum Mechanical methods:
from the isolated nucleobase in the gas phase to olinucleotide in

solution. 37
Direct observation of excess electron transfer dynamics in DNA ... 43
Photosensitized pyrimidine dimerization in DNA ......ccccoeveuvcveiencn. 49
Time-resolved resonance Raman studies of nonsteroidal
antiflammatory drugs 54
Close-up on cationic porphyrazines as ligands of ds DNA and
G-quadruplex DNA, a promising target fo cancer treatment............. 61
The activity of the group "Excited Biomolecules" ..........cccccoeuveueuuncc. 69
Antibacterial properties of Silver nanoparticles: more than just
Silver 74
PILLS OF HISTORY ..cccuuiiiiiiiiiiinueeniicininecnnnnensssscsssnnes 78

At the origin of photochemistry. The photochemical behaviour
of santonin. Some documents in this field 78




EPA Newsletter 5 November 2013

ABSTRACTS OF THESIS IN

PHOTOCHEMISTRY .....uuuuutiiiiiiiiiiiinnnnneeeeccciinnnnnnnnes 86
Photooxygenations in domino processes and in organocatalysis;
Luminol derivatives as ion pair fluorescence sensors. ................. 86

Photodecarboxylation of atyl acetates and polyfluorinated

carboxylic acids. Degradation studies on PFT and

polyfluorinated carboxylic acids in water under UV- and VUV-
photolysis conditions: mechanistic course, efficacy and

SCLECHVILY wevuvverriurieererireie et sses e ses e s ss saeaene 87
Singlet oxygen reactions for the synthesis of new biologically

active 1,2 4-trioxane acids, amides, and ester and further cyclic

peroxides as well as “photocage” compounds .........cceevveiereueannn. 91
PORTER MEDAL .....ccciiiiiiiiiiiinnnennnicenniiesssmensssssssssens 93
The Porter Medal 2014 - Call for nominations  .......ceceeeevevevcnec. 93
EPA PRIZE ......cooiiiiiiiiiiiiiiniiinnneenssicsssseesssannsssssssssnes 95
EPA Prize for best PhD Thesis in photochemistry - Call for
NOMINALIONS e eese s s enenes 95
TECHNICAL NOTES ......ccitvuiiiiinniinnnnneesiecssseeessnnes 96
Sample Chambers, Optical Interconnections, and Measurement
Systems 96

A novel, alternative method for quantitative detection of
photogenerated molecular oxygen in photoinduced water
OXIAATON ettt 105

PHOTOCHEMICAL AND PHOTOBIOLOGICAL
SCIENCES .....ciiiiiiiiiiiiiiiiiiiiiiiiiininniininsnssssssssssssssssssees 113

CONFERENCE REPORTS.....ccccooiiiiiiiiiiiiiiiiiiiiinnnnn 114

II Autumn Meeting of the Polish Photochemistry Group "Molecules
and Light 2013" 23-27 September, Zakopane 114




EPA Newsletter 6 November 2013

MEMBERSHIP APPLICATION FORM . .........ccccce.. 119



EPA Newsletter 7 November 2013

EPA EXECUTIVE COMMITTEE

President

Prof. Dt. Werner NAU

School of Engineering and Science of
Chemistry, Jacobs University

Campus Ring 1

D-28759 BREMEN

Germany

Email: w.nau@jacobs-university.de

Industry-Liaison

Dr. John Gilchrist

Gilden Photonics Ltd.

Unit 13 Telford Court, 9 South Avenue
Clydebank Business Park

Glasgow, G81 2NR, UK

Tel: +44(0)141.952.9475

Email:
john.gilchrist@gildenphotonics.com

Treasurer

Dr. Alexandre Fiirstenberg

Department of Human Protein Sciences
University of Geneva

1211 Geneve 4, Switzerland

Tel: +41 22 379 54 73

Fax: +41 22 379 55 02

Email: Alexandre.Fuerstenbetg@unige.ch




EPA Newsletter

8 November 2013

Public Relations

Prof. Dr. Olga Fedorova
A.N.Nesmeyanov Institute of
Organoelement Compounds
Russian Academy of Sciences
28 Vavilova St., Moscow
RUSSIA 119991

Tel: +7 499 135 8098

Email: fedorova@ineos.ac.tu

Past President and PPS matters:

Prof. Dr. Eric Vauthey
Department of Physical Chemistry
University of Geneva

30 quai Ernest-Ansermet,
CH-1211 Geneve 4

Switzerland

Tel +41(0)22 379 6537

Email: etic.vauthey@unige.ch

Newsletter Editor:

Prof. Maurizio D'Autia
Dipartimento di Scienze
Universita della Basilicata

Viale dell'Ateneo Lucano 10
85100 Potenza

Italy

Emal: maurizio.dauria@unibas.it



EPA Newsletter 9 November 2013

Associate Editor:

Prof. Julia Pérez-Prieto

Molecular Science Institute ICMOL)
Valencia University

C/ Catedritico José Beltran, 2
46980-Paterna, Valencia, Spain

Tel: +34-96-3543050

Email: julia.perez@uv.es

Website manager:

Dr. David Worrall
Photochemistry Research Group
Department of Chemistry
Loughborough University
Leicestershire LE11 3TU, UK
Tel: +44(0)1509 222567

Email: d.r.worrall@lboro.ac.uk

New Information Technologies

Prof. Dr. Roberto Improta
Institute for Biostructures and
Bioimaging

Naples

Email: robimp@unina.it



EPA Newsletter 10 November 2013

EDITORIAL

President’s Letter

Dear EPA members

A wonderful year of photochemical science with many inspiring
conferences (see conference reports in this Newsletter) is about to
close. Good science should be publishable, but this letter is devoted
to the dark side of publishing, to plagiarism and academic fraud in
photochemistry. In fact, 2013 has been an impressive year if it comes
to scientifically unethical behaviour. The first case concerns an
embarrassing note in the published supporting information section in
which the senior author encourages the student author as follows:
“Emma, ... for this compound, just make up an eclemental
analysis...”.1 A second case affects an associate editor of a reputed
organic journal, who published peculiar, apparently manipulated
NMR spectra with “missing chunks of signal” in his/her own journal
as well as in other ones.? A third case is ridiculing publishing as well
as science funding at its best.> The authors appear in fake moustaches
and wigs on their portrait photos and the paper (accepted and printed
in Metalugia International) contains more nonsense than a reviewer
or editor can imagine, starting from the title “Evaluation of
Transformative Hermeneutic Heuristics for Processing Random
Data” to references from Bernoulli and ILaplace with recent
publication years. This is highly recommended reading.

Having recently been called as an expert in a plagiarism case,
and reading further through the most recent convicted and pending
cases of academic fraud or plagiarism,* it occurred to me that there is
nothing substantial to be found in the area of photochemistry and
photophysics. I offer a few alternative explanations for this here, in
addition to the lack of fraud being a coincidence: 1) Maybe
photochemists adhere to the highest moral and ethical academic
standards. 2) The scientific results in our field are possibly too
difficult to manipulate. 3) Nobody investigates the validity of data
obtained by other photochemists once they have been published. 4)
Competition and publication pressure in photochemistry is pethaps
not sufficiently fierce such that authors are less tempted to massage
data to get them published more quickly in a higher-impact journal. If
any EPA member is aware of recent or past major cases of academic
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fraud in photochemistry, please bring them to the attention of all
readers (write a story for the EPA Newsletter). Personally, I would be
really relieved if none of the reasons quoted above was actually valid.

Cases of academic fraud or severe plagiarism, once proven,
usually result in retractions of the papers, something which is thought
to be associated with a decrease in reputation of the authors (and the
journal, whose quality control appatently failed). In the cases
mentioned above, retractions have not yet happened, the
investigations are on-going. Recently, a meaningful correlation
between the retraction index of a journal (number of retractions per
1000 published atticles) and its impact factor has been found,®> which
suggests that those journals which are conceived as best either attract
more fraudulent manuscripts or, conversely, are more under scrutiny
by competitors after publication. Be this as it may, the retraction
index of our society journal, Photochemical and Photobiological
Sciences, remains low, if not vanishing. Again, depending on the
viewpoint, this may be a good or a bad sign. And to the best of my
knowledge (and senior EPA members, please correct me), there has
not been a single article ever which had to be retracted from EPA
Newsletters. With this peaceful insight, I wish all EPA members a
splendid new year full of publishable but real discoveries in research.

Prof. Werner Nan
Jacobs University, Bremen

1)  http://blog.chembark.com/2013/08/06/a-disturbing-note-in-a-
recent-si-file/

2) http://blog.chembatk.com/2013/08/19/some-very-peculiar-nmt-
spectra-in-organic-letters/

3)  http://www.sctibd.com/doc/167706815/EVALUATION-OF-
TRANSFORMATIVE-HERMENEUTIC-HEURISTICS-FOR-
PROCESSING-RANDOM-DATA

4) http:/ /retractionwatch.com

5) http:/ /iai.asm.org/content/79/10/3855.full
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PUBLICATIONS

Synthetic Organic photochemistry —
Grown up and applicable for life sciences

Axel G. Griesbeck,* Maria Briutigam, Sebastian Hanlft,
Margarethe Kleczka, Sabrina Molitor, Melissa Reckenthilet, and
Sarah Sillner

University of Cologne, Department of Chemistry, Griesbeck
Photochemistty Group, Greinstr. 4, 50939 Cologne/Koln,
Germanyy; griesbeck@uni-koeln.de

Organic photochemistry is a bridging discipline that profits by the
constantly increasing knowledge obtained in neighbouring areas such
as photophysics, photobiology and -medicine, spectroscopy, theory
and catalysis research. In recent years, especially the rapid
development of catalytic techniques (bio-, organo-, transition metal
catalysis) has opened new fields of applications for organic synthesis.
When searching for new applications, the (photo) synthetic
community can take advantage from numerous data compilations of
photophysical properties of dyes, electrochemical properties of
reagents and kinetic data on charge separation and charge shift
reactions. The impact of apparently new concepts is the greater the
more well established concepts are integrated, i.e. photoredox-catalysis
coupled with concepts of transition-metal catalysis or organocatalysis.
The use of trivial organic dyes as catalysts enables the use of visible
light, e.g. from LED light sources, for the in-situ generation of highly
redox-active species — eventually you can get everything what is
needed for photoredox catalysis in the hardware store (in german:
Baumarkt) — and enantioselective synthesis can be realized with the
help of established chiral organocatalysts. Photoactive catalysts can
either transfer the excitation energy directly to a substrate molecule or
indirectly via sequential electron transfer (ET forward and back) steps.
The latter process can be depicted by a catalytic triangle that combines
two ET steps.! The version on the right shows the donor-acceptor
sequence of a single ET sensitizer in a photoredox catalytic reaction
sequence. Understanding the basic principles of energy and electron
transfer catalysis and combining this knowledge with the principles of
general and special catalysis can lead to new reaction types as well as
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to applications of these reactions in problems related to life sciences.
We herein outline briefly six ongoing research approaches in the
context of our photochemistry for organic synthesis project.

hv or
Sens/hv
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1. Photoredox Catalysis for Organic Syntheses. M. Reckenthiler and
A. G. Griesbeck, Ady. Syn. Car. 2013, 355, 2727-2744.

4 Cyclic peroxides by singlet oxygen reactions:
chemotherapeutic agents

A relatively small group of organic peroxides existing in nature exhibit
biological properties. Some of these compounds are used as drugs in
ancient folk medicine since centuties, for example the well-known
arfemisinin as an antimalarial medicine. Motivated by this fact numerous
derivatives of cyclic peroxides, namely 1,2-dioxanes, 1,2-dioxetanes,
1,2,4-trioxanes, 1,2)5-trioxolanes, and 1,24 5-tetroxanes were
synthesized in the last decades and their pharmacological potentials
were tested. Beside multi-antiparasitic activities, also antibiotic,
antiviral as well as tumor-therapeutic properties were detected. We are
currently studying polar 1,2,4-trioxanes as potential inhibitors of
several forms of glutathione-transferases, enzymes that are up-
regulated in tumor cells and thus reduce the potency of chemotherapy
drugs by conjugation to glutathione. The 1,2,4-trioxanes 5 are available
by a photooxygenation route, the singlet oxygen ene reaction with
appropriate allylic alcohols 3 and a subsequent peroxyacetalization
step. Photochemistry is a tool here that enables the incorporation of
molecular oxygen in organic molecules in a controlled process, a
triplet-triplet energy transfer from excited organic dyes (such as
porphyrins) to triplet oxygen. The polar trioxanes 5 show promising
pharmacological properties and are investigated as enzyme inhibitors
for tumor therapeutic applications as well as for their antiparasitic
activities.?

ACO—\=< @ ACO—\=( (b) HO—\=<
1

CHO 2 COOH 3 COOMe

(C),/go%

, O R'R?CO HO (a) NaClO,/H,0,
R )< BFj3, CH,Cly V (b) K2CO3 MeOH/H,0
R I — (c) O, TPP, hv
I 0—0 COOMe HOO COOMe ’
artemisinin 5 4

2. Functionalized polar 1,2,4-trioxanes as building blocks by singlet
oxygenation of 4-hydroxy tiglic acid using the deuterium isotope trick.
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A. G. Griesbeck, V. Schlundt and J. M. Neudérfl, RSC Adv. 2013, 3,
7265-7270.
Maria Briautigam

4L Fluorescence sensors for chiral analyte detection

Enantioselective fluorescence-based analysis of chiral analytes is a hot
topic in molecular sensor research. The basic concept underlying most
approaches to fluorescence sensors is the connection of a fluorophore
to a receptor unit that is capable of influencing the photophysical
propetties of the fluorophore upon binding to analytes. Consequently,
analytes can be detected by means of fluorescence spectroscopy.

In order to achieve detectable interactions with anionic species, we
concentrated on phthalimide fluorophores attached to anion sensitive
(thio-)urea receptors.’ The phthalimide moiety becomes an easily
accessible fluorophore through alkylation of the nitrogen and
attachment of a donor moiety to the six-membered ring. Both are
essential features to enhance the phthalimide emission and to get a
detectable fluorescence. The urea group fulfills both, the need for an
electron donating moiety to enhance phthalimide fluorescence and the
ability to act as a hydrogen bond donor. The formation of hydrogen
bonds to analytes leads to an increase of electron density at the urea
which causes subsequent electron transfer to the excited phthalimide
(photoinduced electron transfer, PET) that quenches the fluorescence
of the latter.

* N

_ J
Y . Fluorophore.
Receptor unit donor-substituted,
Z=0,S N-alkylated

phthalimide
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For enantioselective recognition of chiral analytes we further extended
the receptor with groups containing stereogenic centets from the pool
of natural compounds such as amino acids, 1,2-diamines and 1,2/1,3-
amino alcohols. These were chosen either to produce steric hindrance
and/or to enable secondary binding interactions with analytes.

3. Colorimetric Detection of Achiral Anions and Chiral Carboxylates
by a Chiral Thiourea-Phthalimide Dyade. A. G. Griesbeck, S. Hanft
and Y. Diaz-Miara, Photochem. Photobiol. Sci. 2010, 9, 1385-1390.

Sebastian Hanft
AULIL Tandem reactions with singlet oxygen for
polyoxyfunctionalization

Natural antioxidants are often based on polyene structures such as the
carotenoids and apocarotenoids. These compounds do react with
singlet oxygen (and other reactive oxygen species = ROS) with near
diffusional rate constants. This process is described either as physical
quenching, without the formation of new products, or, chemical
quenching, ie. with the formation of peroxides such as
hydroperoxides, endoperoxides or dioxetanes. The latter process
obviously leads to degradation of the antioxidants and to the
formation of biologically undesired peroxides.

In order to identify the product structures of the singlet oxygen
reaction of carotenoids, we started to investigate the
photooxygenation of 1,3-diene esters. The analyzed 1,3-diene esters 4
and 7 are formal building blocks of the crocetin or bixin families,
respectively, and were reacted with singlet oxygen in non-polar
solvents and meso-tetraphenylporphyrin (TPP) as sensitizer. In
contrast to ethyl tiglate 1, which shows a high ge-regioselectivity in
reaction with singlet oxygen, the Schenck-ene product 5 and in almost
equal patts the [4+2]-cycloaddition product 6 were obtained by the
photo-oxygenation of 4. The 1,3-diene ester 7, without a methyl group
in a-position but in y and &-position, undergoes a first regioselective
reaction with singlet oxygen to the hydroperoxide 8. Hydroperoxide 8
is able to react with a second equivalent of singlet oxygen in a [4+2]-
cycloaddition to hydroperoxy-endoperoxide 9 in a tandem / sequential
ene/4+2 singlet oxygen process. Currently, we are searching for
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similar synthetic or naturally occurring systems, which show
comparable tandem reactivity.

j\ 0, TP, hv looH j\ Crocin/Crocetin
s . +
CO,Et CO,Et CO,Et
2

(95:5)

\
0, TPP, hv iOOH N 89
—= v,
CO,Et CO,Et
6

5

(56 : 44)

OOH OOH
| 0, TPP, hy 0, TPP, hv
” _Oa TPP. v | O TPV
o)

“CO,Et CO,Et 07 “CO,Et
7 8 9

4. A new directing mode for singlet oxygen ene reactions: the

vinylogous gem effect enables a 102 domino ene/[4+2] process. A.

G. Griesbeck and A. de Kift, Org. Lezt. 2013, 75, 2073-2075.
Margarethe Kleczka

AUUILIL Photocatalytic benzylic radical generation and reactions

Photoredox catalysis is a re-discovered “new” concept that can be
applied for numerous bond forming steps. Among these, carbon-
carbon bond formation is one of the most important synthetic key
steps in organic synthesis. When performed in a photocatalytic
fashion, metal-organic reagents or (transition)metal-catalyzed steps can
be citcumvented by the use of cheaper dyes as sensitizing catalysts and
light as reagent.

For specific synthetic purposes, the combination of the sensitizing
group and the primary radical (ions) formed by PET is desirable. We
have demonstrated this version for the alkylation of phthalimides
using sensitized excitation of N-alkylated phthalimides in the presence
of alkylcarboxylates.> The high regioselectivity of the photocatalytic
process constitutes another advantage since the photoinduced
alkylation occurred exclusively at the imide chromophore and not at
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estet or amide carbonyl groups ([Ri = CH2CO:Me,
CH>CONHCH2CO2Me). Mild conditions, high yields and the easy
availability of all starting materials demonstrate the usefulness of these
synthetic applications. The treaction is conducted in watet/acetone
mixtures as solvent taking advantage of the triplet-sensitizing
properties of acetone. Mechanistically, this process involves the triplet
state of the phthalimide 1 which acts as the oxidant in an
intermolecular photoinduced electron transfer. After rapid COz release
from the phenylacetate radical 27", recombination with the
phthalimide radical anion leads to an alcoholate that is subsequently
protonated.® Yielding in the corresponding hydroxyphthalimidines 3°,
this photodecarboxylative addition shows an important example of
synthetic organic photochemistry and its contribution to green
chemistry. The addition products 3 are member of and entrance cards
to important classes of potential pharmacologically active molecules:
hydroxy-isoindolinones, methylene-isoindolines and isoindolinones.

Rz
O HO
COOH 300 nm, K,CO3
Ry Aceton/ HO
e} e}
1 2 3
Q@
% o OH

Ry = Benzyl, Methyl, CH,CO,Me, CHyCONHCH,CO,Me
Rz =H, Me, Ph, OMe, OH, F, CI, Br, CF5, NH,
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5. The photodecarboxylative addition of carboxylates to phthalimides:
scope and limitations. M. Oelgeméler, P. Cygon, J. Lex and A. G.
Griesbeck, Hezerocycles 2002, 59, 669-689.
6. Intermolecular photodecarboxylation of electron-deficient
substrates by phthalimides in water: efficiency, selectivity and online
monitoring. A. G. Griesbeck, N. Nazarov, J. Neud6tfl and M. Heffen,
Green Chem. 2012, 14, 3004-3006.

Sabrina Molitor

AUUILILIL Photocatalytic hydroxymethylation of ketones

Type B photocatalysis is a term — introduced by Horst Kisch in the
context of semiconductor photocatalysis” - that describes the
complete consumption of both radical ion species that ate formed in a
photoredox-catalyzed step and thus the application of the reaction
principle without the need of sacrificial reagents. A well-studied
reaction sequence that we have developed is the 1,2-
azidohydroperoxidation of alkenes. This reaction can also be coupled
with another oxygenation step, the singlet oxygen ene reaction. If
terpene substrates are used (like the pinene isomers), enantiomerically
pure amino diols are produced from a three-step reaction involving a)
singlet oxygen photooxygenation, b) Type B photocatalytic azidyl
radical / triplet oxygen addition and c) reduction.’

110,
e
2) Ny %0,
1 3) Red.

via

OOH

1)10,
—_—

27%
2) Ny %0,

H .
via
7 ""OH /%%OOH
‘OH
3) Red.

3 4 NH2 439

Not many further applications of this type of reaction for applications
in organic synthesis are known. Currently, we are studying the use of
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different semiconductors in the photocatalytic hydroxymethylation of
ketones, which was developed by Sato and coworkers by the end of
the 1970s. In the model process, acetophenone is UV-irradiated in
methanol solution in the presence of different semiconductor
nanoparticles and colloids, e.g. titanium dioxide P25 or hematite
nanoparticles. The desired 1,2-diol 3 was hereby only formed as side
product, as main product the pinacol 2 was generated, which is a
product of type A photocatalysis (describing the synthetic use only of
the redox-activated donot/acceptor pait). A synthetically useful
method to shift the product ratio to the Type B 1,2-diol is the
application of the dilution trick, i.e. slow addition of the ketone
component to the reaction solution during irradiation.

o hv, semiconductor HiC_ OH O HO CH,OH
CHs * CH;,
MeGH HO CHs
5 6 main product 7 side product

7. Type B semiconductor photocatalysis: the synthesis of homoallyl
amines by cadmium sulfide — catalyzed linear photoaddition of olefins
and enol/allyl ethers to N-phenylbenzophenone imine. H. Keck, W.
Schindler, F. Knoch and H. Kisch, Chen. Eur. ]. 1997, 3, 1638-1645.
8. Azide / oxygen photocatalysis with homogeneous and
heterogeneous photocatalysts for the 1,2- aminohydroxylation of
acyclic / cyclic alkenes and Michael acceptors. A. G. Griesbeck, J.
Steinwascher and M. Reckenthiler, J. Uhlig, Res. Chem. Intermed. 2013,
39, 33-42.
9. Metal-catalyzed organic photoreactions. One-step synthesis of (I)-
prontalin by the titanium(IV) chloride-catalyzed photoreaction of
heptane-2,6-dione. T. Sato, S. Yamaguchi and H. Kaneko, Tetrabedron
Lert. 1979, 1863-1864.

Melissa Reckenthiler

AUUUULL  Aptimalarial peroxidic dyads by singlet oxygen

routes

In recent years an increasing number of malaria strains that are
resistant against commercial artemisinin derivatives appeated due to
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the extensive use of these relatively cheap and nearly uncontrolled
available drugs. In order to further be able to take advantage of the
highly active peroxide pharmacophore of the natural artemisinin, the
dyade strategy has been followed by several groups, either combining
the natural peroxide with other pharmacophores such as quinolines or
isoquinolines. Alternatively, molecular dyads can be composed in
which peroxides of different structure and of biological activity
pattern are combined. We are currently investigating strategies to
covalently link natural and synthetic trioxanes, the first dyads of this
kind already showing high antimalarial activities.!' Following this
scientific tradition, we are trying to preserve the active principle of the
anthelmintic endoperoxide ascaridol by fusion with natural or
(artificial) synthetic 1,2,4-trioxanes.

The different strategies to synthesize such dyads are depicted in the
scheme below. The dyads are generated either by linking two existing
pharmacophores in a terminal step, or by photooxygenation of 1,2,4-
trioxanes with appropriate side chains. Another possibility is the
peroxyacetalization of an endoperoxide with reactive aldehydes. The
key step of each route is the photo-oxygenation with singlet oxygen to
obtain endoperoxides ([4+2]-addition) or hydroxy-hydroperoxides
(Schenck-ene reaction).

general reaction scheme of dyads (E-T):

ONE (GO}

E = endoperoxide I = precursor of the endoperoxide
T =1,2,4-trioxane "E = precursor of the 1,2,4-trioxane
OH

&

endoperoxide
of safranol

ascaridol
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10. Antimalarial Peroxide Dyads from Natural Artemisinin and

Hydroxyalkylated 1,2,4-Trioxanes. A. G. Griesbeck, J. Neudorfl, A.

Horauf, S. Specht and A. Raabe, |. Med. Chen. 2009, 52, 3420-3423.
Sarah Sillner
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SPECIAL REPORTS ON PHOTOCHEMISTRY
OF BIOMOLECULES

Introduction

Dear EPA members,

This issue of the EPA Newsletter, December 2013, is dedicated to
“Photochemistry of Biomolecules”, currently a dynamic research area
aimed at understanding how and why biomolecules respond to light
exposure and the relevant consequences of such interaction, as well
as identifying photosensitized processes. We would like to thank all
the authors of the contributions to this issue of the EPA Newsletter,
but most particularly Miguel Angel Miranda, who was the driving
force for encouraging the authors to contribute their work and
submit it on time!

An interesting bunch of contributions is here presented, many of
them revealing fruitful collaborations between theoreticians and
experimentalists and between experts of different research areas.
From the computational approach to generating relevant information
on the photochemistry of bimolecules, ManuelaMerchan et al. (Instituto
de Ciencia Molecular, Universitat de Valencia) report on the benefit
of combining photochemical reaction path approach and the
multiconfigurational second-order perturbation theory method to
establish photochemical and chemiluminiscent mechanisms in
biomolecules. In addition, L/uis Blancafort (Institut de Quimica
Computacional I Catalisis and Departament de Quimica, Universitat
de Girona) reports on the geometric deformations that control the
photodynamics of nucleobases and their dimers and also on relevant
photochemical processes involving these species. Roberto Improtas
(Istituto Biostrutture e Bioimmagini, Consiglio Nazionale delle
Ricerche, Napoli) current investigation focuses on oligonucleotides in
solution, using time-dependent density functional theory for
electronic calculations and the polatizable continuum model to
include solvent effects.
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On the other hand, Tetsuro Majima et al. (The Institute of Scientific
and Industrial Research, Osaka University) report on the direct
observation of excess electron transfer processes in DNA and the
relevance of these processes not only in the biology field but also in
material science. Migue/ A. Miranda et al. (Instituto de Tecnologia
Quimica, Universitat Politecnica de Valencia) present recent results
which challenge the validity of established mechanistic paradigms
related with pyrimidine photosensitized dimerization in DNA. David
Lee Phillips et al. (Department of Chemistry, University of Hong
Kong) report on time-resolved transient absorption and resonance
raman investigations of nonsteroidal antiflammatory drugs aiming at
understanding their phototoxicity.

In addition, Sandra Monti et al. (Istituto per la Sintesi Organica e la
Fotoreattivita. Bologna) current research focuses on cationic
porphyrazines as ligands of DNA structures, envisaging the potential
application of these ligands as three-modal therapeutic anticancer
drugs. Dimitra Markovitsi (CNRS, IRAMIS, SPAM, Laboratoire
Francis Perrin, Gif-sur-Yvette) reports on the activity of her group,
dealing with the investigation of the primary processes which precede
the UV-induced damage to DNA. The aim is to gain insight into
these first steps and determine their contribution in skin cancet.

Finally, Tito Scaiano (Department of Chemistry and Centre for
Catalysis Research and Innovation, University of Ottawa) reports on
the superior antibacterial activity of AgNPs than that of silver cation,
and the stabilization of the nanoparticles within a protein
environment, thus resulting in a new biomaterial. These
investigations are part of an on-going collaboration between Ottawa
University and Link6ping University/Karolinska Institute.

The EPA Newsletter Board greatly appreciates these experts’
contributions to this issue.

Julia Pérez, Prieto

Associate Editor EPA Newsletter
Universidad de 1V alencia

Instituto de Ciencia Molecular (ICMol)
C/ Catedritico José Beltrin 2

46980 Paterna, 1 alencia
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Computational Photochemistry and
Chemiluminescence of Biomolecules

Antonio Francés-Monerris, Manuela Merchin and Daniel
Roca-Sanjuin*

Instituto de Ciencia Moleculat, Universitat de Valéncia, P.O.
Box 22085, 46071 Valéncia, Spain. E-mail: Daniel. Roca@uv.es

Photochemistry and chemiluminescence of biomolecules (hereafter
photobiology and bioluminescence, respectively) can be understood
as exchanges between two types of energy: chemistry and light (see
Fig. 1). In the first type of phenomenon, the irradiation (hv) with
light provides the molecule with extra energy which can be released
through different decay paths: 1) creating new compounds or
photoproducts in a productive manner (photoreactivity) or 2)
decaying to the original configuration of the atoms (photostability)
(see details in Fig. 2). On the other hand, bioluminescence
corresponds to the emission of light as the result of a thermally-
activated (A) chemical reaction. The study of such phenomena by
means of computers using specialized software tools and
sophisticated ~ strategies can be defined as Computational
Photobiology and Bioluminescence (CPB). Among the strategies to
characterize decay paths, one of the most accurate is the
Photochemical Reaction Path Approach (PRPA),!:23 which implies
the determination of the most relevant channels for the transit of
energy by means of the computation of Minimum Energy Paths
(MEPs) and the location of the accessible minima or crossings (Cls
or STCs) between the potential energy hypersurfaces of the excited
and ground states. Since 2003, our group Quantum Chemistry of the
Excited State of Valencia (QCEXVAL), together with its

bioluminescence

7N

chemistry light

N

photobiology
Figure 1. Scheme showing the relationship between photochemistry
and chemiluminescence in biomolecules.



EPA Newsletter 26 November 2013

collaborations, has employed this computational approach and other
approximations in combination with the multiconfigurational second-
order perturbation theory (CASSCF/CASPT2) method!456 to
establish photochemical and, more recently, chemiluminescent
mechanisms in biomolecules.”$%10 Here, we present some of our
most recent findings in the field.

Process Light Emission Radiationless

Reactive

Non-reactive

Chemiluminescent

Figure 2. Classification of the photochemical and chemiluminescent
processes from a mechanistic standpoint. After irradiation of a
compound R and population of the excited state (es), several pathways
are possible for energy deactivation to the ground state (gs). New species
(P) can be formed via an adiabatic evolution on the excited state and
light emission (adiabatic photochemistry) or via a non-adiabatic process, such
as an internal conversion (1C) or an intersystem crossing (ISC), which are
mediated by conical intersections (Cls) and singlet-triplet crossings (STCs),
respectively (non-adiabatic photochemistry). Decay channels can also bring
the molecule back to the original structure, R, by either an excited state
vibrational relaxation followed by light emission or either a non-adiabatic
process mediated by a CI or a STC. NA = Not Applicable.

The DNA molecule presents a rich variety of photochemical
processes induced by direct UV irradiation.!! Nucleobases themselves
have photostable properties against UV irradiation, which have been
related, on the basis of computations using the PRPA approach, to
the presence of batrierless non-radiative decay pathways to the
original ground state equilibrium structure.>31213141> On the other
hand, UV irradiation of stacked pyrimidine dimers might give rise to
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the formation of lesions in the DNA,'® such as cyclobutane
pyrimidine dimers!”-!8 and pyrimidine-pyrimidone 6-4 dimers.’® The
mechanism established in this case implies a precursor excited-state
dimer (excimer) formation and the participation of excited triplet
states in the photoformation of the 6-4 adducts. Moreover, the
hydrogen-bonding network in the base pairs has been shown to be
able to provide photostable channels via a mechanism of excited-
state double hydrogen transfer mediated by CIs.?* An analogous
mechanism involving the same CI structures has been also
characterized giving rise to photoreactive routes for tautomer
production.20

In addition to the direct effects of radiation to the DNA components
and the molecule itself, inditect mechanisms can occur as a result of
the irradiation to the environment of the biomolecule, implying
serious damage to the nucleic acids. One of the harmful indirect
processes is the attachment of low-energy electrons (LEEs), which
can produce fragmentations in all DNA nucleobases.?! The CPB has
been recently applied to the uracil case.?2 CI crossings between the
two lowest-lying anionic n- states and the dissociative ox. states
have been ascribed as the responsible structures mediating the
dissociative electron attachment of N-H bond in the nucleobase.
Additionally, DNA nucleobases are also susceptible to the attack of
the hydroxyl radical (-OH).23 The instability of the radicals formed in
the *OH addition to the nucleobases makes difficult its experimental
study. Employing the tools of CPB, the transient absorption spectra
of the *OH adducts of pyrimidine nucleobases have been interpreted,
assigning the band recorded at lower energy in the visible range of
the electromagnetic spectrum to the adduct formed by attachment at
the atom C6 of the nucleobase.?*

The molecular basis of bioluminescent processes can be also
understood by using the CPB. The chemical functionalities of the
bioluminescent molecules have been established in collaboration with
Professor Lindh at the Uppsala University and co-workers, implying
the presence of a chemiluminophore, an electron-donating fragment,
and substrate-enzyme interactions tuning the emission energy.?>
Remarkable differences between fluorescence and
chemiluminescence, not reported in previous studies, have been
found in another computational study on a small model for
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coelenteramide and cypridina oxyluciferin. On the basis of the
analysis performed, some recommendations have been given for
future experiments aimed to study bioluminescent properties.2
Furthermore, the correct use of fast methodologies, in particular
density functional theory (DFT), to characterize
chemi/bioluminescent reactions has been recently described in detail
comparing with the higher accurate method CASPT2.2728

Finally, it is important to keep in mind that biomolecules are
embedded in a network of water molecules, which might play an
important role in the photochemical and bioluminescent processes.
The photochemistry of the water dimer has been studied in two
configurations: the conventional H-bonded dimer? and a m-stacked
arrangement.?¥ Whereas a photoinduced dissociation mechanism is
obtained for the H-bonded dimer, the m-stacked dimer has been
found to possess vertical electronic excitation energies which can be
related to the distinct spectroscopic properties of water in contact
with charge systems, in particular the absorption at 270 nm.3! Since
the DNA/RNA nucleobases and amino acids with aromatic rings
also absorb in this region, they may easily resonate with m-stacked
water. We believe that certain characteristics such as the
photostability properties of the material of the genetic code, which
are generally ascribed to the own intrinsic properties of the molecular
system, might also be intimately united to the presence iz vivo of m-
stacked water.

This work was financially supported by the Spanish MINECO
(Ministerio de Economia y Competitividad), Project No. CTQ2010-14892.
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Computational photophysics and
photochemistry of the DNA nucleobases.
There's more to it than photostability

Lluis Blancafort

Institut  de Quimica Computacional 1 Catilisis and
Departament de Quimica, Universitat de Girona, 17071 Girona,
Spain

Introduction. The photophysics and photochemistry of the DNA
nucleobases have been the subject of great attention in the last
decade. The aim is understanding the interaction of these building
blocks of life with visible and UV light. The development of
femtosecond time-resolved spectroscopy has also made it possible to
obtain an increasingly detailed picture of these phenomena. Theory
and computations have been essential to interpret the spectra, and
our research has aimed to provide a mechanistic description in terms
of potential energy surfaces. This has allowed us to identify the
nuclear coordinates - 7¢ the geometric deformations - that control the
photodynamics.

Figure 1. Examples of conical intersections relevant in the
photophysics and photochemistry of the DNA nucleobases.

We have considered three types of processes: First, the photophysics
of the isolated nucleobases, focusing on the role of conical
intersections (CI) in their photostability (Figure 1). Moving towards
larger systems, we have also studied the nucleobase dimers, centring
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on the role of charge transfer states and excitonic interactions.
Finally, we have considered important photochemical processes such
as hydrogen transfer between Watson-Crick pairs, the formation of
cyclobutane pyrimidine adducts, tautomerization, and electron
transfer.

For the calculations, we have relied on the CASSCF and CASPT?2
methods. Their combination provides a good description of the
highly distorted structures involved in the reaction paths, in particular
the ClIs. In our approach, the reaction paths are calculated at the
CASSCEF level, and the energies corrected with CASPT2 to include
dynamic correlation.

1. Photophysics of the nucleobases. It is well known that the
photophysics of the DNA nucleobases is dominated by excited state
lifetimes that lie in the femto- and picosecond range. This has been
made responsible for their photostability. In this context, we were
among the first to show that the ultrafast decays are associated to Cls
- points on the potential energy surface where the ground and excited
states cross, and the radiationless decay is specially favoured.! On a
series of publications on cytosine,!? adenine’ and thymine*> we
identified the structures of the Cls associated to the ultrafast decay,
and we showed that the reaction paths to access them from the
Franck-Condon region have low barriers, which explains the short
time scales found experimentally. For cytosine, we have also shown
that a crossing region with strong spin-orbit coupling between the
singlet 1(n,n*) and triplet 3(n,n*) surfaces enables population of the
triplet state, which accounts for a long-lived, 'dark' species.¢ We have
also studied how hydration affects the decay.”

Turning to more methodological work, we have shown for cytosine
and thymine that it is crucial to chose the right level of theory to
describe the mechanism and avoid artefacts in the calculation.?4
Another important concept is that the CI is not an isolated point on
the potential surface. Instead, it forms extended seams of
intersection. For cytosine, we have studied how these seams are
linked to a three-state crossing,® and for thymine we have studied in
detail how an extended S2/Si crossing seam affects the branching
between the (n,7*) and (n,n*) states after excitation.?
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Figure 2. Sketch of the (r,n*)/(n,7*) intersection seam in thymine.

2. Nucleobase dimers. The photophysics of DNA oligomers or
wild type DNA is significantly different from that of the isolated
nucleobases. The nucleobase polymers show longer lifetimes than the
monomers. Excitons and charge transfer states have been invoked to
explain these differences. A quantum mechanical treatment of the
polymer is beyond the current cmoputational capabilities, and
therefore we have directed our attention more recently to the
nucleobase dimers, as a first step towards more extended systems.
First, we have considered the vertical excitations for the nucleobase
dimers in their ideal, stacked B-DNA conformation. We have found
that the 5'-putine-pyrimidine-3' sequence favours the formation of
low lying charge transfer states.” Cutrently we are studying the
photophysics of the ApU dinucleotide in water, which has lifetimes
more than one order of magnitude longer than the A and U
nucleotides. Using a hybrid quantum mechanics - molecular
mechanics approach, our aim is to elucidate whether the long lifetime
is due to the formation of a charge transfer state, or whether the
decay of the monomer-like excited states is slowed down by the
environment.19
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3. Photochemistry of the nucleobases. Although the DNA
nucleobases are well known to be photostable, they also show
photochemical reactivity. The most prominent example is the
dimerization of stacked pyrimidine dimers to form cyclobutane
adducts. The potentially mutagenic lesions are repaired by the
photolyase enzyme. The adducts ate formed in less than 1 ps after
excitation, and our calculations have identified the CI responsible for
the ultrafast product formation.!! We have also shown that the
product state correlates with a high-lying state in the ideal B-DNA
conformation. In another study, we have considered intermolecular
hydrogen transfer in the GC Watson-Crick pair. For the triplet state,
the preferred reaction is the transfer of a single hydrogen. This leads
to a triplet diradical that can decay to the singlet state and regenerate
the canonical GC pair by back hydrogen transfer, contributing to the
photostability of the system.!2

A further reaction we have considered is the UV-induced
tautomerization of cytosine. This reaction seems particularly
intriguing because cytosine is always considered to be photostable.
According to our results, the non-canonical tautomers are formed
after excitation as side products of the ultrafast radiationless decay at
a CIL.13 We have also studied the sensitization of DNA with 5-bromo
uracil, and we have found a mechanism where the cleavage of the Br-
C bond in uracil occurs from a locally excited 5BrU state.* Finally,
we have also studied a process that is not directly photochemical but
is closely related, namely electron transfer in charged nucleobase
dimers. Here we have benchmarked the coupling elements for hole
and excess electron transfer at the CASPT2 level 1516

Conclusions. The photophysics and photochemistry of the
nucleobases are a great example of fruitful synergy between theory
and experiment. Although here we have focused on our own work, it
should be stressed that many other groups, several of them in
Europe, have contributed to this field. Significantly, the conceptual
and computational developments carried out here have been useful
to rationalize a broad range of other photochemical reactions.

While the photophysics of the isolated nucleobases is nowadays quite
well understood, the current challenge is to get a similar level of
understanding for more extended systems. We follow a bottom up
approach, modelling nucleobase dimers as a first step towards the
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more complex systems. Another challenge followed by our group is
going from potential energy surface calculations to directly modelling
the spectra.

Acknowledgments. I thank the members of my group: David
Asturiol, Annapaola Migani, Quansong Li, and Sergi Ruiz-Barragan.
Thanks atre also due to our collaborators in the listed references.
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Studying DINA excited states by Quantum
Mechanical methods: from the isolated
nucleobase in the gas phase to oligonucleotide
in solution.
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robimp@unina.it

The biological relevance of UV light absorption by DNA (which can
lead to genetic code damages) explains the strong scientific interest in
the excited state dynamics of polynucleotides and of its main
constituents, i.e. the nucleobases (purine —adenine and guanine- and
pytimidine —thymine/uracil and cytosine). The main challenges in
this field are describing the very complex dynamical processes
triggered in DNA by UV absorption, interpreting them in terms of
elementary molecular processes and, hopefully, understanding how
photodamage can be limited.! To these aims, Quantum Mechanical
calculations have been fundamental, since they have provided
important insights on the static and dynamical properties of
nucleobases’ electronic excited states, on their crossing and on their
decay.'? TFor example, ultrafast time-resolved spectroscopic
experiments have shown that photoexcited nucleobases return to the
ground electronic state on the ps and sub-ps time scale (likely a key
features for their selection as DNA building blocks and for the DNA
photostability) and theoretical studies have been able to explain these
findings. For all the bases barrierless paths exist on the Potential
Energy Surface of the lowest energy mm* states connecting the
Franck-Condon region to Conical Intersections with the ground
electronic state, thus allowing a fast and effective non-radiative
ground state recovery. Although several intriguing questions are still
open and some mechanistic details still the object of a very lively
debate, several basic issues concerning the excited state decay of
isolated nucleobases in the gas phase can be considered well
assessed.?
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The picture is less clear when dealing with oligonucleotides in
solution: in this case, the large size of the species to be considered
and the complexity of the processes involved in the excited state
decay of a strongly coupled multi-chromophore system (with
characteristic times spanning a time range between < 100 fs and
several ns) pose formidable challenges to quantum mechanical
calculations. This has been the focus of the efforts we made in the
last years: studying 77 silico systems as close as possible to those
studied ‘zn vitro’ by experimentalists and to those involved ‘i vive’ in
the biological processes. In order to tackle this task at least two
ingredients are necessary: (i) a quantum mechanical method able to
treat fairly large systems (i.e. with more than 100 atoms) with a
sufficient degree of accuracy (i) a model able to give account of
solvent effect on excited state properties. On the ground of our
experience, and being awate that each method has always its
advantages and its limitations, we have selected the methods rooted
in the Time-Dependent Density Functional Theory (TD-DFT)3 as
our reference method for electronic calculations and the Polarizable
Continuum Model (PCM)* as our reference model to include solvent
effects. In this respect, the introduction of long-range corrected
density functionals, able to overcome the traditional failures of TD-
DFT in describing excited states with Charge Transfer (CT) character
and the development of effective PCM/TD-DFT implementations,’
allowing fast excited state geometry optimizations (LR-PCM/TD-
DFT methods) and accurate calculation of absorption and emission
energies (SS-PCM/TD-DFT),  have  been  fundamental
methodological advances.?

On the other hand, the quality of the insights gained by calculations
hugely increases when the researches are performed in tight
collaboration with experimentalists. This has always been a
cornerstone of our approach: when dealing with dynamical processes
involving a complex system as DNA the integration between
different computational approaches and, especially, between
experiments and calculations is fundamental.

On this ground, we succeed in extending the use of QM calculations
from the static study of isolated nucleobases in the gas phase to that
of small oligonucleotides in solution, also including quantum
dynamical effects. It has thus been possible not only to get a direct
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comparison with the experimental results (mainly performed in
solution) but also to propose new interpretative mechanisms for
several basic, lively debated, processes.

For what concerns isolated nucleobases, for example,-10 while the
most common view until some years ago was that solvent does not
significantly affect the excited state decay mechanisms, in some
papers (incidentally representing the first computations of emission
spectra in solution) we studied the photophysics of uracil detivatives
in different solvents predicting that, in some solvents, a population
transfer between the spectroscopic bright states and an undetlying
dark state can take place.8 More in general those studies, for the first
time, showed that solvent can deeply affect the excited state decay
mechanism, rationalizing a large amount of experimental data.

For what concerns oligonucleotides, QM calculations were applied
for the first time to single and double strand sequences in solution,
including up to four residues and the phospho-deoxyribose
backbone, tackling both photophysical'l14 and photochemical (as
thymine-thymine photodimerization, the most common photolesion
within DNA)':16 processes. Those studies highlight the fundamental
role played by excited states with Charge Transfer character, which is
instead often overlooked by calculations performed in the gas phase,
and also provided a very useful interpretative key for the excited state
decay of a complex system as DNA. While it is often tempting trying
to define which is the single excited state responsible of all the
spectral features, the behavior of strongly coupled multichromophore
species is often ruled by the dynamic equilibrium of different states,
whose interplay is modulated by environmental effects and molecular
fluctuations, each one with its own spectral signature. For example, a
study of the excited states of (dA)s polynucleotide, including the
phosphor-deoxyribose backbone, shows that after absorption to
exciton states delocalized over multiple Ade bases, the excited state
behavior is shown to be ruled by the interplay among a number of
species: (1) monomer like excited state localized over a single Ade, (ii)
'neutral' excimers and (iii) charge transfer exciplexes involving
stacked Ade dimers, representing the most stable minimum. This
study provided the first comprehensive model for interpreting the
excited state decay, and its wavelength dependence, in Ade based
polynucleotides.!213
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A final challenge concerns the development and the application to
these processes of suitable quantum dynamical approaches, which
could provide data (lifetime, branching ratios etc.) to be directly
compared with Time-resolved experiments. In this respect, promising
results have been obtained isolated nucleobase (by performing the
first quantum dynamical study of the excited state decay in solution)!”
and effective vibronic Hamiltonian was developed, which provides
insights on the interplay between bright exciton and CT states in
polyAde.!8
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Direct Observation of Excess Electron Transfer
Dynamics in DNA

Mamoru Fujitsuka and Tetsuro Majima
The Institute of Scientific and Industrial Research, Osaka
University, Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan

Oxidation and reduction of biological compounds ate key
processes of various biological phenomena. For example, oxidation
of DNA by naturally generated oxidation agent causes DNA damage,
which promotes cancer and so on.l2 On the other hand, reduction
process is known to be included in the DNA repair process by
photolyase.? It is important that damage and/or repair of DNA occur
also with nucleobases apart from the initially oxidized and/or recued
cites due to the charge transport in DNA. From this point, charge
transfer in DNA attracts wide attentions of scientists. In addition,
possibility of nanowire application also makes DNA an attractive
material for researchers in the field of material science.

Charge transfer in DNA has been investigated by various ways,
including electric current measurement, product analysis, EPR, time-
resolved spectroscopic methods, and so on. Among them, transient
absorption spectroscopy using ultrashort pulse laser has provided
various kinetic information on charge transfer in DNA. Direct
observation of hole transfer (HT) process has been reported by the
research group of Lewis.* They have evaluated the A to A and G to
G hole-hopping rates among consecutive A and G sequences,
respectively, to be on the order of 10° s'l. On the other hand, our
research group evaluated the hole hopping rates in various DNA
sequences by means of laser flash photolysis and indicated that the
hole hopping rate varied depending on kinds and number of
intervening nucleobases between nucleobases which act as step
stones.> Furthermore, hole hopping over 100 angstrom was
confirmed by means of the transient absorption spectroscopy during
the laser flash photolysis.® Thus, detailed information on HT in DNA
has been obtained until now. On the other hand, information on the
dynamics of negative charge transfer, namely, excess electron transfer
(EET), in DNA is rather limited even now. Investigations based on
the product analysis suggested that EET occurs by multiple hopping
mechanism.
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For studies on EET in DNA, our research group has employed
oligothiophenes as photosensitizing electron donor to DNA. Their
donor ability was investigated wusing dyad compounds of
oligothiophene and nucleobase systematically. In the case of
bithiophene (2T), it was revealed that the singlet excited 2T can
donate excess electron to T, C, and A, but not to G.78 Furthermorte,
electron transfer rate was in the order of T > C > A in accordance
with the electron acceptor ability of nucleobase. On the other hand,
recombination rate was in the order of T > C > A, indicating that the
charge recombination process is in the inverted region of the Marcus
theory.%19 For further understanding of the observed tendency, the
evaluated electron transfer rates were plotted against driving force
(Fig. 1). It is clear that the evaluated rates can be reproduced by
Marcus theory using parameters listed in caption (solid line). It is
interesting to note that the obtained curve is similar to that reported
for the hole injection process to DNA (dashed line).!! These results
are important information for the design of efficient hole or excess
electron injector to DNA.

ket ( 3_1)
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Figure 1. AG (AGcs and AGcr) dependence of kgt (kcs (filled citcles)
and Acr (opened circles)). The solid line was estimated using 0.20,
1.10, 0.070, and 0.19 eV of As, Ay, 1/, and h<a>, respectively. The
dashed line was calculated using 0.23, 0.99, 0.043, and 0.19 eV,
respectively.!!
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In order to study EET dynamics in DNA, our research group
synthesized a series of nicked dumbbell DNA (consecutive A:T base
pairs) conjugated with tetrathiophene (4T) and diphenylacetylene
(DPA), which act as a photosensitizing electron donor to T and an
acceptor of excess electron in DNA, respectively (Fig. 2).12 The
transient absorption spectra during the laser flash photolysis using
femtosecond laser which excited 4T selectively showed formation of
4T radical cation with decay of singlet excited 4T within ~10 ps after
excitation, indicating effective excess electron injection from singlet
excited 4T to adjacent T. The absorption band of DPA radical anion
showed gradual rising profile over 200 ps in the case of T, indicating
the excess electron capture by DPA after hopping of excess electron
among consecutive Ts. The multiple hopping mechanism was
supported by the fact that the formation rate of DPA radical anion
largely depends on the number of intervening T between 4T and
DPA. From the formation kinetics of DPA radical anion, the T' to T
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Figure 2. (a) Molecular structures of tetrathiophene derivative (47T)
and diphenylacetylene (DPA) conjugated to DNA. (b) Structures of
nicked dumbbell DNA conjugated with 4T and DPA. (c) Simplified
illustration of EET mechanism in the present DNA systems.

hopping rate of excess electron in consecutive T sequence was
evaluated to be 4.4 x 1019 s on the basis of random walk model. It
should be noted that the evaluated T to T hopping rate of excess
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electron is faster than those of A to A and G to G hole hopping rates
in DNA.

In addition, we studied EET in DNA hairpins, another B-type
DNA, conjugated with IN,N-dimethylaminopyrene (APy) and DPA.13
In these DNA hairpins, APy was conjugated to 5’ position through
an alkyl linker and DPA was placed at loop of hairpin, because DPA
is known to form a stable hairpin structure.!!> EET dynamics in
DNA hairpins were investigated by transient absorption spectroscopy
under the condition where APy was selectively excited by
femtosecond laser pulse. EET dynamics in DNA were confirmed by
generation of the absorption band of DPA radical anion. Because the
generation dynamics of DPA radical anion in the DNA hairpin in
which APy and DPA were separated by two A:T base pairs was the
same as that of DNA hairpin with one A:T base pai, it was indicated
that APy did not behave as an end-capping group but was
intercalated between two terminal base pairs.16 By assuming
intercalation of APy, T to T hopping rate of excess electron in
consecutive T was estimated to be 6.1 x 1010 g1, which is a similar
value to that estimated with the nicked dumbbell DNA conjugated
with 4T and DPA.12 Slightly larger hopping rate of DNA hairpins
probably comes from stable DNA hairpin structure without nick
and/or intercalation of APy in DNA. The present experiment results
reasonably confirmed that the rate constant of EET through
consecutive T’s is on the order of 1010 s-1, which is faster than HT in
DNA.

In the report previous to these two papers, we studied EET
process in  DNA hairpins conjugated with N-methyl-N-
pyrenylglycine (*Py) and DPA by means of nanosecond laser flash
photolysis.!” In the transient absorption spectra during the
nanosecond laser flash photolysis of DNA hairpins conjugated with
APy and DPA, the formation dynamics of DPA radical anion could
not be confirmed and superposition of APy radical cation and DPA
radical anion was observed, even when APy and DPA were separated
by nine base paits, because of fast EET dynamics and poor time
resolution of nanosecond laser flash photolysis system. But the result
indicates that excess electron can tranport even when
photosensitizing electron donor and acceptor were separated by 34
angstrom. Since the initial absorbance of DPA radical anion
estimated by nanosecond laser flash photolysis reflects the yield of
EET, we examined efficiency of EET in DNA hairpins with various
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sequences such as consecutive Cs and so on. From this study, we
confirmed following tendencies. Mismatch sequence in DNA
diminished EET yield. Especially, small EET yields were observed
with DNA hairpins with the T:C and T:T mismatches, while more
stable T:G mismatch made EET possible to some extent.
Replacement of A:T base pairs by G:C also decreased EET yield,
although the EET yield was similar to that of consecutive G:C
sequence, indicating that the C is not a severe EET trap like G in
HT. On the other hand, replacement of A:T by C:G decteased the
EET yield due to the slower T-G-T hopping rate, in which G acts as
a batrier for EET. The observed tendencies in sequence dependence
of EET yield seem to be reasonable on the basis of the results
provided by other research groups studying EET using product
analysis. The study based on the EET yield helps our understanding
on EET in qualitative manner. For further understanding, we are
planning to examine these issues in more quantitative manner by
means of ultrafast laser spectroscopy. These will be useful
information in the fields of physical chemistry, biology, material
science and so on.
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Photosensitized pyrimidine dimerization in
DNA

Virginie Lhiaubet-Vallet and Miguel A. Miranda
Instituto de Tecnologia Quimica UPV-CSIC, Universitat
Politecnica de Valencia, Valencia, Spain

The incidence of skin cancer in humans has steadily increased over
the last few decades, with melanoma reaching last year the 5t
position among the most commonly diagnosed types of cancer in
Europe.! It has been unambiguously established that exposure to
solar ultraviolet radiation is involved in the pathogenesis of most
types of skin cancer. Hence, investigation of the photochemical
mechanisms is essential to understand most of the key processes
involved in DNA photodamage. Over the last years, this area of
research has attracted a renewed interest, owing to the application of
recent spectroscopic advances, which have challenged the validity of
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Figure 1. Structure of bipyrimidine DNA photoproduct formation
and processes addressed in this report.

established mechanistic paradigms. Thus, a complete picture of the
chemistry involved in DNA photodamage is still missing.
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In this context, the DNA photosensitizing ability of
nonsteroidal antiinflammatory drugs (NSAIDs) and antibacterial
fluoroquinolones, has been investigated. Both dimerization of
pyrimidines and oxidation of purine bases are reported.>*

Recently, our interest has been focused on the
photochemistry of pyrimidine bases. Indeed, cyclobutane (CPD) and
pyrimidine (6-4) pyrimidone (64PP) photodimers represent by far the
most prevalent DNA photolesions under direct UVB-irradiation (Fig.
1).> The former are obtained by a formal [24+2] photocycloaddition
between two adjacent pyrimidines, giving rise to the cs-syn CPD as
the main isomer. The 64PP are formed by the so-called Paterno-
Biichi reaction, which involves a [2+2] photoaddition between the C4
carbonyl (or imino) group of the 3" pyrimidine and the C5-C6 double
bond of the adjacent 5° pyrimidine. The resulting unstable oxetane
(or azetidine) undergoes ring opening by C4-O bond cleavage,
accompanied by a proton shift from N3, affording the 64PP. In the
case of CPD, in addition to the direct irradiation, an indirect process
involving  triplet-tripet  energy transfer (TTET) from the
photosensitizer to the thymine moiety has also been evidenced.?

With this background, we have addressed three important
issues related to bipyrimidine dimers formation: (7) the triplet state
energy of thymine in DNA (7) the presence of intrinsic DNA
photosensitizers, (i) the photoreactivity of higher triplet excited state
of thymine in connection with 64PP formation.

Triplet state energy of thymine in DNA:
In the literature, few compounds have been reported as CPD

photosensitizers. Indeed, they ate generally aromatic ketones,
carbazoles, psoralens, or fluoroquinolone antibacterial agents, with a
sufficiently high triplet state energy to trigger the photodimerization
mechanism.2 As the feasibility of this process is linked to a favorable
thermodynamics for energy transfer, the thymine triplet state energy
in DNA is a key parameter.

An interesting example relies on the dual photoreactivity of
ketoprofen (KP), a NSAID bearing a benzophenone chromophore.
On the one hand, when thymine is part of an oligonucleotide or
DNA sequence, its triplet excited state lies below that of KP giving
rise to CPD formation through TETT.S7 By contrast, for free
thymidine in solution (Thd), a Paterné-Buichi reaction is favored
giving rise to mixed oxetanes between KP and Thd; CPD are
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obtained only at high nucleoside concentration.® Interestingly, the
Paterno-Biichi reaction occurs when the triplet energy of the alkene
(here, Thd) is comparable to (or higher than) that of the carbonyl
compound (KP). It is noteworhty that, in spite of its biological
importance, an accurate value for energy of the thymine triplet
excited state (*Thy*) in DNA has only recently been determined by
our group.”10 This problem has been tackled combining laser flash
photolysis experiments, to determine the photosensitizer triplet state
energy, with agarose gel electrophoresis to quantify photoinduced
CPD formation in plasmid DNA. In this context, the ability of a
panel of fluoroquinolone antibacterial drugs with different triplet
state energy has allowed establishing a precise threshold of 267 k]
mol! for ¥Thy* energy in plasmid DNA.910 This result provides the
basis for an alert rule as any xenobiotic with a triplet excited state
higher than this threshold value should be considered as a potential
photogenotoxic agent.

Intrinsic DNA-photosensitizer, the concept of Trojan horse:
The harmful effect of UVA radiation has attracted considerable

attention in the last years in relation with the classification of
sunlamps and sunbeds as carcinogenic to humans by the
International Agency of Research on Cancer IARC). Indeed, UVA-
mediated photoreactions triggered by endogenous or exogenous
chromophores lead to an extension of the active fraction of the solar
spectrtum with photocarcinogenic potential. In this context, an
appealing point relies on the UVA absorption of 64PP associated
with their 5-methyl-2-pyrimidone chromophore. Thus, it appears
feasible that photogeneration of this DNA damage within the double
helix constitutes the insertion of a potential intrinsic UVA-sensitizer.
To test this concept, we have investigated the photosensitizing
propetties of 1-(B-D-2’-deoxytibosyl)-5-methyl-2- pyrimidone (Pyo)
as a model of 6-4PP.1! Agarose gel electrophoresis experiments
performed with supercoiled circular DNA show that Pyo is able to
photoinduce oxidative DNA damage (observed through single strand
break formation) together with CPD formation (revealed after
treatment with T4 endonuclease V, a specific enzyme for CPD
detection).  Furthermore,  photophysical — experiments  have
demonstrated that Pyo gathers the properties of an efficient DNA
damaging agent. On the one hand, the Pyo triplet excited state energy
of ca. 291 k] mol!, determined by phosphorescence, is higher than
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that of 3Thy* in DNA. Thus, the TTET at the origin of CPD
formation is a thermodynamically favored process. On the other
hand, detection of oxidative DNA damage could be attributed to the
generation of reactive oxygen species, namely singlet oxygen and
hydroxyl radical, evidenced by EPR during the photolysis of Pyo.!!
As a consequence, it appears feasible that the 64PP lesion can act as a
Trojan horse promoting CPD formation and oxidative damage in its
neighboring. Furthermore, this result is of particular importance in
relation with clustered DNA damage formation.

Photoreactivity of higher triplet excited state of thymine:

By contrast with CPD, no treport exists on photosensitization of the
64PP lesions. Thus, it has generally been accepted that their
formation occurs upon direct irradiation, from an excited singlet
state. However, this paradigm contrasts with the fact that the
Paterné-Buchi photocycloaddition is a characteristic nn* triplet
process. Therefore, on the basis of Thy energetic diagram (Fig. 2), it
appears feasible that the nucleobase photoreactivity proceeds from an
upper T triplet excited state with the appropriate nn* electronic
configuration. In a first approach to prove this concept, we selected
the Norrish-Yang photocyclization as a typical example of nm* triplet
photochemistry, and 5-zrdbutyluracil (Ura) as Thy model.!? This
compound contains y-hydrogens that can be abstracted by the
neighboring C4 carbonyl group; after dehydration of a cyclobutanol
intermediate, formation of 1,2-dihydrocyclobuta[d]-pyrimidine-2-one
should be observed. Selective population of Tr(nm*) has been
accomplished by biphotonic excitation of benzophenone (BP) with
high energy laser pulses at 355 nm or using a two lasetr/two color
setup (308 nm/532 nm). In this way, a BP higher triplet excited state
is reached capable to transfer its energy to the T2(nm*) Thy triplet
state. This process has been optimized by the design of the #
Ura/Thy dyad shown in Figure 2, which allows circumventing
diffusional restrictions. The viability of this concept has been
confirmed by analysis of the irradiation mixture by UPLC coupled
with tandem mass spectrometry and comparison of the retention
time and fragmentation pattern with an authentic sample of the
Nortish-Yang photoproduct (NY/BP, Fig. 2). Therefore, these
results open the channel to the potential formation of 64PP through
a higher T>(nn*) of Thy.
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Time-Resolved Resonance Raman Studies of
Nonsteroidal Antiflammatory Drugs

David Lee Phillips, Ming-de Li and Tao Su
Department of Chemistry, University of Hong Kong, Pokfilam
Road, Hong Kong

Nonsteroidal anti-inflammatory drugs (NSAIDs) like ketoprofen
when exposed to light can exhibit phototoxicity effects that limit
their application in medical treatments.!* This has stimulated
investigations of the photochemistrty of NSAIDs to better
understand the phototoxicity associated with these types of drugs.23
We have used a combination of several time-resolved spectroscopic
methods like femtosecond and nanosecond time-resolved transient
absorption (fs-T'A and ns-T'A) and time-resolved resonance Raman
(TR3) spectroscopy to directly observe and characterize the electronic
excited states and intermediate species involved in the
photochemistry for NSAIDs of interest.>® Time-resolved vibrational
spectroscopic methods like TR3 spectroscopy are particularly useful
in obtaining structural and fingerprint information for reactive
intermediates.  In addition, density functional theory (DFT)
calculations were done to explore reaction pathways and predict the
sttuctures and absorption and Raman spectra of probable
intermediate species observed in the time-resolved experiments. The
combined  time-resolved  spectroscopy  results and DFT
computational results were used to deduce the reaction mechanisms
for the photochemistry of the NSAIDs of interest.>® Here we
provide two examples of this approach to study the photochemistry,
intermediates and reaction mechanisms associated with the
ketoprofen (KP) and tiaprofenic acid (TPA) drugs.

1 Direct observation of triplet state mediated decarboxylation of
the neutral and anion forms of ketoprofen (KP) in water-rich,
acidic, and PBS solutions.

Nanosecond time-resolved resonance Raman (ns-TR3) and
femtosecond transient absorption (fs-TA) were used to study the
photochemical reactions of KP in acetonitrile (MeCN) and in
aqueous solutions of varying conditions. Fs-TA spectra show that the
singlet state KP transforms into the triplet state KP by intersystem
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crossing (ISC). In isopropanol, the nn* triplet state KP undergoes
hydrogen abstraction to generate a KP ketyl radical intermediate.
Figure 1 E shows a comparison of the experimental ns-TR3 spectrum
of KP in isopropanol solvent acquired at 400 ns (top spectrum) with
the DFT calculated spectrum of the KP ketyl radical species (bottom
spectrum). The good agreement between the vibrational frequency
patterns of these spectra indicates that the intermediate observed in
the isopropanol solvent is the ketyl radical species. In a strong acidic
aqueous solution, the triplet state of KP was firstly detected by ns-
TR3. The fs-TA study found that the transient absorption (524 nm)
of the triplet state KP gradually decreases in intensity while two new
bands appear at 324 nm and 496 nm (see Figure 1 B). Figure 1 D
shows that the triplet state KP can be observed at 5 ns along with a
characteristic  Raman band associated with a key biradical
intermediate species (1577 cm). This indicates that the triplet state
KP can undergo an acid catalyzed photodecarboxylation reaction to
generate a biradical intermediate. Figure 1 F shows a comparison of
the experimental ns-TR3 spectrum of KP in pH=0 acidic solution
acquired at 5 ns (top spectrum) with a DFT calculated spectrum of
the triplet protonated KP carbanion biradical intermediate (bottom
spectrum). The excellent agreement between the vibrational
frequency patterns of the experimental Raman spectrum with the
DFT predicted Raman spectrum of the biradical convincingly
demonstrates that the transient absorptions observed at 324 nm and
496 nm can be assigned to the biradical intermediate. The DFT
computational study also found that an excited triplet state
intramolecular proton transfer (ESIPT) is involved in the
photodecarboxylation reaction. Further work found that KP will
undergo a water mediated ESIPT induced photodecarboxylation
reaction to generate a biradical species even i